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FACTORS AFFECTING THE ABUNDANCE OF BLACKLEGGED TICKS 

(IXODES SCAPULARIS) AND THE PREVALENCE OF BORRELIA 

BURGDORFERI IN TICKS AND SMALL MAMMALS IN THE THOUSAND 

ISLANDS REGION 
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         Dr. Ian Barker 

 

  

      

The objectives of this study were to determine the distribution of Borrelia 

burgdorferi (Bb), the bacterium that causes Lyme disease, and its tick vector (Ixodes 

scapularis) in the Thousand Islands in Ontario,  and to assess the effects of various 

factors, including host populations, temperature, and vegetation, on the distribution 

of Bb and ticks in this new endemic region. Data were collected via drag sampling 

and small mammal trapping at 12 sites and multimodel inference was used to 

evaluate variables. There was inter-island variation in the abundance of ticks and 

prevalence of Bb in ticks. Important predictors of tick numbers and infection 

prevalence included deer abundance, distance to the United States, temperature, 

species richness, and relative mouse abundance. These results will contribute to 

management strategies to reduce Lyme disease risk in the Thousand Islands and to 

our understanding of the effects of biodiversity on disease risk. 
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CHAPTER 1: LITERATURE REVIEW & RESEARCH OBJECTIVES 

  

1.1 INTRODUCTION 

Lyme disease is caused by the bacterium Borrelia burgdorferi, which is transmitted to 

humans by the bite of an infected tick (Ixodes spp.).  Lyme disease is the most common 

vector-borne disease in the temperate areas of the world (Kurtenbach et al. 2006) and is 

an increasing public health concern in Canada (Ogden et al. 2008a). Lyme disease 

typically causes fever, headache, and a characteristic “bulls-eye” rash, and if left 

untreated, can become a serious chronic health problem with complications involving the 

heart, nervous system and joints (Pavan 2009). 

 

The B. burgdorferi transmission cycle involves the tick vector and several mammalian 

and avian tick hosts (Eisen & Lane 2002).  Biotic and abiotic factors that affect the vector 

and host populations can therefore influence the prevalence of B. burgdorferi infection in 

ticks and hence, the risk of Lyme disease to humans.  Across eastern North America, the 

factors that predict the distribution of B. burgdorferi and its vector Ixodes scapularis vary 

(e.g., Piesman 2002, Ginsberg et al. 2004) and local studies are required to determine the 

predictors of Lyme disease risk in specific areas.   

 

Populations of blacklegged ticks (Ixodes scapularis) and B. burgdorferi were discovered 

in St. Lawrence Islands National Park and the Thousand Islands region in 2006 (Lindsay 

et al. 2006). Understanding the factors that influence the distribution and spread of ticks 

and B. burgdorferi in the region will allow park managers to take management actions 

that will reduce the risk of Lyme disease transmission in the Thousand Islands area.  

Public health officials will also be better positioned to communicate effective control 

measures with the public in eastern Ontario. 

 

1.2 THE PATHOGEN 

Lyme disease or Lyme borreliosis was first identified in Lyme, Connecticut in the 1970s 

and the agent responsible for the disease, the spirochete bacterium Borrelia burgdorferi, 

was identified in the mid-1980s (reviewed by Stanek et al. 2002).  Borrelia burgdorferi 
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and Lyme disease are found throughout the northern hemisphere, though the Borrelia 

genospecies, their vectors and hosts, and clinical features of Lyme disease vary 

geographically (Gray et al. 2002).  Borrelia burgdorferi can cause signs of Lyme disease 

in humans and dogs, but does not seem to cause disease in its wild animal hosts (Stanek 

et al. 2002).  In North America, the pathogen causing human Lyme borreliosis is called 

Borrelia burgdorferi sensu stricto (s.s.), while B. burgdorferi sensu lato (s.l.) refers to a 

cluster of related genospecies of Borrelia spirochetes, most of which are associated with 

Lyme borreliosis syndromes in various parts of the world (Stanek et al. 2002, Piesman & 

Gern 2004, Nau et al. 2009).  This review is restricted geographically and will use B. 

burgdorferi to refer to the Lyme disease agent cycling in Ixodes scapularis-vectored 

systems in eastern North America. 

 

1.3 THE VECTOR 

Blacklegged ticks (Ixodes scapularis) were suggested as the vector for the Lyme disease 

agent in eastern North America in the late 1970s, even before B. burgdorferi was 

identified (Wallis et al. 1978).  In the northern part of their range (including Canada, New 

England, New York, Minnesota, and Wisconsin), ticks of this species were formerly 

considered a separate species, Ixodes dammini, but now are grouped with southern I. 

scapularis as the vector of B. burgdorferi in eastern North America (Piesman 2002).  

Ixodes scapularis is also a vector for other zoonotic pathogens, including Anaplasma 

phagocytophilum, the agent that causes human granulocytic anaplasmosis; Babesia 

microti, the most common cause of human babesiois in North America; Powassan virus, 

a flavivirus that can cause encephalitis; and Borrelia miyamotoi, which has been reported 

to cause flu-like illness with relapsing fever (Spielman 1976, Ebel 2010, Ogden et al. 

2011, Platonov et al. 2011, Rikihisa 2011). 

 

Like all ixodid ticks, I. scapularis has three life stages, each of which requires one blood 

meal prior to moulting to the next stage or, in the case of the adult female, becoming 

capable of egg deposition.  The entire life cycle takes between two and four years, 

depending on the time it takes a tick to find a host and feed as a larva and nymph; unfed 

ticks often have enough energy reserves to overwinter and continue questing in the 
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following year.  Ticks may acquire B. burgdorferi infection during their blood meal as a 

larva or nymph and carry it from one stage to the next (Spielman et al. 1985).  Borrelia 

burgdorferi is not usually vertically transmitted via the egg from infected females 

(Magnarelli et al. 1987).  Hence, larval ticks hatch free of B. burgdorferi in mid- to late 

July, and seek a small mammal or bird host; after feeding for three to five days, the larva 

drops off and moults into a nymph, which overwinters.  Nymphs are also generalists, 

feeding on small mammal or bird hosts during the next spring and early summer or, if 

they fail to find a host, but are able to survive, in the subsequent year.  After feeding, 

nymphs moult into adults, which feed in the fall of the same year or overwinter and feed 

in the spring of the subsequent year.  Adult ticks tend to seek medium-sized to large 

mammals, mainly white-tailed deer (Odocoileus virginianus), and after feeding and 

mating, females drop off into the duff on the forest floor, laying eggs there in May or 

June (Spielman et al. 1985, Yuval & Spielman 1990, Lindsay et al. 1998, Eisen & Lane 

2002).  Peak nymphal activity occurs in late spring and early summer, larval activity in 

mid-to late summer, and adult activity in the fall (Yuval & Spielman 1990, Lindsay et al. 

1998).   

 

Lindsay et al. (1997) demonstrated that white-footed mice (Peromyscus leucopus) 

inoculated with B. burgdorferi are infective for ticks for a short period of time (less than 

three weeks) after inoculation, despite being persistently infected; thus co-feeding of 

nymphs and larvae on the same host may be an important factor in the transmission of B. 

burgdorferi to subsequent generations of ticks.  In this circumstance, the infectious 

pathogen likely survives over winter in its arthropod vector, rather than in the vertebrate 

host.  Donahue et al. (1987) similarly saw maximum infection of ticks two to three weeks 

after mice were infected with B. burgdorferi, but found that the mice remained infective 

for more than 200 days.  The contrasting results of these studies suggest there may be 

variation in survival and transmission of different strains of the pathogen in small 

mammal hosts. 
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1.3.1 Temperature and humidity 

Temperature and relative humidity are important factors in the maintenance of tick 

populations, with low relative humidity and fewer mean annual degree-days above 0°C 

limiting tick survival and development (Bertrand & Wilson 1996; Lindsay et al. 1998; 

Ogden et al. 2004, 2005; Rodgers et al. 2007).  Temperature and humidity also affect tick 

activity levels, thus influencing their ability to find hosts (Vail & Smith 2002).  

Increasing temperatures with climate change may be contributing to the spread of ticks 

and Lyme disease in Canada (Brownstein et al. 2005, Ogden et al. 2006a).  However, the 

importance of changes in temperature and humidity in predicting Lyme disease risk in 

areas where ticks are already established is not clear. 

 

In an eight-year study in Illinois, Jones and Kitron (2000) found that precipitation during 

their study period had a strong positive effect on tick populations.  McCabe and Bunnell 

(2004) and Subak (2003) also found a positive correlation between moisture and reported 

cases of Lyme disease in people in the northeastern United States, and suggested this may 

be because of increased tick activity and survival.  At the same time, several long-term 

studies that examined the effects of abiotic factors alone or in combination with other 

factors (such as host population density and vegetation) have noted little or no effect of 

temperature and precipitation on tick populations, and thus Lyme disease risk (Ostfeld et 

al. 2001, 2006; Schulze et al. 2009).  In the work by Jones and Kitron (2000) that found a 

significant effect of precipitation, the study area experienced two years of severe drought; 

less extreme variations in weather likely have a lesser effect on tick populations.  

 

1.4 TICK HOSTS 

1.4.1 Small mammals 

White-footed mice have been widely regarded as the primary hosts for larval and 

nymphal blacklegged ticks in eastern North America (e.g., Spielman et al. 1984, Mather 

et al. 1989, Anderson & Norris 2006) and are the most competent reservoir for B. 

burgdorferi
 
(most likely to transmit the pathogen to a tick while it is feeding) (Giardina et 

al. 2000, LoGiudice et al. 2003, Brisson et al. 2008).  The assumption that white-footed 

mice are the main natural reservoir for B. burgdorferi has led to two hypotheses about 
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small mammal population density and diversity as risk factors for Lyme disease. 

 

The “dilution hypothesis” suggests that increasing species richness may lower density of 

infected nymphal ticks because less competent hosts are less likely to transmit the Lyme 

disease pathogen (Ostfeld & Keesing 2000a, Schmidt & Ostfeld 2001).  The competing 

hypothesis is that the density of infected nymphal ticks is determined by the population 

density of the primary competent host.  That is, decreased density of the primary host  

bleads to a decrease in the density of infected nymphal ticks because there are fewer 

hosts to feed on, regardless of changes in species diversity (the “density hypothesis”;
 

Begon 2008).  This is supported by multi-year studies that have shown that the 

population density of white-footed mice is directly correlated with the abundance of 

larvae and nymphs the following year (Jones & Kitron 2000, Ostfeld et al. 2001).  

Because high host species diversity is often accompanied by low white-footed mouse 

density (Ostfeld & Keesing 2000b, Begon 2008), the dilution and density hypotheses 

have been difficult to tease apart and there is a lack of empirical evidence to distinguish 

between the two.  Both hypotheses assume that white-footed mice have the greatest 

reservoir potential as primary hosts and the most competent B. burgdorferi reservoir 

(Ostfeld et al. 2002). 

 

Interestingly, in a study of nymphal ticks collected from 11 vertebrate species in New 

York, Brisson et al. (2008) found that short-tailed shrews (Blarina brevicauda) and 

masked shrews (Sorex cinereus) contributed blood meals to more than half of the infected 

blacklegged ticks in the study, showing that white-footed mice were not the predominant 

source of B. burgdorferi infection in ticks in the areas studied.  LoGiudice et al. (2003) 

recognized the ability of shrews to act as “rescue hosts,” able to support a high 

prevalence of B. burgdorferi infection in ticks when mouse populations are low.  A 

similar “rescue” effect was attributed to birds in a study that found the diversity of 

ground-dwelling birds was positively correlated with the incidence of reported Lyme 

disease cases in the eastern United States (Ostfeld & Keesing 2000a).  Eastern chipmunks 

(Tamias striatus) have also been identified as having a high reservoir potential 

(LoGiudice et al. 2003, Brunner et al. 2008) and Ostfeld et al. (2006) found chipmunk 
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abundance to be more strongly correlated with the density of nymphs than was mouse 

abundance, further complicating the dilution-density debate.  Host diversity may also 

affect the absolute number of ticks in the environment, as some species (e.g., squirrels) 

are more likely than others to groom off and kill ticks that attempt to feed (Keesing et al. 

2009). 

 

The importance of different species as tick hosts varies by location.  For example, on 

Monhegan Island, Maine, where white-footed mice are not present, Norway rats (Rattus 

norvegicus) are the primary host for larval and nymphal blacklegged ticks (Smith et al. 

1993).  Across eastern North America, several other small mammal species, including 

squirrels (Sciurus carolinensis, Tamiasciurus hudsonicus), voles (Microtus spp.), skunks 

(Mephitis mephitis), opossums (Didelphis virginiana), deer mice (Peromyscus 

maniculatus), and raccoons (Procyon lotor), and some ground-foraging birds (e.g., 

American robin [Turdus migratorius], song sparrow [Melospiza melodia], ovenbird 

[Seiurus aurocapilla], veery [Catharus fuscescens]) provide blood meals to a smaller 

proportion of the I. scapularis larval and nymph populations and are less competent 

reservoirs for B. burgdorferi (Mather et al. 1989, LoGiudice et al. 2003, Ginsberg et al. 

2005, Hanincová et al. 2006). In total, more than 100 species are known to host I. 

scapularis (Keirans et al. 1996). However, because of their wide distribution, generally 

high abundance, and ease of capture, white-footed mice are useful study subjects for 

determining whether B. burgdorferi is established in a region and for comparing intensity 

of the infection cycle among areas (Anderson et al. 2006). 

  

The complexity of the relationships between larval and nymphal tick abundance and the 

density of various host species is illustrated in examinations of long-term data sets from 

New York by Brunner and Ostfeld (2008) and LoGiudice et al. (2008).  Piesman (2002) 

suggested that because of the diversity of potential hosts and the uncertainty about host 

predominance, the relative importance of different mammals as potential reservoirs for B. 

burgdorferi should be studied at the local level in different endemic areas.  Likewise, 

Ostfeld and Keesing (2000b) suggest that further local-scale studies are required to better 

evaluate the roles of various small mammal hosts in the dilution-density debate.  
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1.4.2 White-tailed deer 

As the primary host for adult blacklegged ticks, white-tailed deer are essential for the 

establishment and maintenance of endemic I. scapularis populations (Telford et al. 1988, 

Rand et al. 2003).  However, white-tailed deer are considered incompetent reservoirs for 

B. burgdorferi because deer serum contains borreliacidal components (Kurtenbach et al. 

1998, Piesman 2002).  Adult I. scapularis will also occasionally feed on other large 

mammals, including humans, dogs, cats, raccoons, bears, and horses (Godsey et al. 1987, 

Kazmierczak et al. 1988, Morshed et al. 2006).   

 

The growth of the white-tailed deer population in eastern North America over the past 

century has been implicated as part of the reason for the recent increase in intensity and 

geographic expansion of Lyme disease, because of the important role deer play as hosts 

of adult blacklegged ticks (Piesman 2002).  However, the relationship between deer 

population density and tick abundance has not been resolved entirely (Rand et al. 2003, 

Jordan et al. 2007). In several parts of eastern North America, white-tailed deer 

population density is positively correlated with blacklegged tick abundance (e.g., Wilson 

et al. 1985, Deblinger et al. 1993, Rand et al. 2004).  Deblinger et al. (1993) found that 

the number of immature ticks at a coastal site in Massachusetts decreased slightly as the 

deer population was reduced over a period of nine years.  Positive correlations have also 

been seen on islands.  For example, the complete removal of introduced white-tailed deer 

from Monhegan, an isolated island in Maine, resulted in a dramatic decrease in the 

abundance of black-legged ticks (Rand et al. 2004).  Four years after the removal of the 

deer, no larval or nymphal ticks were found on Norway rats, the predominant sub-adult 

tick host on the island, and few adult ticks were found during drag sampling. 

 

On the other hand, several studies in areas open to deer movement have found little or no 

correlation between deer population density and the abundance of blacklegged ticks 

(Rand et al. 2003, Jordan & Schulze 2005, Ostfeld et al. 2006, Jordan et al. 2007). The 

results of these studies suggest that reducing deer populations may not significantly affect 

tick populations or reduce human risk of exposure to Lyme disease, except in isolated 
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areas under certain conditions (such as complete removal of deer).  For example, Rand et 

al. (2004) found that removing only part of the deer herd on Monhegan Island actually 

resulted in an increase in the prevalence of B. burgdorferi infection in adult I. scapularis 

because more larvae and nymphs were feeding on Norway rats, a competent host, rather 

than on reservoir-incompetent deer (a “dilution host”).  Similarly, the reduction of 

reservoir-incompetent deer in Europe resulted in an increase in the prevalence of tick-

borne pathogens (Perkins et al. 2006).  However, Ostfeld et al. (2006) found no 

correlation between deer and the abundance of nymphs or the prevalence of infection in 

nymphs in southern New York State. 

 

These studies suggest that deer populations must be reduced to very low levels or 

completely eliminated in order to see a reduction in the number of infected nymphs and, 

therefore, human risk (Van Buskirk & Ostfeld 1995, Mount et al. 1997). In summary, 

although the relationship between deer and tick abundance is not yet entirely clear, the 

literature suggests that above a certain low threshold of deer population density, deer do 

not affect the abundance of blacklegged ticks in areas open to deer movement. 

 

1.5 ENVIRONMENT 

1.5.1 Vegetation 

Abundant leaf litter, which protects ticks from desiccation, plays an important role in the 

survival of I. scapularis populations (Schulze et al. 1995), as all life stages spend a 

significant proportion of their lives free in the environment.  Blacklegged ticks are found 

more often in forests than at forest edges or in open fields (Ginsberg & Zhioua 1996, 

Lindsay et al. 1998, Guerra et al. 2002).  These patterns are likely a result of 

microclimatic temperature and humidity conditions created by leaf litter and canopy 

cover. 

 

On a local scale, the abundance of ticks has been linked specifically to oak-dominated 

forests, where tick abundance varies considerably and predictably from year to year 

(Ostfeld et al. 2001, 2006).  The variation is caused by masting events, whereby a large 

number of acorns are produced every few years, affecting mouse abundance the 
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following year, which in turn influences the density of nymphs the year after that (Ostfeld 

et al. 2001, 2006).  However, the density of nymphs can also be high in habitats that are 

not dominated by oak (Ginsberg et al. 2004), perhaps because of the effects of other tree 

seeds on rodent populations (Ostfeld et al. 2006).  For example, abundant tick 

populations have been found in pine and mixed hardwood-pine forests (Schulze et al. 

1998).  In a review of the effects of habitat on I. scapularis in eastern North America, 

Piesman (2002) concluded that ticks are most often associated with forested areas with 

high moisture levels, but that they are capable of limited expansion into harsher habitats. 

 

1.5.2 Island size 

Biogeographic patterns have often shown that island size is positively correlated with 

species diversity (MacArthur and Wilson 1967) and negatively correlated with population 

density (Bowman et al. 2002).  However, these patterns may be much more complex in 

reality (Lomolino 2001, Bowman et al. 2002).  Based on the traditional view of the 

general species-area relationship, differences in island size may thus affect the density of 

infected nymphs and Lyme disease risk by influencing the overall diversity and density 

of host species.  In a study of forest patches ranging in size from 0.7 to 7.6 hectares in 

New York, Allan et al. (2003) found that patch size was negatively correlated with 

density of infected nymphs.  They proposed that this is related to lower small mammal 

species richness and a correspondingly higher white-footed mouse density.  Krohne and 

Hoch (1999) studied a series of forest patches ranging from 0.2 to 73.6 hectares and 

found mouse densities to be higher in patches than in control plots in continuous forest, 

with extremely high mouse densities in forest patches smaller than two hectares.  The 

increase in mouse density in forest patches could be caused by lack of opportunities for 

emigration, reduced predation if the forest patch is too small to support larger animals, 

less competition, the geometry of immigration, or increased resources (Nupp & Swihart 

1998, Krohne & Hoch 1999, Bowman et al. 2002).  In contrast, Wilder and Meikle 

(2004) looked at forest patches with similar densities of mice in Ohio and found that mice 

in smaller patches were infested with fewer ticks than mice in larger patches.  This 

different conclusion could be the result of different definitions of “small” and “large” 

forest patches, or differences such as vegetation, the surrounding landscape matrix, or 
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deer use of forest patches among study sites (Wilder & Meikle 2004). 

 

1.6 DISTRIBUTION 

Blacklegged ticks and the presence of B. burgdorferi are being confirmed in an 

increasing number of focal or more extensive endemic areas in central and eastern 

Canada (Ogden et al. 2009).  Blacklegged ticks are considered endemic if all stages of 

development (larvae, nymphs and adults) are present for two consecutive years, 

confirming a breeding population in a geographic area; Borrelia burgdorferi is endemic 

to a region if the pathogen is circulating in an endemic tick population and animal hosts 

(Health Canada 1991).  In Ontario, I. scapularis and B. burgdorferi are known to be 

endemic in several locations along Lake Erie and Lake Ontario, including Long Point, 

Point Pelee, Prince Edward Point, Rondeau Provincial Park, and Wainfleet Bog 

Conservation Area, and were confirmed to be present and likely endemic in eastern 

Ontario in the Thousand Islands area (44.45320ºN, 75.86085ºW) in 2006 (Lindsay et al. 

2006, Ogden et al. 2009, Ontario Ministry of Health and Long-term Care 2010).   

 

Although the mechanisms of invasion are not entirely clear (Hamer et al. 2010), I. 

scapularis and B. burgdorferi continue to spread across northeastern North America from 

the original endemic foci in Connecticut and New York and Minnesota and Wisconsin 

(White et al. 1991, Glavanakov et al. 2001, Jackson et al. 2002, Hoen et al. 2009, Hamer 

et al. 2010, Ogden et al. 2010).  As a generalist parasite, B. burgdorferi is able to survive 

in multiple small mammal and avian host species, which facilitates its expansion to 

previously uninfected regions (Hanincová et al. 2006).  Deer and migratory birds also 

play a critical role in tick dispersal and range expansion (Madhav et al. 2004, Ogden et al. 

2008b).  Lyme disease had spread throughout New York State by the mid-1990s 

(Glavanakov et al. 2001) but was only recently confirmed in the Canadian Thousand 

Islands and north of the St. Lawrence River (Lindsay et al. 2006). Numerous human 

cases of Lyme disease have also been reported in Jefferson and St. Lawrence counties 

just across the border in New York State (Hall-Baker et al. 2010).  In 2010, Lyme disease 

became a nationally reportable disease in Canada (Public Health Agency of Canada 

2010). 
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1.7 HUMAN RISK 

Borrelia burgdorferi is transmitted to humans through the bite of a nymphal or adult tick 

that became infected with B. burgdorferi while feeding on an infected host as a larva or 

nymph (Eisen & Lane 2002).  Transmission of B. burgdorferi from the tick to its 

vertebrate host is not immediate, but instead requires the tick to feed for at least 24 hours 

(des Vignes et al. 2001).  Nymphal ticks are most active during the late spring and early 

summer, when humans tend to spend more time outside, and, because of their small size, 

are difficult to detect in the 24 hours after initial attachment.  As a result, nymphs pose 

the greatest risk for transmission of B. burgdorferi to humans, despite the fact that the 

probability of infection of nymphs is lower than in adults (Barbour & Fish 1993).  Hence, 

the density of infected nymphs (the product of the density of nymphs and the prevalence 

of B. burgdorferi infection in nymphs) in an area is often used as an index of risk of 

human exposure (Ostfeld et al. 2002, Diuk-Wasser et al. 2006). 

 

Since blacklegged ticks were first found in the Thousand Islands region in 2006, the risk 

of contracting Lyme disease has become a significant safety issue for staff and visitors at 

St. Lawrence Islands National Park, and is of concern to local residents and visitors (e.g., 

Leeds, Grenville and Lanark District Health Unit 2011, Parks Canada 2010b).  The 

Thousand Islands region is a renowned tourist destination; St. Lawrence Islands National 

Park alone attracts nearly 50,000 visitors every year between May and October (Parks 

Canada 2010a).  The number of cases of Lyme disease in Ontario has been increasing 

since 2005, with the greatest risk of acquiring Lyme disease in those areas where ticks are 

well established (Ontario Ministry of Health and Long-term Care 2010).   

 

A variety of management strategies have been proposed and tested with varying results to 

control blacklegged ticks and the risk of human exposure to Lyme disease in eastern 

North America (reviewed by Stafford & Kitron 2002).  Control measures include 

personal protection, deer herd reductions, acaricides, vaccines, biological control, and 

vegetation management (e.g., Mount et al. 1997, Solberg et al. 2003, Rand et al. 2004).  

Understanding of the distribution of I. scapularis and the factors affecting the B. 
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burgdorferi transmission cycle at the local level are necessary for the development of an 

effective integrated tick management plan to reduce the risk of Lyme disease wherever it 

occurs, including the Thousand Islands region. 

 

1.8 CONCLUSION 

 Although our knowledge of the ecology of ticks and B. burgdorferi has grown 

considerably in the past few decades, research has shown that the factors that affect the 

spatial distribution of I. scapularis, and thus potential Lyme disease risk, vary 

geographically and temporally in eastern North America (e.g., Piesman 2002, Ginsberg et 

al. 2004).  Ogden et al. (2008a) developed risk maps to allow public health officials to 

target public awareness programs on preventative measures to reduce the impact of Lyme 

disease as it expands north of the American border.  However, further field studies are 

needed for surveillance and to provide more details on rates of establishment so that risk 

maps can be updated and refined (Ogden et al. 2008a).   

 

The geography of the Thousand Islands, with its considerable variation in island size, 

microclimates and habitats, its proximity to the United States, and its numerous protected 

islands, provides an ideal setting to examine the potential effect of various biotic and 

abiotic factors on the distribution and spread of blacklegged ticks and B. burgdorferi.  

Preliminary investigations and earlier small mammal surveys in the Thousand Islands 

showed variation in B. burgdorferi infection prevalence, small mammal host abundance, 

and small mammal species diversity among islands (Harvey 1992, Lindsay et al. 2006).  

Deer abundance also appears to vary among islands, which essentially are, or contain, 

isolated forest patches.  This variation in host and pathogen presence and the isolation of 

the islands in a new endemic area provide an excellent opportunity to improve our 

understanding of I. scapularis and B. burgdorferi establishment in Canada.  Determining 

the relative roles of small mammal density and diversity, deer abundance, temperature, 

and vegetation in predicting the presence of ticks and B. burgdorferi will allow an 

assessment of the risk of human exposure to Lyme disease in the Thousand Islands area, 

and can contribute to future research and management strategies to control blacklegged 

ticks and reduce the risk of Lyme disease in the region. 
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1.9 HYPOTHESES AND RESEARCH OBJECTIVES 

The specific objectives of this research project were to:  

 

1) Assess the distribution of blacklegged ticks and B. burgdorferi in the Thousand Islands 

region, describe how that distribution has changed since preliminary studies in 2006, and 

explore the role of various small mammal species in the Lyme disease transmission cycle 

in the Thousand Islands; and   

 

2) Identify the relative importance of factors, such as host abundance and diversity, 

environment, and geography, that may be contributing to differences among study sites in 

the number of infected nymphal ticks, a measure of the human risk of contracting Lyme 

disease.  The variation in the number of infected nymphs may be explained by some or 

all of the following hypotheses and predictions: 

 

If small mammal density and diversity limit the number of infected nymphs,  

 There will be a higher prevalence of B. burgdorferi infection in nymphs at sites 

with high densities of one or more of the possible competent reservoir species 

(white-footed mouse, eastern chipmunk, short-tailed shrew) than at sites with low 

densities of competent reservoir species and higher densities of dilution species 

such as meadow voles (Microtus pennsylvanicus).  

 

If the abundance of deer limits the number of nymphs, 

 Decreasing deer abundance will result in a decrease in tick abundance.   

 

If environmental factors such as temperature and vegetation limit tick survival, 

 Temperature will have little effect on the geographic variation in the density of 

ticks because the study sites are in close proximity and the temperature range will 

likely not be great enough to have a noticeable effect. 

 Drier and colder sites will have fewer ticks. 

 Forested sites with greater canopy cover will have greater numbers of ticks than 
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sites with more open areas. 

 

If ticks and B. burgdorferi are limited by dispersal, 

 Sites closer to the United States will have higher densities of infected nymphs.  
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CHAPTER 2: DISTRIBUTION OF IXODES SCAPULARIS AND BORRELIA 

BURGDORFERI IN THE 1000 ISLANDS REGION 

 

2.1  ABSTRACT 

Lyme disease, caused by the bacterium Borrelia burgdorferi, is the most common vector-

borne disease in temperate areas of the world and is an increasing public health concern 

in Canada.  A wide variety of small mammals host the vector blacklegged ticks, Ixodes 

scapularis. The relative importance of different mammals in the Lyme disease 

transmission cycle must be studied at the local level for a better understanding of how 

different host species may affect human disease risk.  In 2006, populations of 

blacklegged ticks and B. burgdorferi were discovered in the Thousand Islands region of 

eastern Ontario.  The objective of this study was to assess the distribution of blacklegged 

ticks and B. burgdorferi, and to explore the role of various small mammal species in the 

Lyme disease transmission cycle in the Thousand Islands region.  Data were collected via 

drag sampling and small mammal trapping at 12 sites in 2009-2011. Infection status of 

ticks was determined using PCR.  Generalized linear mixed effects models and 

generalized additive mixed models were used to describe the variation in the number of 

ticks and infection prevalence among sites, years and species. All three stages of questing 

blacklegged ticks (larvae, nymphs, and adults) were found at all sites and evidence of B. 

burgdorferi infection in small mammals and ticks was found at multiple sites.  The 

average number of questing nymphs varied among sites (from 0.07 to 14.50 per hour 

dragged in 2009 and 2010) and the prevalence of B. burgdorferi infection in those 

nymphs ranged from zero to 29.6%. Although white-footed mice were abundant at 

several sites, their relative abundance varied and eastern chipmunks, short-tailed shrews, 

and meadow voles also played important roles in the transmission of B. burgdorferi to 

ticks. The results provide direct evidence that the Lyme disease cycle is endemic in the 

Thousand Islands region and show that there is variation in tick abundance, prevalence of 

B. burgdorferi infection, human risk, and small mammal host communities among sites.  
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2.2 INTRODUCTION 

Lyme disease, caused by the bacterium Borrelia burgdorferi, is the most common vector-

borne disease in the temperate areas of the world (Kurtenbach et al. 2006) and is an 

increasing public health concern in Canada (Ogden et al. 2008a).  In eastern North 

America, B. burgdorferi is transmitted to humans through the bite of an infected nymphal 

or adult blacklegged tick, Ixodes scapularis.  Because of their small size and peak of 

activity in the late spring and early summer, nymphal ticks pose the greatest risk for 

transmission of B. burgdorferi to humans (Barbour & Fish 1993).  For this reason, the 

number of infected nymphs (the product of the number of nymphs and the prevalence of 

B. burgdorferi infection in nymphs) in an area is often used as a measure of risk of 

human exposure (Ostfeld et al. 2002, Diuk-Wasser et al. 2006). 

 

Blacklegged ticks and the presence of B. burgdorferi are being confirmed as endemic in 

an increasing number of areas in central and eastern Canada (Ogden et al. 2009).  The 

ticks are considered endemic if all stages of development (larvae, nymphs and adults) are 

present for two consecutive years, confirming a breeding population in a geographic area; 

Borrelia burgdorferi is endemic to a region if the pathogen is circulating in an endemic 

tick population and animal hosts (Health Canada 1991).  Blacklegged ticks and B. 

burgdorferi were first identified in St. Lawrence Islands National Park and the Thousand 

Islands region of eastern Ontario in 2006 (Lindsay et al. 2006).  Except for those 

preliminary investigations confirming the presence of ticks and B. burgdorferi in 2006, 

the Lyme disease cycle has not been studied in this new Canadian zone of emergence. 

 

White-footed mice (Peromyscus leucopus) are widely regarded as the primary hosts for 

larval and nymphal blacklegged ticks in eastern North America (e.g., Spielman et al. 

1984, Mather et al. 1989, Anderson & Norris 2006) and are the most competent reservoir 

for B. burgdorferi
 
(Giardina et al. 2000, LoGiudice et al. 2003, Brisson et al. 2008).  

However, other species, including short-tailed shrews (Blarina brevicauda) and eastern 

chipmunks (Tamias striatus), have also been identified as important competent hosts 

(LoGiudice et al. 2003, Brisson et al. 2008, Brunner et al. 2008).  In addition, several 

other small mammal species, including squirrels (Sciurus carolinensis, Tamiasciurus 



17 

 

hudsonicus), voles (Microtus spp.), skunks (Mephitis mephitis), opossums (Didelphis 

virginiana), deer mice (Peromyscus maniculatus), and raccoons (Procyon lotor), and 

some ground-foraging birds (e.g., American robin [Turdus migratorius], song sparrow 

[Melospiza melodia], ovenbird [Seiurus aurocapilla], veery [Catharus fuscescens]) 

provide blood meals to a smaller proportion of the I. scapularis larval and nymph 

populations and are less competent reservoirs for B. burgdorferi (Mather et al. 1989, 

Ostfeld & Keesing 2000a, LoGiudice et al. 2003, Ginsberg et al. 2005, Hanincová et al. 

2006, Brunner et al. 2008).  The importance of different host species may vary by 

location and the relative importance of different mammals as potential reservoirs for B. 

burgdorferi should be studied at the local level in different endemic areas for a better 

understanding of how different host species may affect human risk (Smith et al. 1993, 

Ostfeld & Keesing 2000b, Piesman 2002). 

 

The objective of this descriptive study was to assess the distribution of blacklegged ticks 

and B. burgdorferi in the Thousand Islands region, to examine how that distribution has 

changed since preliminary studies in 2006, and to explore the role of various small 

mammal species in the Lyme disease transmission cycle in the Thousand Islands.  With a 

better understanding of the Lyme disease cycle, it will be possible to better evaluate 

human risk in this new zone of emergence. 

 

 

2.3 MATERIALS AND METHODS 

Study site 

The study area was comprised of 12 sites within St. Lawrence Islands National Park in 

the Thousand Islands (44.45320ºN, 75.86085ºW).  Nine of the sites were located on 

islands of different sizes (seven ranged from 1.7 to 40 hectares; Grenadier and Hill were 

406 and 531 hectares, respectively) along 28 kilometres of the St. Lawrence River (Table 

2.1).  The remaining three sites were located on the mainland less than one kilometre 

from the river and no more than 11 kilometres from at least one island study site (Figure 

2.1).  In 2009, locations for 121 traps were marked at the intersection of lines laid out at 

right angles at 10-metre intervals in a 100-m
2
 grid at each study site (except Mermaid 
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Island, which, because of its small size, had only 100 traps and a circular trap layout at 

10-metre intervals).  The trap locations were marked for the duration of the study. 

 

In 2006, study sites were established at five locations (Hill, Grenadier, and Thwartway 

islands, Landon Bay, and Mallorytown).  The islands and properties are the same as those 

used in 2009-2011, but the exact locations of the study sites differ. 

 

Drag sampling 

Each of the 12 sites was surveyed for ticks by drag sampling in June, August, and 

October 2009 and May, June, August, and October 2010 and 2011 to correspond with 

peak activity levels of each tick life stage. A flannel sheet of one square metre was 

dragged over the vegetation in each one-hectare study plot for a total of two person hours 

for each sampling session.  Drag sampling was done during daylight hours when the 

temperature was above 4°C and the vegetation was not wet.  Sheets were checked every 

two to five minutes and all adult ticks and nymphs were removed.  Larvae were removed 

and counted if possible; if not, the approximate number of larvae was recorded.  All 

nymphal and adult ticks were placed in split-top vials in the field, then killed in 99% 

isopropyl alcohol and stored at -20°C until they were shipped to the Public Health 

Agency of Canada (PHAC) National Microbiology Laboratory in Winnipeg, where they 

were stored at -80°C prior to testing. 

 

Safety and animal care 

Personal protective equipment was worn (including gloves, coveralls, and respirators) 

and safety procedures, such as the use of insect repellent and personal tick checks, were 

followed by all researchers and volunteers to reduce the risk of exposure to zoonotic 

agents during small mammal trapping and drag sampling (Mills et al. 1995, Public Health 

Agency of Canada 2010). 

 

Small mammals were trapped and handled under a Research and Collection Permit 

approved by the Parks Canada Agency and following an Animal Utilization Protocol 

approved by the University of Guelph Animal Care Committee, following the guidelines 
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of the Canadian Council on Animal Care. 

 

Small mammal trapping 

In 2009 and 2010, Sherman live traps (large, non-folding, 3 x 3.5 x 9", aluminum; H.B. 

Sherman Traps, Inc., Florida, USA) were set at the marked grid locations at each site for 

four consecutive nights in both June and August.  Traps were baited with sunflower seeds 

and contained polyester or natural cotton bedding to reduce the risk of hypothermia for 

the small mammals.   

 

Traps were set in the evening and checked early the following morning. Animals were 

identified to species (to genus for Peromyscus spp.) based on phenotype (Eder 2002).  In 

2009, 30 animals identified as Peromyscus sp. were all confirmed as P. leucopus by 

genetic analysis of ear punch samples (using methods described by Thompson 2010).  All 

animals subsequently identified as Peromyscus were assumed to be white-footed mice.  

White-footed mice, meadow voles (Microtus pennsylvanicus), eastern chipmunks, and 

short-tailed shrews were processed; other animals (squirrels, short-tailed weasels 

[Mustela erminea], masked shrews [Sorex cinereus]) were released immediately at the 

point of capture without handling.  In 2009, flying squirrels (Glaucomys sp.) were also 

processed in conjunction with another project; in 2010 they were released immediately.  

 

Animals were transported in their traps to a central location by boat or vehicle and 

processed while anaesthetized by isoflurane (Baxter Corporation, Mississauga, ON) 

inhalation.  Processing included blood sampling from the infraorbital sinus using 

Natelson collecting tubes (250 µL Natelson micro blood collecting tubes, Fisher 

Scientific, Ottawa, ON) or capillary tubes (70 µL Fisherbrand capillary tubes, Fisher 

Scientific, Ottawa, ON) or, for short-tailed shrews, by cardiac puncture immediately after 

euthanasia via an overdose of isoflurane; tick removal (by examination of the entire body 

and removal of attached ticks with forceps); ear tagging (1005-1 Monel ear tags, National 

Band and Tag Company, Newport, KY); assessment of sex and reproductive condition; 

and body measurements.  Mice, chipmunks, and voles were released at the point of 

capture after full recovery from the anaesthetic.  
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Ticks removed from hosts were killed in 99% isopropyl alcohol and stored dry in pre-

labelled screw-capped vials (Sarstedt 2.0 mL screw cap microtube, Fisher Scientific, 

Ottawa, ON).  Blood samples were transferred to microtainer tubes (BD microtainer 500 

µL plastic capillary blood container, Fisher Scientific, Ottawa, ON) containing EDTA 

(ethylenediaminetetraacetic acid) and maintained at 4
o
C for up to 36 hours until serum 

was separated from the whole blood by centrifugation at 10,000 rpm for 10 minutes. Each 

sample was transferred (using Thermo Scientific fine tip transfer pipet, Fisher Scientific, 

Ottawa, ON) to pre-labelled vials (Sarstedt 0.5 mL screw cap microtube, Fisher 

Scientific, Ottawa, ON).  Blood, sera, and ticks were frozen at -20°C for up to 45 days 

until they were transferred on ice to the University of Guelph for temporary storage at  

-80
o
C. Upon completion of the fieldwork each month, all serum samples were shipped on 

ice to the PHAC laboratory in Winnipeg, MB for diagnostic testing. 

 

In 2006, up to 300 Sherman live traps were set per night for four consecutive nights 

beginning July 31, for a total of 1100 trap nights at the five study sites (Table 2.1).  Ticks 

and blood samples were collected after animals were humanely euthanized by anaesthetic 

overdose so that tissue samples could be collected for another study.  

 

Diagnostic testing 

Diagnostic testing was completed at the PHAC laboratory in Winnipeg.  All ticks 

removed from hosts and adult and nymphal I. scapularis ticks collected by drag sampling 

in 2009 and 2010 were counted and identified to species using the taxonomic keys of 

Clifford et al. (1961) for larvae, Durden and Keirans (1996) for nymphs, and Keirans and 

Clifford (1978) for adults.   

 

Those ticks identified as I. scapularis were tested for B. burgdorferi, A. phagocytophilum 

and B. microti using a polymerase chain reaction (PCR) test. DNA was extracted from 

individual nymphs and adults collected by drag sampling and from pools of larvae 

removed from individual animals using commercial DNA extraction kits (96-well format 

DNeasy, QIAGEN, Inc., Toronto, ON). Nymphs removed from small mammal hosts 
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were not tested.  Amplification of DNA was accomplished using an Applied Biosystem 

Prism 7900 sequence detector (Applied Biosystems, Carlsbad, CA) and/or a nested PCR 

technique using standard thermocyclers and two-percent agarose gels. Regardless of the 

pathogen, samples were considered positive when they produced cycle threshold values 

<40 with two different primer and probe sets on real-time PCR, or produced 

appropriately-sized bands in the nested PCR format (Appendix A). Regardless of the 

PCR format used, appropriate positive and negative (water) controls were incorporated 

into every set of PCR reactions.  To ensure DNA extraction was successful in ticks, PCR 

was performed on all tick extracts using primers and a probe that targets the 16S gene of 

Ixodes tick species. Appendix A summarizes the different primer and probe sets used to 

detect the three pathogens as well as the internal extraction control. 

 

In June 2009 and October 2010, a subsample of 50 nymphs, 50 adult males, and 50 adult 

females was tested if the ticks collected by drag sampling exceeded these numbers.  A 

subsample of 30 nymphs and 30 adults was tested in May, June, and August 2010 if ticks 

collected exceeded these numbers.  

 

Small mammal sera were screened for IgG antibodies to B. burgdorferi and Anaplasma 

phagocytophilum. A commercial ELISA (Anti-Borrelia plus VlsE ELISA IgG, 

Euroimmun, Luebeck, Germany) was modified for use with sera from small mammals by 

using peroxidase conjugated Protein G for the detection of antibodies to Borrelia 

burgdorferi sensu lato. Any sera with an index value between 0.8 and 3.0 in the ELISA 

were confirmed by a commercial Western blot kit (Borrelia burgdorferi IgG Marblot 

Strip Test System, MarDx, Trinity Biotech, Inc., Carlsbad, CA) also adapted for small 

mammal sera by using alkaline phosphatise conjugated Protein G. Sera were screened for 

antibodies to Anaplasma phagocytophilum by IFA (immunofluorescent assay) using 

slides commercially prepared by Fuller Laboratories (Fullerton, CA). In 2006 and 2009, 

samples that were positive at the screening dilution were confirmed by titration to 

endpoint by commercial Western blot kit (Anaplasma phagocytophilum Marblot Strip 

Test System, MarDx, Trinity Biotech, Inc., Carlsbad, CA).  This kit was discontinued in 

2009; thereafter samples positive in the IFA screen were titrated to endpoint by the IFA. 
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Risk analysis 

To assess the human risk of exposure to B. burgdorferi at the study locations and to rank 

islands in terms of priority for public awareness campaigns, a risk index was calculated 

based on the prevalence of B. burgdorferi infection in nymphal ticks, the abundance of 

nymphs, and visitation statistics provided by St. Lawrence Islands National Park (Parks 

Canada 2010a). Locations were ranked using probability-impact scores generated by 

considering probability (number of infected nymphs [NIN] present) and impact (visitor 

use) (Vose 2008).  The number of infected nymphs per person hour of dragging was 

categorized arbitrarily as low (<0.5), medium (0.5-1.0), or high (>1.0).  Visitor use was 

also categorized arbitrarily as low (<1000 visitors per year), medium (1000-3500), or 

high (>3500). Visitor use and NIN were assigned values of 1 (low), 2 (medium) or 3 

(high).  The risk of a visitor encountering an infected nymph, and therefore the priority 

for management actions, was arbitrarily calculated as NIN*visitor use: 1 = low priority, 

2-4 = medium, 5-9 = high. 

 

Statistical analyses 

Generalized linear mixed effects models were fitted to log-transformed data for the 

number of nymphs, and to the infection prevalence data with appropriate binomial errors, 

to analyze the variation among sites.  Generalized additive mixed models were similarly 

fitted to the data to predict variation in tick numbers, infection prevalence, and antibody 

prevalence among sites, years and species. Year, month, site, and species were included 

as random effects when applicable.  Statistical analyses were carried out in R version 

2.14.0 (R Development Core Team, 2011).  

 

2.4  RESULTS 

Ticks collected by drag sampling 

In 2009-2011, more than 33,000 ticks were examined during 262 person hours of drag 

sampling.  Larvae (an estimated 29,571) made up 89% of the total number of ticks 

collected and were found at all 12 study sites.  Adults (1682) and nymphs (1990) were 

also collected at all sites (Table 2.2).  The number of nymphs collected at each site 
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ranged widely (χ
2
=99.269, p<0.001), with Thwartway Island in particular having higher 

numbers predicted by a generalized additive mixed model fitted to the data (Figure 2.2).  

The number of ticks caught was highest in 2010 (Table 2.2).  In 2011, the number of 

nymphal ticks was substantially lower at the three sites that had the highest numbers in 

2010; the majority of the sites had more nymphal ticks in 2011 than in 2010 (Table 2.2). 

 

Infection prevalence 

The overall prevalence of B. burgdorferi infection in 2009 and 2010 was 15.7% in 

nymphs and 30.9% in adults (Table 2.3).  Among sites, there was variation in nymphal 

infection prevalence (χ
2
=57.437, p<0.001).  Nymphal ticks tested positive for B. 

burgdorferi infection at eight of the 12 sites, with infection prevalence ranging from 12.3 

to 29.6%.  No infected nymphs were collected at the three mainland sites or Mermaid 

Island (MI).  The variation predicted by the generalized additive mixed model fitted to 

the data showed considerable differences in nymphal infection prevalence among sites 

(Figure 2.3).  Adult infection prevalence ranged from 63.3% at Grenadier Island (GI) to 

zero at the three mainland sites (JC, LB, MT).  There was no substantial difference in 

infection prevalence in nymphs or adults between 2009 and 2010 (Figure 2.4). 

 

Small mammal trapping 

A total of 1318 animals (including 463 recaptures) were captured during 23,995 trap 

nights in 2006, 2009, and 2010. Of the 856 primary captures (Appendix B, Table B1), 

66.7% were white-footed mice, 12.3% were short-tailed shrews, 10.2% were eastern 

chipmunks, and 8.4% were meadow voles.  The remaining captures were a small number 

of flying squirrels, masked shrews (Sorex cinereus), red squirrels (Tamiasciurus 

hudsonicus), and short-tailed weasels (Mustela erminea). In 2009 and 2010, the number 

of animals caught per site ranged from two at Aubrey Island (AI) to 129 at Jones Creek 

(JC). White-footed mice were the predominant species at all sites except Mermaid and 

Endymion islands (Appendix B, Table B1).  No small mammals were processed from 

Aubrey Island in the two years of trapping; only one mouse and one chipmunk were 

trapped, but they were released in the evening or inadvertently escaped.   
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Trap disturbance in 2010 ranged from 2.3% on Mermaid Island in June to 91.1% on 

McDonald Island in August.  In 2010, 156 animals were released during evening trap 

checks.  Chipmunks constituted 89% of the animals inadvertently captured during the 

day.  Grey squirrels (Sciurus carolinensis) were also released during evening trap checks, 

but not captured during overnight trapping periods. 

 

Ticks removed from small mammals 

Nearly 10,000 I. scapularis larvae and more than 400 nymphs were removed from five 

small mammal species (Appendix B, Tables B2-B7).  Just two larvae were removed from 

the four masked shrews that were processed.  The remaining four species (chipmunks, 

white-footed mice, meadow voles, and short-tailed shrews) were similarly likely to be 

infested with larval ticks (Figure 2.5).  Short-tailed shrews hosted the most larvae per 

animal (Figure 2.6).  However, because of relative abundances of the small mammals, 

overall 84% of the larvae were found on mice, 12.5% on short-tailed shrews, 1.9% on 

voles, and 1.4% on chipmunks.  Chipmunks were more likely than any of the other 

species to be infested with nymphs (Figure 2.7).  

 

The proportion of animals infested with ticks varied among sites (Figure 2.8).  For 

example, in 2010 all of the animals checked for ticks from Camelot, Endymion, 

McDonald, and Thwartway islands were infested with larvae, while none of the animals 

on Mermaid Island and only 35.4 and 40.6% of the animals from Jones Creek and 

Mallorytown respectively, were infested in the same year.  The intensity of infestation 

also varied by location and ranged widely within species, with large aggregations of ticks 

found on some individual animals.  A maximum of 333 larvae were removed from one 

mouse from Thwartway Island and 201 larvae from one shrew from Grenadier Island. 

Approximately 80% of the larvae removed from mice came from just 25% of the mice 

checked for ticks (Figure 2.9); 44% of those heavily infested mice (with more than 18 

larvae each) were from Thwartway Island.  The proportion of mice infested with ticks 

and the intensity of infestation on mice was slightly higher in 2010 than in 2009 and 2006 

at the majority of the sites (Appendix B, Table B3).   
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Prevalence of B. burgdorferi in larvae from small mammals 

Larval pools from mice, chipmunks, shrews, and meadow voles tested positive for B. 

burgdorferi infection (Appendix B, Tables B8-B11) with larvae from chipmunks the 

most likely to be positive for B. burgdorferi infection (Figure 2.10).  However, the 

majority of the captured animals were mice and overall 81.2% of the infected larval ticks 

were found on mice, 15.6% on shrews, 2.1% on chipmunks, and 0.7% on meadow voles.  

Forty percent of the infected larvae were from Thwartway Island.  There was variation 

among sites in prevalence of infection in larval pools from mice (Figure 2.11) and none 

of the pools of larvae tested from Jones Creek, Lindsay Island, or Mallorytown were 

positive for B. burgdorferi (Appendix B, Tables B8-B11).  Of the nine sites where larval 

pools from mice were tested in more than one year, four showed slightly higher infection 

prevalence in the later year than the earlier year(s), two were lower, and three remained 

the same. 

  

Antibodies in sera 

Antibodies to B. burgdorferi were detected in mice (26.6%) and chipmunks (25.3%), but 

not in short-tailed shrews, meadow voles, or flying squirrels (Table 2.4).  Animals with 

antibodies to B. burgdorferi were trapped at both island and mainland sites, with high 

prevalence of antibodies in mice from Camelot, Endymion, and Thwartway islands 

(Figure 2.12; Appendix B, Table B12).  The proportion of mice and chipmunks with 

antibodies was higher in 2010 than in 2006 at most sites. 

 

Other tick stages and species 

One adult I. scapularis was removed from a meadow vole on Mermaid Island.  A total of 

81 ticks of five other species were removed from animals during trapping in August 2006 

and June and August 2009 and 2010.  The majority (60%) were Dermacentor variabilis 

larvae and nymphs (Table 2.5).   

 

Other pathogens 

Anaplasma phagocytophilum was detected in 2.8% of adult and 3.6% of nymphal ticks 

collected by drag sampling in 2009 and 2010 (Table 2.6).  Infection prevalence was as 
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high as 9.0% in adults on Thwartway Island and 12.1% in nymphs on Hill Island.  

Infected ticks were collected from eight of the 12 study sites.  All 309 ticks (267 adults 

and 42 nymphs) that were tested for infection by Babesia microti in 2009 were negative. 

 

Of the 566 larval pools tested for infection with A. phagocytophilum (52 pools in 2006, 

243 in 2009, and 271 in 2010), only one tested positive; this pool of 37 ticks was 

collected from a white-footed mouse on Thwartway Island in 2006.  Antibodies to A. 

phagocytophilum were found only in a small proportion of mice (2.8%, Table 2.4).  The 

proportion of mice with A. phagocytophilum antibodies was lower in 2009 and 2010 than 

in 2006 on both Grenadier and Thwartway islands, the only two locations where 

antibodies to A. phagocytophilum were found. 

 

Two I. angustus larvae, one I. cookei larva, and one I. marxii larva removed from small 

mammal hosts were inadvertently tested for infection by B. burgdorferi and A. 

phagocytophilum; all results were negative.   

 

Risk analysis 

The human risk of encountering an infected nymph was considered high or medium at 

five locations (Camelot, Thwartway, Endymion, Grenadier and Hill islands). When 

visitation was included, four sites were deemed high priority sites for public education 

and awareness programs (Table 2.7). 

 

 

2.5  DISCUSSION 

An understanding of the dynamics of the Lyme disease cycle in the Thousand Islands is 

required as a basis for management decisions to reduce human risk in this new endemic 

area.  The results of this study have confirmed anecdotal reports of variation in tick 

abundance among islands and have revealed significant variation among study sites in the 

prevalence B. burgdorferi in ticks.  
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Variation among sites 

Blacklegged ticks were first reported in the Canadian Thousand Islands region on 

Thwartway Island (Lindsay et al. 2006).  Since blacklegged ticks and B. burgdorferi were 

detected in the region in 2006, Thwartway has continued to have a local reputation as an 

island with an unusually high number of ticks.  The results and predictive modelling 

reported here show that Thwartway is the island where the most nymphs were found.  

The infestation of small mammals with larval ticks also varied among study sites and 

again Thwartway was one of the islands to show consistently high rates of both 

infestation and intensity of infestation.  This suggests that high numbers of larval ticks on 

Thwartway Island were being fed, providing the energy required to moult into nymphs.  

Despite the high number of nymphs, because the prevalence of B. burgdorferi infection 

in ticks collected by drag sampling from Thwartway Island was lower than the 

prevalence of infection in nymphs from other sites, Thwartway Island did not have the 

highest number of infected questing nymphs among sites.  This demonstrates why both 

tick abundance and infection prevalence should be considered when evaluating human 

risk.   

 

At seven sites, small mammals were infectious to larval ticks (as measured by larval 

pools testing positive for B. burgdorferi infection), capable of producing infected larval 

ticks with the energy required to moult into infected nymphs.  The overall prevalence of 

B. burgdorferi infection in nymphs collected by drag sampling in this study area is within 

the range (15-30%) commonly seen in many other endemic areas of northeastern North 

America (Piesman 2002).  However, in adult ticks, the overall infection prevalence in the 

Thousand Islands appears to be lower than the 50-70% found in other endemic areas 

(Lindsay et al. 1991, Schmidt & Ostfeld 2001, Hamer et al. 2007).  This could be 

partially because this is a relatively new endemic area and infection prevalence has not 

yet stabilized (Ogden et al. 2010).  However, these were overall numbers for the 12 sites 

surveyed; at several sites, the prevalence of B. burgdorferi infection in adult ticks was 

within or above the range of values seen in other endemic locations.  At half of the study 

sites, less than 15 nymphs were collected by drag sampling and tested for infection by B. 

burgdorferi; the same was true for adult ticks at three of the study sites.  A larger sample 



28 

 

size would give greater confidence in the infection prevalence at these locations, allowing 

stronger comparisons among sites.  Nonetheless, the sites with at least 30 adults or 

nymphs tested for B. burgdorferi still showed variation in infection prevalence, from 12.3 

to 32.3% in nymphs (from four sites) and between 28.6 and 63.3% in adults (from six 

sites). 

 

Variation among years 

The lower prevalence of B. burgdorferi infection at some sites may be related to the 

recent emergence of the Lyme disease cycle in the Thousand Islands, a process that is not 

entirely understood.  In some places, B. burgdorferi infection prevalence initially 

decreases as blacklegged tick populations become established in a newly emerging region 

and dilute the overall B. burgdorferi infection that is largely restricted to adventitious 

ticks arriving on migratory birds (Ogden et al. 2010).  This is an example of tick-first 

invasion (Hamer et al. 2010), and may explain the low infection prevalence found in 

nymphs at some sites in the Thousand Islands (e.g., the mainland sites and Mermaid 

Island).  Borrelia-first and dual invasion are also possible emergence processes (Hamer et 

al. 2010).  Despite the fact that no questing ticks collected from mainland sites in the 

Thousand Islands region tested positive for B. burgdorferi, animals with antibodies to B. 

burgdorferi were present, suggesting that Borrelia-first or dual invasion may also be 

occurring in this area.  Alternatively, small sample size or greater mobility of hosts than 

the tick vectors could explain the presence of antibodies in mammalian hosts but not 

ticks, though movement of hosts from island to mainland sites would require travel over 

water or ice.  Further studies extending beyond the invasion front in eastern Ontario 

would help to reveal the mechanism of establishment of the Lyme disease cycle. 

 

Blacklegged ticks and B. burgdorferi were confirmed to be present in the Thousand 

Islands in 2006 (Lindsay et al. 2006), but the Lyme disease cycle does not yet appear to 

be stable in the region.  In looking at the data collected in 2006 and between 2009 and 

2011, the differences among years were not consistent among the sites.  For example, the 

three study sites with the greatest number of nymphs in 2009 and 2010 had dramatically 

fewer nymphs the following year, while most other sites had more nymphs in 2011 than 
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in the two previous years.  In addition, the infectivity of mice, expressed as the 

prevalence of B. burgdorferi infection in larvae removed from mice, was higher in 2010 

than 2009 at some sites, but was lower or unchanged at others.  The inconsistency in 

variation among sites suggests some instability in the disease system, but could also be an 

artefact of sample size and collection over a relatively short period (only two years in 

most cases).   

 

On the other hand, there was consistency in several measures: little difference in the 

prevalence of B. burgdorferi infection in nymphs or adults was seen between 2009 and 

2010 (Figure 2.4), and adult numbers were lower in 2011 than 2010 at almost all sites, 

perhaps as a result of some factor such as weather affecting all sites.  At the majority of 

sites, the proportion of mice infested with ticks, the intensity of tick infestation on mice, 

and the proportion of mice and chipmunks with antibodies to B. burgdorferi was higher 

in 2010 than in 2009.  Though slight, these increases suggest that populations of 

blacklegged ticks and infection with B. burgdorferi may be expanding in the Thousand 

Islands region.  In southwestern Ontario, established tick populations and B. burgdorferi 

were known at Long Point in the 1970s and 80s (Watson & Anderson 1976, Barker et al. 

1988), but the Lyme disease cycle was not confirmed at nearby Turkey Point until 2003 

(Scott et al. 2004).  A rapid spread in the Thousand Islands may be a result of the region’s 

land use patterns.  Forty-nine percent of the land in the Thousand Islands watershed is 

forested, while forests make up only 21% of the land surrounding Long Point and Turkey 

Point (Cataraqui Region Conservation Authority 2009, Lake Erie Region Source 

Protection Committee 2012).  The abundant natural habitat for tick hosts in eastern 

Ontario may be contributing to the establishment and spread of ticks and B. burgdorferi. 

 

Long-term monitoring of tick numbers and B. burgdorferi infection prevalence at 

different areas in the Thousand Islands region and eastern Ontario could provide 

sufficient data to analyze these patterns of expansion.  It would also allow further 

examination of the tick-first, pathogen-first and dual invasion hypotheses, and might 

provide useful information supporting predictions of the expansion of the Lyme disease 

cycle from new endemic foci in Canada.  Climate change and dispersal models have 



30 

 

predicted that conditions will likely be suitable for blacklegged ticks much further north 

in eastern Canada in 100 years (Ogden et al. 2008a, Leighton et al. 2012); further 

predictive power would be helpful for preparation of educational messages for the public 

and medical practitioners.   

 

Human risk 

It was possible to quantify the present level of human risk at the 12 study sites in order to 

inform current management actions at St. Lawrence Islands National Park.  The risk 

analysis identified Camelot, Thwartway, Endymion, and Grenadier islands as high 

priority locations for educational programs and management actions because of high risk 

of exposure to infected ticks and high visitor use.  Through interpretation programs, 

informal conversations, presentations, the park newsletter, and other forms of 

communication, park visitors and staff can be made aware of these high risk areas.  

Priority for actions such as trail maintenance, widening and grass cutting should be given 

to these high risk locations.  For visitor safety, Parks Canada installed signage at public 

facilities on national park property in 2006 to warn visitors of the presence of 

blacklegged ticks throughout the Thousand Islands area. 

 

The results also highlight the importance of collecting visitation statistics at all public 

park locations so risk can be better monitored and priorities can be more effectively set.  

Additional park islands could be surveyed to determine the human risk at other high-use 

locations.  For staff working off-trail at both high- and low-use locations, extra 

precautions to ensure personal protection should be taken at sites with the highest risk of 

encountering an infected nymph (the four priority sites for public awareness identified 

above plus Hill Island, which has a high number of infected nymphs, but little visitor 

use).  The categories of tick numbers and risk were established arbitrarily to examine the 

relative risk at our twelve study sites.  Alternatively, a risk analysis with categories based 

on tick numbers and human use or population at other endemic sites in North America 

could provide a comparison to the level of risk outside the Thousand Islands area.  Within 

the Thousand Islands, a predictive model based on the factors that have the greatest 

influence on human risk would be a useful tool to inform management actions related to 
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public and occupational safety in the national park. 

 

The relatively high prevalence of A. phagocytophilum infection in both adult and 

nymphal ticks at several sites and the fact that infected ticks were found at two thirds of 

the study sites are cause for additional concern for human risk.  Because A. 

phagocytophilum can be transmitted to humans in less time than the usual 24-72 hours of 

feeding required for the transmission of B. burgdorferi (des Vignes et al. 2001), regular 

“tick checks” to remove embedded ticks within 24 hours will be less effective at 

preventing human infection. Instead, educational messages and management actions must 

focus on reducing exposure to ticks by, for example, staying on trails, wearing protective 

clothing, and using insect repellent (Fish 1995, Barker & Lindsay 2000). 

 

Role of different small mammal species 

Of the animals processed, most were the target species, white-footed mice.  Because of 

their high abundance in the study, the vast majority of the infected ticks removed from 

small mammals came from mice, suggesting that they could be an important driver of the 

Lyme disease cycle and human risk in the Thousand Islands ecosystem. However, the 

four small mammals frequently caught (white-footed mice, short-tailed shrews, eastern 

chipmunks, and meadow voles) were equally likely to host larval ticks.  In addition, a 

higher percentage of the larvae removed from chipmunks and shrews than from mice 

tested positive for B. burgdorferi, demonstrating that a greater proportion of chipmunks 

and shrews than mice were infectious to ticks.  The intensity of tick infestation was also 

not equal among species: short-tailed shrews hosted the most larvae per animal.  

Likewise, long-term research in New York has shown most other small mammal species 

host more larval ticks per animal than mice (Ostfeld 2011).  The results of this study 

support the assertion that both chipmunks and shrews can be important hosts in the Lyme 

disease cycle (LoGiudice et al. 2003, Brisson et al. 2008).  Additionally, chipmunks were 

the animal most likely to host nymphal ticks, which may contribute to a dilution of 

disease risk if nymphs and larvae are “partitioned” on different host species; a mouse 

must be bitten by an infected nymph in order to become infective to naive larvae 

(Bouchard et al. 2011).  
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Meadow voles, on the other hand, have been highlighted as dilution species (Mather et al. 

1989, Schmidt & Ostfeld 2001) and this was weakly supported in this study, as a 

relatively low percentage of the larvae removed from meadow voles tested positive for B. 

burgdorferi infection.  Endymion Island, where meadow voles dominated the small 

mammal population sampled, did have a lower prevalence of B. burgdorferi infection in 

nymphs than some of the other sites.  However, despite its relatively low overall 

abundance of small mammals and lack of predominant or rescue host species, Endymion 

Island still had a high number of nymphal ticks and ranked as a high-risk site.  This 

suggests that meadow voles might be acting as the primary reservoir on the island (as was 

found by Markowski et al. 1998 at another insular study site), or that the abundance of 

the “most competent” reservoir species may not be the driving force affecting the Lyme 

disease cycle and human risk in the Thousand Islands. 

 

The lack of small mammals on Aubrey Island also stood out as unusual over the two 

years of trapping.  The habitat throughout the study grid on Aubrey Island was varied and 

did not appear markedly different from other study sites.  In a previous survey of small 

mammals in the Thousand Islands, three species (meadow vole, white-footed mouse, and 

short-tailed shrew) were captured on Aubrey Island; the numbers of animals caught in 

that survey did not stand out as unusually low in comparison with the other islands 

studied (Harvey 1992).  It was mentioned by a national park employee that a domestic cat 

had been released on Aubrey Island by cottagers a few years ago (J. Leggo personal 

communication), which may have reduced the island’s small mammal populations.  

Harvey (1992) also experienced low trapping success on nearby Bostwick Island, which 

may have been the result of unconfirmed reports of a fox on the island at the time of the 

study. 

 

Tick aggregations 

Larval ticks were highly aggregated on certain individual animals, as found in other 

studies (Perkins et al. 2003, Brunner & Ostfeld 2008).  The pattern of tick infestation 

observed in this study was close to the 20/80 rule, where 20% of the population is 
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responsible for 80% of the disease transmission (Woolhouse et al. 1997).  This suggests 

that it might be possible to reduce the risk of disease transmission by targeting tick 

control measures at the “superspreader” 20 percent.  Although Brunner and Ostfeld 

(2008) were not able to identify the factors that predisposed certain individuals to feed 

more ticks, Bouchard et al. (2011) found that adult male mice often carried the most 

ticks.  The results of this study suggest that location also may be a contributing factor 

when looking at an overall population, as more than 40% of the most heavily infested 

mice were found at one study site (Thwartway Island).  The effects of age and sex were 

not examined in this study.  However, because of the variation in tick infestation among 

the study sites, the Thousand Islands region might provide an interesting location to 

further study the 20/80 rule and determine which factors identify the “superspreader” 

hosts. 

 

Conclusion 

This study provides direct evidence that the Lyme disease cycle is endemic in the 

Thousand Islands region: all three life stages of the blacklegged tick were present for two 

consecutive years and B. burgdorferi was detected in both questing ticks and feeding 

larvae.  The variation in tick abundance, prevalence of B. burgdorferi infection, and host 

communities among sites in the Thousand Islands suggests that it would be an ideal 

location for in-depth studies to better understand the roles of various mammalian hosts 

and species diversity in the Lyme disease cycle.  As well, the semi-isolated islands 

provide an excellent opportunity to further explore factors such as geography and 

vegetation that may be contributing to the variation in tick abundance and infection 

prevalence.  Further information about the emergence of this disease system in Canada 

will help guide management strategies to reduce human risk. 
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Table 2.1. Study sites for blacklegged tick and Borrelia burgdorferi research at St. Lawrence Islands National Park 2009-2011. 

Site Name Size (ha) 

 Distance to 

United States 

mainland (km) 

Part of 

2006 study 

AI Aubrey Island 6.8  8.8 -- 

CI Camelot Island 9.4  6.5 -- 

EI Endymion Island 5.7  6.3 -- 

GI Grenadier Island 406.6  2.2  

HI Hill Island 531.0  2.5  

JC Jones Creek mainland  3.4 -- 

LB Landon Bay mainland  9.1  

LI Lindsay Island 14.4  9.2 -- 

MD McDonald Island 15.1  9.5 -- 

MI Mermaid Island 1.7  8.7 -- 

MT Mallorytown mainland  5.4  

TI Thwartway 40.0  6.6  
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Table 2.2.  Total Ixodes scapularis collected by drag sampling for two person hours in each of June, August and October 2009, 2010, 

and 2011 and May 2010 and 2011 at various sites in the Thousand Islands.   
 

Stage Year AI
a
 CI EI GI HI JC LB LI MD MI MT TI Total 

               
Adult 2009 4 92 66 14 4 2 2 10 12 5 0 98 309 

 
2010 11 178 428 16 25 10 1 15 23 21 1 111 840 

 
2011 2 88 295 7 20 5 1 13 15 12 3 72 533 

 
Total 17 358 789 37 49 17 4 38 50 38 4 281 1682 

               
Nymph 2009 4 24 16 13 1 1 0 6 5 1 1 105 177 

 
2010 4 49 320 14 58 8 8 5 15 0 5 691 1177 

 
2011 6 8 19 56 112 16 24 54 79 2 9 251 636 

 
Total 14 81 355 83 171 25 32 65 99 3 15 1047 1990 

               
Larva 2009 0 127 274 348 750 1 18 5 0 3 2 675 2203 

 
2010 75 270 284 1849 5558 16 87 430 337 1 72 13026 22005 

 
2011 61 486 55 661 618 10 770 127 730 3 186 1656 5363 

 
Total 136 883 613 2858 6926 27 875 562 1067 7 260 15357 29571 

TOTAL 
 

167 1322 1757 2978 7146 69 911 665 1216 48 279 16685 33243 
 

a
 AI was not dragged in June 2010.  AI—Aubrey Island, CI—Camelot Island, EI—Endymion Island, GI—Grenadier Island, HI—Hill 

Island, JC—Jones Creek, LB—Landon Bay, LI—Lindsay Island, MD—McDonald Island, MI—Mermaid Island, MT—Mallorytown, 

TI—Thwartway Island.
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Table 2.3.  Prevalence of Borrelia burgdorferi (Bb) infection in Ixodes scapularis collected by drag sampling in June, August 

and October 2009 and 2010 and May 2010 at various sites in the Thousand Islands.   
 

Site
a
 

Person 

hours of 

dragging 

Adult I. scapularis  Nymphal I. scapularis 

Number 

of ticks 

collected 

Number of 

ticks 

tested
b
 

Number of 

ticks positive 

for Bb 

Infection 

prevalence 

(%) 

 Number 

of ticks 

collected 

Number of 

ticks 

tested
b
 

Number of 

ticks positive 

for Bb 

Infection 

prevalence 

(%) 

AI 12 15 15 3 20.0  8 8 1 12.5 

CI 14 276 199 76 38.2  73 65 21 32.3 

EI 14 494 225 57 25.3  336 106 13 12.3 

GI 14 30 30 19 63.3  27 27 8 29.6 

HI 14 30 30 15 50.0  58 58 8 13.8 

JC 14 12 12 0 0  9 9 0 0 

LB 14 3 3 0 0  8 8 2 25.0 

LI 14.25 25 25 3 12.0  11 11 2 18.2 

MD 14 35 35 10 28.6  20 20 0 0 

MI 14 26 26 6 23.1  1 1 0 0 

MT 14 1 1 0 0  6 6 0 0 

TI 14 217 210 62 29.5  795 203 27 13.3 

Total 166.25 1164 811 251 30.9  1352 522 82 15.7 
 

a
 AI—Aubrey Island, CI—Camelot Island, EI—Endymion Island, GI—Grenadier Island, HI—Hill Island, JC—Jones Creek, LB—

Landon Bay, LI—Lindsay Island, MD—McDonald Island, MI—Mermaid Island, MT—Mallorytown, TI—Thwartway Island. 
b
 In June 2009 and October 2010, a subsample of 50 nymphs, 50 males, and 50 females was tested if the ticks collected exceeded these 

numbers.  A subsample of 30 nymphs and 30 adults was tested in May, June, and August 2010 if ticks collected exceeded these 

numbers. 
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Table 2.4.  Prevalence of antibodies
a

 to Borrelia burgdorferi and Anaplasma phagocytophilum in white-footed mice (Peromyscus 

leucopus), short-tailed shrews (Blarina brevicauda), eastern chipmunks (Tamias striatus), meadow voles (Microtus pennsylvanicus), 

masked shrews (Sorex cinereus), and flying squirrels (Glaucomys sp.) captured in the Thousand Islands at five locations in August 

2006 (1110 trap nights) and 12 locations in June and August 2009 and 2010 (22,895 trap nights). 
 

  
Antibodies to Borrelia burgdorferi  Antibodies to Anaplasma phagocytophilum 

Species Year 
Number of 

animals tested 

Number of 

positive animals 

Prevalence 

(%) 
 

Number of 

animals tested 

Number of 

positive animals 

Prevalence 

(%) 
     

 

   

Peromyscus 2006 76 30 39.5  76 14 18.4 

 

2009 282 62 22.0  283 0 0 

 

2010 251 70 27.9  251 3 1.2 

 
Total 609 162 26.6  610 17 2.8 

     

 

   

Blarina 2006 1 0 0  1 0 0 

 

2009 26 0 0  25 0 0 

 

2010 38 0 0  38 0 0 

 
Total 65 0 0  64 0 0 

     

 

   

Tamias 2006 2 0 0  2 0 0 

 

2009 32 6 18.8  28 0 0 

 

2010 41 13 31.7  41 0 0 

 
Total 75 19 25.3  71 0 0 

     

 

   

Microtus 2006 6 0 0  6 0 0 

 

2009 52 0 0  52 0 0 

 

2010 10 0 0  10 0 0 

 
Total 68 0 0  68 0 0 

     

 

   

Glaucomys 2009 7 0 0  7 0 0 
     

 

    

a
All serum samples were screened using an IFA and only samples that were positive at >1:32 on the screening assay and produced 

appropriate numbers of bands on pathogen-specific western blot assays were considered positive. 
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Table 2.5.  Tick species other than Ixodes scapularis removed from white-footed mice (Peromyscus leucopus), short-tailed shrews 

(Blarina brevicauda), meadow voles (Microtus pennsylvanicus), and flying squirrels (Glaucomys sp.) during trapping sessions in 

August 2006 and June and August 2009 and 2010 in the Thousand Islands. 
 

Tick species  Number of ticks removed 

Common name Scientific name Stage  
Peromyscus 

(n=42) 

Blarina 

(n=7) 

Microtus 

(n=3) 

Glaucomys 

(n=1) 
Total 

   

 

     American dog tick Dermacentor variabilis Larva  44 0 0 0 44 

  

Nymph  5 0 0 0 5 

   

 

     Vole tick Ixodes angustus Larva  7 5 1 0 13 

  

Nymph  4 2 1 0 7 

  

Adult female  8 0 1 0 9 

   

 

     Squirrel tick Ixodes marxii Larva  0 0 0 1 1 

   

 

     Mouse tick Ixodes muris Adult female  1 0 0 0 1 

   

 

     Raccoon tick Ixodes cookei Larva  1 0 0 0 1 
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Table 2.6.  Prevalence of Anaplasma phagocytophilum (Ap) infection in Ixodes scapularis collected by drag sampling in June, August 

and October 2009 and May, June, August and October 2010 at various sites in the Thousand Islands.   
 

Site
a
 

Person 

hours of 

dragging 

Adult I. scapularis  Nymphal I. scapularis 

Number 

of ticks 

collected 

Number of 

ticks 

tested
b
 

Number of 

ticks positive 

for Ap 

Infection 

prevalence 

(%) 

 Number 

of ticks 

collected 

Number of 

ticks 

tested
b
 

Number of 

ticks positive 

for Ap 

Infection 

prevalence 

(%) 

AI 12 15 15 0 0  8 8 0 0 

CI 14 276 199 1 0.5  73 65 0 0 

EI 14 494 225 1 0.4  336 106 1 0.9 

GI 14 30 30 0 0  27 27 0 0 

HI 14 30 30 0 0  58 58 7 12.1 

JC 14 12 11 0 0  9 9 1 11.1 

LB 14 3 3 0 0  8 8 0 0 

LI 14.25 25 25 0 0  11 11 1 9.1 

MD 14 35 35 1 2.9  20 20 0 0 

MI 14 26 26 1 3.8  1 1 0 0 

MT 14 1 1 0 0  6 6 0 0 

TI 14 217 210 19 9.0  795 203 9 4.4 

Total 166.25 1164 810 23 2.8  1352 522 19 3.6 
 

a
 AI—Aubrey Island, CI—Camelot Island, EI—Endymion Island, GI—Grenadier Island, HI—Hill Island, JC—Jones Creek, LB—

Landon Bay, LI—Lindsay Island, MD—McDonald Island, MI—Mermaid Island, MT—Mallorytown, TI—Thwartway Island. 
b
 In June 2009 and October 2010, a subsample of 50 nymphs, 50 males, and 50 females was tested if the ticks collected exceeded these 

numbers.  A subsample of 30 nymphs and 30 adults was tested in May, June, and August 2010 if ticks collected exceeded these 

numbers. 
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Table 2.7. Ranking of study sites based on visitor use and human risk of encountering an infected Ixodes scapularis nymph. Data are 

from ticks collected during a total of 12-14.25 person hours of drag sampling at each site in June, August and October 2009 and May, 

June, August and October 2010. 
 

Site 

Prevalence 

of infected 

nymphs 

(%) 

Mean 

number of 

nymphs per 

person hour 

of dragging 

Mean number 

of infected 

nymphs per 

person hour of 

dragging 

 

Human risk of 

encountering 

an infected 

nymph
 b
 

Visitor use
 c
 

Priority for 

public 

awareness
d
 

CI 32.3 4.64 1.50  High High High 

TI 13.3 14.50 1.93  High Medium High 

EI 12.3 7.57 0.93  Medium High High 

GI 29.6 1.93 0.57  Medium High High 

MT 0 0.43 0  Low High Medium 

HI 13.8 4.14 0.57  Medium Low Medium 

AI 12.5 0.67 0.08  Low Medium Medium 

MD 0 1.43 0  Low Medium Medium 

MI 0 0.07 0  Low Medium Medium 

LI 18.2 0.77 0.14  Low Low Low 

JC 0.0 0.64 0  Low Unknown 
 

LB 25.0 0.57 0.14  Low Unknown 
  

a
 AI—Aubrey Island, CI—Camelot Island, EI—Endymion Island, GI—Grenadier Island, HI—Hill Island, JC—Jones Creek, LB—

Landon Bay, LI—Lindsay Island, MD—McDonald Island, MI—Mermaid Island, MT—Mallorytown, TI—Thwartway Island. 
b
 Low risk = < 0.5 infected nymphs per person hour of dragging, medium risk = 0.5-1.0, high risk = > 1.0. 

c 
Low = < 1000 visitors, medium = 1000-3500, high = > 3500.  Visitor statistics for May—October 2009

 
(Parks Canada 2010a). 

d 
Risk and visitor use were assigned values of 1 (low), 2 (medium) or 3 (high).  Priority was calculated as risk*visitor use: 1 = low 

priority, 2-4 = medium, 5-9 = high.
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Figure 2.1.  Map of St. Lawrence Islands National Park in eastern Ontario.  Two-letter codes identify the 12 study sites on park 

property. Mainland sites: LB—Landon Bay, MT—Mallorytown, JC—Jones Creek. Island sites: AI—Aubrey, MI—Mermaid, LI—

Lindsay, MD—McDonald, TI—Thwartway, CI—Camelot, EI—Endymion, HI—Hill, GI—Grenadier.  (Base map courtesy of Parks 

Canada). 
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Figure 2.2. Predictions and standard errors of the number of I. scapularis nymphs caught per two person hours of dragging at various 

sites in the Thousand Islands in 2009, 2010 and 2011 from a fitted generalized additive mixed model with month and year as random 

effects. AI—Aubrey Island, CI—Camelot Island, EI—Endymion Island, GI—Grenadier Island, HI—Hill Island, JC—Jones Creek, 

LB—Landon Bay, LI—Lindsay Island, MD—McDonald Island, MI—Mermaid Island, MT—Mallorytown, TI—Thwartway Island. 
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Figure 2.3. Predictions and standard errors of the proportion of I. scapularis nymphs infected with B. burgdorferi from various sites in 

the Thousand Islands in 2009 and 2010 from a fitted generalized additive mixed model with year and month as random effects. AI—

Aubrey Island, CI—Camelot Island, EI—Endymion Island, GI—Grenadier Island, HI—Hill Island, JC—Jones Creek, LB—Landon 

Bay, LI—Lindsay Island, MD—McDonald Island, MI—Mermaid Island, MT—Mallorytown, TI—Thwartway Island. 
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Figure 2.4.  Predictions and standard errors of the proportion of I. scapularis nymphs and adults infected with B. burgdorferi from 

various sites in the Thousand Islands in 2009 and 2010 from a fitted generalized additive mixed model with site and month as random 

effects. 
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Figure 2.5. Predictions and standard errors of the proportion of animals infested with larval I. scapularis from trapping at various sites 

in the Thousand Islands in 2006, 2009, and 2010 from a fitted generalized additive mixed model with site, year, and month as random 

effects. 
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Figure 2.6. Predictions and standard errors of the number of larval I. scapularis per animal at various sites in the Thousand Islands in 

2006, 2009, and 2010 from a fitted generalized additive mixed model with site, year, and month as random effects. 
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Figure 2.7. Predictions and standard errors of the proportion of animals infested with nymphal I. scapularis from trapping at various 

sites in the Thousand Islands in 2006, 2009, and 2010 from a fitted generalized additive mixed model with site, year, and month as 

random effects. 
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Figure 2.8. Predictions and standard errors of the proportion of small mammals (Tamias striatus, Peromyscus leucopus, Microtus 

pennsylvanicus, and Blarina brevicauda) infested with I. scapularis larvae or nymphs from various sites in the Thousand Islands in 

2006, 2009, and 2010 from a fitted generalized additive mixed model with species, year, and month as random effects. AI—Aubrey 

Island, CI—Camelot Island, EI—Endymion Island, GI—Grenadier Island, HI—Hill Island, JC—Jones Creek, LB—Landon Bay, LI—

Lindsay Island, MD—McDonald Island, MI—Mermaid Island, MT—Mallorytown, TI—Thwartway Island. 
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Figure 2.9. Distribution of larval ticks on Peromyscus leucopus captured at various sites in the 1000 Islands in 2006, 2009, and 2010.  

Twenty-five percent of the mice hosted 80 percent of the larvae collected.   
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Figure 2.10. Predictions and standard errors of the prevalence of B. burgdorferi infection in pools of larval I. scapularis removed 

from small mammals trapped at various sites in the Thousand Islands in 2006, 2009, and 2010 from a fitted generalized additive 

mixed model with year, month, and site as random effects. 
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Figure 2.11. Predictions and standard errors of the prevalence of B. burgdorferi infection in pools of larval I. scapularis removed 

from Peromyscus leucopus in the Thousand Islands from a fitted generalized additive mixed model with year and month as random 

effects. AI—Aubrey Island, CI—Camelot Island, EI—Endymion Island, GI—Grenadier Island, HI—Hill Island, JC—Jones Creek, 

LB—Landon Bay, LI—Lindsay Island, MD—McDonald Island, MI—Mermaid Island, MT—Mallorytown, TI—Thwartway Island. 
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Figure 2.12. Predictions and standard errors of the proportion of Peromyscus leucopus with antibodies to B. burgdorferi trapped at 

various sites in the Thousand Islands in 2006, 2009, and 2010 from a fitted generalized additive mixed model with year and month as 

random effects. AI—Aubrey Island, CI—Camelot Island, EI—Endymion Island, GI—Grenadier Island, HI—Hill Island, JC—Jones 

Creek, LB—Landon Bay, LI—Lindsay Island, MD—McDonald Island, MI—Mermaid Island, MT—Mallorytown, TI—Thwartway 

Island.
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CHAPTER 3: FACTORS AFFECTING THE DISTRIBUTION OF NYMPHAL 

IXODES SCAPULARIS AND THE PREVALENCE OF BORRELIA 

BURGDORFERI INFECTION IN NYMPHS IN THE 1000 ISLANDS REGION 

 

3.1  ABSTRACT 

 

Lyme disease, caused by the bacterium Borrelia burgdorferi, is an emerging zoonotic 

disease in Canada.  Inter-island variation in the number of nymphs and the prevalence of 

infection in nymphs among sites in the Thousand Islands was demonstrated in Chapter 2.  

The purpose of this study is to examine the relative importance of various biotic and 

abiotic factors, including temperature, vegetation, and host populations, in explaining the 

abundance and distribution of the blacklegged tick vector (Ixodes scapularis) and the 

prevalence of B. burgdorferi in ticks in this area.  Data were collected via drag sampling, 

small mammal trapping, deer pellet counts, and microclimate loggers at 12 study sites in 

2009 and 2010. Infection status of ticks was determined using PCR. Model selection and 

multimodel inference were used to evaluate variable effects.  As predicted, deer 

abundance and higher temperature had positive effects on tick numbers, while the 

number of ticks, infection prevalence, and the number of infected nymphs were all lower 

with increasing distance from the United States, the presumed source of this new endemic 

population.  The relative abundance of mice was an important factor in determining the 

effects of species richness on nymphal infection prevalence and, in some cases, greater 

species richness may not be associated with decreased human disease risk.  This study 

has begun to reveal the factors that are most important in the B. burgdorferi transmission 

cycle in the Thousand Islands region. These insights will help in devising management 

strategies aimed at controlling blacklegged ticks and reducing the human risk of 

contracting Lyme disease in the Thousand Islands, and will contribute to our 

understanding of how biodiversity influences human disease risk.  
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3.2  INTRODUCTION 

In eastern North America, Lyme disease, a serious emerging health risk that is caused by 

the bacterium Borrelia burgdorferi, is transmitted to humans by the bite of an infected 

blacklegged tick (Ixodes scapularis) vector (Ogden et al. 2008a).  The blacklegged tick 

life cycle involves three active stages and the number of infected nymphs in an area (the 

product of the number of nymphs and the prevalence of B. burgdorferi infection in 

nymphs) is often used as a measure of the human risk of Lyme disease (Ostfeld et al. 

2002, Diuk-Wasser et al. 2006). 

 

The B. burgdorferi transmission cycle involves the tick vector and several mammalian 

and avian tick hosts (Eisen & Lane 2002). As the primary host for adult blacklegged 

ticks, white-tailed deer (Odocoileus virginianus) are essential for the establishment and 

maintenance of endemic I. scapularis populations (Telford et al. 1988, Rand et al. 2003).  

However, white-tailed deer are considered incompetent reservoirs for B. burgdorferi 

because deer blood serum contains borreliacidal components (Kurtenbach et al. 1998, 

Piesman 2002).  The relationship between deer populations and tick abundance has not 

been resolved entirely: positive correlations have been seen on some islands and in closed 

populations, but little or no correlation was often found in areas open to deer movement 

(Stafford 1993; Daniels & Fish 1995; Rand et al. 2003, 2004; Jordan & Schulze 2005; 

Ostfeld et al. 2006; Jordan et al. 2007).   

 

White-footed mice (Peromyscus leucopus) are considered to be the most competent 

reservoir for B. burgdorferi
 
(Giardina et al. 2000, LoGiudice et al. 2003, Brisson et al. 

2008).  Because of this and their ubiquity, they were for many years regarded as the 

primary hosts for larval and nymphal blacklegged ticks in eastern North America (e.g., 

Spielman et al. 1984, Mather et al. 1989, Anderson & Norris 2006).  However, both 

eastern chipmunks (Tamias striatus) and shrews (Blarina brevicauda and Sorex cinereus) 

and have been identified as important competent hosts (LoGiudice et al. 2003, Brisson et 

al. 2008, Brunner et al. 2008).  Several other animals, including squirrels (Sciurus 

carolinensis, Tamiasciurus hudsonicus), voles (Microtus spp.), skunks (Mephitis 

mephitis), opossums (Didelphis virginiana), deer mice (Peromyscus maniculatus), and 
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raccoons (Procyon lotor), and some ground-foraging birds, provide blood meals to a 

large proportion of the I. scapularis larval and nymphal populations but are less 

competent reservoirs for B. burgdorferi (Mather et al. 1989, Ostfeld & Keesing 2000a, 

LoGiudice et al. 2003, Ginsberg et al. 2005, Hanincová et al. 2006, Brisson et al. 2008).   

 

Differences in host abundance, competence (ability to infect a tick), and quality (lower 

quality hosts are more likely to groom off and kill ticks that attempt to feed) can therefore 

affect the number of ticks, the prevalence of infection in ticks, and thus, human risk 

(LoGiudice et al. 2003, Keesing et al. 2009, Ostfeld 2011). It has, therefore, been 

hypothesized that high species richness may lead to a decrease in human disease risk 

through a reduction in the prevalence and density of infected nymphal ticks because of 

decreasing abundance of the most competent hosts and an increase in the abundance of 

low-competence and low-quality hosts (VanBuskirk & Ostfeld 1995, Ostfeld & Keesing 

2000a, Schmidt & Ostfeld 2001).  Although several studies have provided evidence of 

this “dilution effect,” the mechanisms behind the effects of host abundance, community 

composition, and richness on human risk are still unknown (LoGiudice et al. 2008, 

Keesing et al. 2009, Bouchard et al. 2011, Ostfeld 2011). 

 

Environmental factors can also influence tick populations.  Blacklegged ticks are found 

more often in forests than at forest edges or in open fields (Ginsberg & Zhioua 1996, 

Lindsay et al. 1998, Guerra et al. 2002), a pattern that is likely a result of microclimatic 

temperature and humidity conditions created by leaf litter and canopy cover (Schulze et 

al. 1995).  Temperature is also an important factor in the maintenance of tick populations, 

with fewer mean annual degree-days above 0°C limiting tick survival (Bertrand & 

Wilson 1996; Ogden et al. 2004, 2005).  Temperature also positively affects tick activity 

levels, influencing their ability to find hosts (Vail & Smith 2002), and increasing 

temperatures with climate change may be contributing to the spread of ticks and Lyme 

disease in Canada (Brownstein et al. 2005, Ogden et al. 2006a, Leighton et al. 2012).  

However, the importance of changes in temperature in predicting Lyme disease risk in 

areas where ticks are well established is not clear (Jones & Kitron 2000; Ostfeld et al. 

2001, 2006; McCabe & Bunnell 2004; Schulze et al. 2009).   
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Both biotic and abiotic factors that affect the vector and host populations can therefore 

influence the number of ticks, the prevalence of B. burgdorferi infection in ticks, and 

hence, the risk of Lyme disease to humans.  Across eastern North America, the factors 

that predict the distribution of B. burgdorferi and its vector vary (e.g., Piesman 2002, 

Ginsberg et al. 2004) and local studies are required to determine the predictors of Lyme 

disease risk in specific areas.   

 

Blacklegged ticks and B. burgdorferi are spreading across northeastern North America 

from original endemic foci in the United States and are being confirmed as endemic in an 

increasing number of areas in Canada (White et al. 1991; Glavanakov et al. 2001; 

Jackson et al. 2002; Hoen et al. 2009; Ogden et al. 2009, 2010; Hamer et al. 2010; 

Leighton et al. 2012).  Lyme disease had spread throughout New York State by the mid-

1990s (Glavanakov et al. 2001) and in 2006, populations of blacklegged ticks and B. 

burgdorferi were discovered in the Thousand Islands region of eastern Ontario (Lindsay 

et al. 2006).  

 

The purpose of this study is to examine the relative importance of proximity to the United 

States, deer abundance, temperature, canopy cover, leaf litter, small mammal species 

richness, number of nymphs, and relative abundance of mice in predicting the number of 

nymphs, the prevalence of B. burgdorferi infection in nymphs, and the number of 

infected nymphs in the Thousand Islands region.  This information will help in devising 

management strategies aimed at controlling blacklegged ticks and reducing the risk of 

Lyme disease in the Thousand Islands and will help predict future risk as this disease 

system becomes further established in Canada. 

 

 

3.3. MATERIALS AND METHODS 

Study sites, small mammal trapping, drag sampling 

The study sites for this project and small mammal trapping and drag sampling techniques 

were the same as those described in section 2.3.  The relative abundance of animals at 
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each site was calculated as the number of animals caught per 100 trap nights.  Data were 

corrected for trap disturbance by subtracting one half trap night for every trap that was 

sprung and empty (Nelson & Clark 1973).  Trap disturbance was recorded in 2010 and 

disturbance rates were assumed to be the same in 2009.  Species richness was calculated 

as the number of different small mammal species trapped at each location over the two 

years of trapping.  Mouse population was categorized as low when the relative abundance 

of mice was 50% or less, and as high when mice made up more than 50% of the small 

mammal population. 

 

Environmental monitoring 

A data logger (HOBO Pro v2, Onset Computer Corporation, Pocasset, MA) positioned 

one to two cm above the ground near the centre of each one-hectare study site 

automatically recorded temperature and humidity at each site at 30-minute intervals from 

July 2009 to the spring of 2011. Data were collected from the data loggers periodically 

(approximately every 300 days) and compiled using HOBOware Pro version 3.2.1 (Onset 

Computer Corporation, Pocasset, MA).  The average daily minimum temperatures were 

calculated for three-month periods (January-March, April-June, July-September, 

October-December) because ticks are sensitive to extremes in microclimatic variation and 

climate variables are typically grouped seasonally to coincide with tick activity periods 

(e.g., Bertrand & Wilson 1996,  Ostfeld et al. 2001, Schulze et al. 2009). 

 

Deer abundance 

Relative white-tailed deer abundance was estimated by pellet counts (Neff 1968).  Each 

site was surveyed in the fall of 2009 for deer pellets.  The number of groups of pellets 

within a circular survey plot with a 1.7-metre radius (9.29 m
2 

/ 100 square feet) around 

each marked trap location was recorded and survey plots were cleared of pellets.  Each 

survey plot was assessed for pellet groups again in the spring of 2010.  The accumulation 

of pellets from fall 2009 to spring 2010 was used to calculate the number of pellet groups 

per hectare, which was used as a relative index of deer abundance at each site.   
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Vegetation  

In the fall of 2010, the vegetation of each study site was assessed.  Average leaf litter 

depth was measured at 11 randomly selected trap locations at each site by inserting a 

ruler into the litter layer until bare ground was reached.  The percent canopy cover at 

each trap location was categorized (<25%, 25-49%, 51-75%, or >75%) and used to 

calculate the average overall canopy cover for the study site. 

 

Geography 

Distance to the United States was measured in ArcGIS (version 9.3) as the shortest 

straight-line distance to the American mainland from the island on which the study site 

was located or from the point on the Canadian shore of the St. Lawrence River closest to 

the mainland study site.    

 

Statistical analyses 

Generalized linear models and linear mixed effects models were used to assess the effects 

of various factors (listed below) on three outcome variables: the number of nymphs per 

two person hours of dragging (NON), the prevalence of B. burgdorferi infection in 

nymphs (NIP), and the number of infected nymphs per two person hours of dragging 

(NIN).  

 

A variety of animals host larval, nymphal, and adult blacklegged ticks and have varying 

abilities to transmit B. burgdorferi.  Deer abundance (the predominant adult tick host), 

small mammal species richness, the number of small mammals trapped per 100 trap 

nights, and the proportion of those small mammals that were mice (widely believed to be 

the predominant larval host) were therefore included as predictors to capture the effects 

of tick hosts.  New data were created for the proportion of animals that were mice on 

Aubrey Island (AI) in 2009, when no animals were trapped at that site: mouse proportion 

was assumed to be the same as in 2010 because 2009 and 2010 values were highly 

positively correlated at the other sites.  In this way, the data from Aubrey Island in 2009 

could be included in the analyses. 
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Tick survival is influenced by temperature and vegetation.  To capture these effects, the 

average daily minimum temperature in the summer months (July, August, September), 

percent canopy cover, and leaf litter depth were included.  The size of the tick population, 

measured as the number of nymphs per two person hours of dragging, was included as a 

potential effect in the NIN and NIP models because elevated tick numbers may represent 

established populations where the prevalence of B. burgdorferi infection in ticks is 

typically higher than in adventitious ticks (Piesman 2002, Ogden et al. 2006b).  

 

Geographically, blacklegged ticks and B. burgdorferi appear to be spreading northward 

from the United States.  Distance to the United States mainland was included as a model 

variable to capture the effects of geography in the study area. Also, because some of the 

sites were located in close proximity to one another and model residuals showed 

significant autocorrelation by a Moran’s I test, an autocorrelative term was used to 

account for the spatial non-independence of sites (Guisan & Zimmerman 2000, Diuk-

Wasser et al. 2010).  Month was included as a random variable for the NON and NIN 

models to control for the variation among seasons.  Exploratory analyses showed that the 

inclusion of site and year as random variables in these models and the inclusion of month, 

site or year in the NIP model did not improve the models as assessed by AICc values 

(Akaike’s information criterion corrected for sample size).  These random effects were 

therefore not retained in the subsequent steps of model selection.  The interaction 

between small mammal species richness and the proportion of small mammals that were 

mice was also included to test the hypothesis that species richness may affect nymphal 

infection prevalence and the number of infected nymphs differently depending on the 

relative abundance of mice. 

 

For the analyses of factors affecting the number of nymphs (NON) and number of 

infected nymphs (NIN), tick counts were log transformed to meet distributional 

assumptions using loge+1.  To allow comparison of the relative effects of the coefficients, 

continuous fixed effects variables were standardized to have a mean of zero and standard 

deviation of one (Quinn & Keough 2002). Variance inflation factors and correlation 

coefficients were used to check for collinearity among the fixed effect variables.   
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The explanatory variables included in each model were: 

NON ~ distance to U.S., deer, canopy cover, leaf litter, temperature, proportion of 

mice*richness 

NIP ~  distance to U.S., number of animals, NON, proportion of mice*richness, 

autocorrelation 

NIN ~  distance to U.S., deer, NON, canopy cover, proportion of mice*richness 

 

To assess the effects of the variables, an information theoretic approach was used.  A 

global model with all a priori chosen variables was created and all-subsets regression 

models with all combinations of variables in the global model were run. AICc values 

were then evaluated to choose the models that best fit the data in a 95% confidence set.  

The variables that were included in the confidence set were assessed and their effects 

were averaged across the best models (Burnham & Anderson 2002).   Statistical analyses 

were conducted using R version 2.14.0 (R Development Core Team 2011). 

 

3.4  RESULTS 

The number of nymphs collected during this study and the prevalence of B. burgdorferi 

infection in those nymphs are described in section 2.4.   

 

Number of nymphs 

For the models examining the factors affecting the number of nymphs (NON), eight of 

the 255 candidate models were retained in the 95% confidence set, as determined by 

AICc values (Table 3.1).  The models in the confidence set individually explained 

between 30 and 55% of the variation in the data. Distance to the United States and deer 

abundance appeared in all eight of the models in the confidence set.  The interaction 

between small mammal species richness and the proportion of small mammals that were 

mice, percent canopy cover, and average daily minimum summer temperature were also 

important predictors (Table 3.2).  There was little support for leaf litter depth as an 

important variable in the models.  Deer abundance, canopy cover, and temperature were 
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positively correlated with the number of nymphs, and the relationship between the 

number of nymphs and distance to the United States was negative (Figure 3.1).  When the 

proportion of mice in the small mammal population was high, greater species richness 

corresponded with dramatically fewer nymphs; however, when the proportion of mice 

was low, greater species richness resulted in a slightly higher predicted number of 

nymphs (Figure 3.2). 

 

Prevalence of B. burgdorferi infection 

Of the 127 models explored to assess the factors affecting the prevalence of B. 

burgdorferi infection in nymphs (NIP), five were retained in the 95% confidence set 

(Table 3.3); each model explained between 1.6 and 2.1% of the variation in the data.  Of 

the variables considered, the interaction between small mammal species richness and the 

proportion of those mammals that were mice was the most important predictor of the 

prevalence of infection in nymphal ticks (Table 3.4).  When the proportion of mice in the 

small mammal population was low, greater species richness resulted in a slightly lower 

prevalence of infection in nymphs; greater species richness had little effect when the 

relative abundance of mice was high (Figure 3.3).  The number of nymphs, distance to 

the United States, and the number of small mammals were other important variables in 

predicting the infection prevalence in nymphs; all were weakly negatively correlated with 

infection prevalence (Figure 3.4).  The autocorrelation among sites was not an important 

factor (Table 3.4). 

 

Number of infected nymphs 

To examine the factors affecting the number of infected nymphs (NIN), 127 models were 

considered; 20 were included in the 95% confidence set (Table 3.5).  Between 31 and 

45% of the variation in the data was explained by the confidence set models. 

Deer abundance, distance to the United States, the number of nymphs, and the abundance 

of small mammals were important variables in predicting the number of infected nymphs 

(Table 3.6).  The number of infected nymphs increased with increasing deer abundance 

and an increasing number of nymphs, but was lower with increasing distance to the 

United States and greater species richness (Figure 3.5).  The remaining variables received 
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little support (Table 3.6). 

 

3.5 DISCUSSION 

This study has identified several factors, including deer abundance, distance to the United 

States, small mammal species richness, relative mouse abundance, and canopy cover, that 

play an important role in the B. burgdorferi transmission cycle in the Thousand Islands 

area.  A number of strategies targeting the ticks, their hosts, or the surrounding 

environment have been proposed to control blacklegged ticks and reduce the risk of 

human exposure to Lyme disease in eastern North America (Mount et al. 1997, Stafford 

& Kitron 2002).  An understanding of the factors that are most important in the B. 

burgdorferi transmission cycle in the Thousand Islands region is vital for the 

development of an effective integrated management plan to reduce the human risk of 

contracting Lyme disease in this new endemic area. In addition, the importance of the 

relative abundance of mice in determining the effects of species richness on nymphal 

infection prevalence provides empirical evidence for theoretical models that show that, in 

some cases, increasing biodiversity may not have an effect on human risk. 

 

Distance to the United States 

Distance to the United States mainland ranked as an important predictor in each of the 

model selection analyses: it was negatively correlated with NON, NIP, and NIN.  The 

negative correlation was strong for the number of nymphs; in this case distance to the 

United States was the single most important predictor.  This strong association fits with 

previous studies that have demonstrated that blacklegged ticks and B. burgdorferi are 

expanding from foci in the northeastern and northcentral United States through the 

movement of migratory birds, deer, and possibly small mammal hosts (Madhav et al. 

2004, Ogden et al. 2008b, Hamer et al. 2010, Ogden et al. 2010, Leighton et al. 2012).   

 

Until recently, established tick populations in Ontario have been restricted to relatively 

small areas along the north shore of Lake Erie, Lake Ontario, and the St. Lawrence River 

(Ogden et al. 2008c).  In 2010 and 2011, however, numerous ticks were found at 

Murphy’s Point Provincial Park, 50 kilometres inland from the St. Lawrence River near 
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Perth, Ontario, and research is underway to confirm if endemic populations are now 

established there (L.R. Lindsay, personal communication).  Adequate deer and small 

mammal host populations, abundant forest cover, and favourable environmental 

conditions may continue to favour the expansion of the Lyme disease cycle in eastern 

Ontario, as predicted by climate change models (Ogden et al. 2006a).  Long-term 

monitoring in the Thousand Islands region could help to track the spread of ticks and B. 

burgdorferi and allow an assessment of changing disease risk.  

 

Deer abundance 

Relative deer abundance ranked as the most important predictor of NIN, and was also an 

important factor in the NON models.  In both cases, the effect was positive.  As the 

predominant host for adult ticks, deer are essential for maintaining tick populations 

(Telford et al. 1988, Rand et al. 2003).  However, as incompetent reservoirs (Kurtenbach 

et al. 1998, Piesman 2002) and primarily hosts for the adult ticks rather than juvenile 

stages, deer are unlikely to have an effect on rates of B. burgdorferi infection.  The 

importance of deer in the models predicting the number of infected nymphs is likely 

related to the strong effect of deer in the models predicting the number of nymphs.   

 

The effect of deer abundance on tick populations varies across eastern North America 

(Rand et al. 2003, Jordan et al. 2007).  Positive correlations similar to what was found in 

this study have been seen on isolated islands and using deer exclosures (Stafford 1993, 

Daniels & Fish 1995, Rand et al. 2004), while several studies in areas open to deer 

movement found little or no correlation between deer population and the number of 

blacklegged ticks (Jordan & Schulze 2005, Ostfeld et al. 2006, Jordan et al. 2007).  There 

was a significant decrease in the number of immature ticks after a substantial cull of the 

deer herd on Long Point, where there has been an endemic tick population for several 

decades (Lindsay et al. 1999).  The area used in this study, because it includes both 

mainland sites that are open to deer movement and islands that are more restricted, 

provides an interesting look at the effect of deer (though small sample size prevented 

further fine-scale analysis).  It also provides an opportunity to study the effects of deer 

population control at semi-isolated island sites.  Overpopulation of deer has been a recent 
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problem at some locations in the Thousand Islands (Van Wieren et al. 2008).  These 

results suggest that management actions that control deer populations, usually for the 

benefit of native vegetation, may also reduce the human risk of encountering infected 

nymphal ticks.   

 

Canopy cover 

The positive correlation found between canopy cover and the number of nymphs is 

consistent with previous studies that have shown that ticks are more likely to be found in 

forested areas than in open fields (Ginsberg & Zhioua 1996, Lindsay et al. 1998, Guerra 

et al. 2002).  The effect of open areas was apparent even within forested areas with 

different degrees of canopy cover.  Canopy cover was not strongly correlated with leaf 

litter, which did not rank as an important variable in this analysis, but is another factor 

that has been proposed to affect the number of nymphs (Schulze et al. 1995).  The 

relationship between canopy cover and the number of nymphs may be linked instead to 

microclimatic conditions.  Increased canopy cover would provide shade, keep more 

moisture at the forest floor level, and reduce extremes in temperature and humidity, thus 

increasing tick survival (Bertrand & Wilson 1996).  For managing human risk, an 

understanding that campsites and trails in closed-canopy forested areas may mean a 

higher risk of encountering a nymph could help direct trail and campsite maintenance and 

public education to help reduce the risk of Lyme disease. 

 

Temperature 

Despite the fact that the study sites were, at the furthest, less than 30 kilometres apart, the 

topography and geography of the islands and mainland sites created varied microclimatic 

conditions.  The mean daily minimum temperature in the summer months ranked as an 

important predictor of the number of nymphs in the Thousand Islands region, with 

increasing temperature positively correlated with the number of ticks.  Ticks are limited 

by colder temperatures, which slow their movement when they are questing (searching 

for a blood meal) and can limit their ability to moult to the next stage (Lindsay et al. 

1995, Bertrand & Wilson 1996, Vail & Smith 2002).  The results of this study support 

predictions that climate change and warmer temperatures across southern Canada will 
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likely play an important role in expanding the range of ticks in Canada in the coming 

decades (Ogden et al. 2006a, 2008a).   

 

However, in this study temperature was negatively correlated with island size, and the 

three mainland sites had the lowest average minimum daily temperature in both years of 

the study, most likely as a result of the moderating effect of the St. Lawrence River 

(Christopherson & Byrne 2009).  Island size may therefore also explain the pattern seen 

in each of the models, but could not be teased out in this study.  Smaller forest patches 

may have higher densities of infected nymphs than larger forest patches as a result of an 

increase in the density of competent tick hosts (Allan et al. 2003).  Smaller islands, like 

smaller patches, may consequently have higher densities of tick hosts and ticks than 

larger islands or the mainland because of less predation on small mammal hosts, less 

competition among hosts, or lack of opportunities for host emigration (Nupp & Swihart 

1998, Krohne & Hoch 1999).  However, there was not a strong pattern of greater host 

abundance in smaller areas in the sites in this study.  At the same time, some other factor, 

such as limited area for dispersal of ticks on smaller islands, may explain the correlation 

between the number of nymphs and temperature.  Similarly, several long-term studies 

that examined the effects of abiotic factors on tick populations within relatively small 

study areas (smaller than or comparable to the one used in this study) found little or no 

correlation between temperature and tick numbers (Ostfeld et al. 2001, 2006; Schulze et 

al. 2009). 

 

Number of nymphs 

As the number of nymphs increased, the overall prevalence of B. burgdorferi infection in 

the population of nymphs decreased.  This unexpected pattern may be the result of the 

recent emergence of the Lyme disease cycle in the Thousand Islands: tick populations 

may be establishing at new sites before B. burgdorferi, diluting the overall prevalence of 

B. burgdorferi infection that is largely restricted to adventitious ticks arriving on 

migratory birds (Ogden et al. 2010). Despite this, an increase in the number of nymphs 

still resulted in an increase in the number of infected nymphs, the important factor for 

evaluating disease risk.  This may be because the NIN models, which combine NON and 
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NIP, are more strongly influenced by factors that affect the number of nymphs than 

factors that affect the prevalence of B. burgdorferi infection (as evidenced by the large 

amount of variation in the data explained by the NON models in comparison to the NIP 

models).  Therefore, an increase in the number of nymphs overwhelmingly increases the 

odds of encountering an infected nymph, despite the fact that the overall prevalence of 

infection in the nymph population may decrease.  The results of the NIN model suggest 

that efforts to reduce human risk should focus on those factors that may reduce the 

number of nymphs.  As well, host abundance and quality, which affect the number of 

nymphs, may be more important in predicting human risk than host competence, which 

affects nymphal infection prevalence. 

 

Small mammal hosts 

Small mammal host populations often have been the subject of human Lyme disease risk 

studies, but the mechanisms behind the effects of host abundance, community 

composition, and richness on human risk are still being explored (Keesing et al. 2009, 

Bouchard et al. 2011, Ostfeld 2011). In this study, prevalence models showed that the 

overall abundance of small mammals was an important variable in predicting the 

prevalence of infection in nymphs, with an increase in small mammals negatively 

correlated with nymphal infection prevalence.  This could provide some evidence to 

support the dilution effect - as the number of animals increases, it is more likely the 

community will include less competent hosts, so fewer ticks become infected with B. 

burgdorferi (Ostfeld & Keesing 2000b).  However, the overall abundance of small 

mammals does not take into account species richness and the relative abundances of 

different species.   

 

The interaction between species richness and the proportion of animals that were mice 

ranked as the most important factor in predicting nymphal infection prevalence, and was 

also an important predictor of the number of nymphs.  In the models predicting the 

number of nymphs, when the proportion of mice was high, sites with greater species 

richness had fewer nymphs than sites with low species richness.  This strong relationship 

could be explained by the finding that some small mammals are poorer quality hosts than 
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others, removing and eating a larger proportion of feeding ticks through grooming 

(Keesing et al. 2009).  On the other hand, the relationship between species richness and 

the number of nymphs was weakly positive when the proportion of mice in the small 

mammal population was low.  Species richness was correlated with the overall 

abundance of small mammals in this study, which could explain these results (a greater 

number of animals could increase the chance that a tick will find a host).   

 

Alternatively, although it was not possible to assess it, it is possible that the composition 

of the small mammal community is having an effect such that increasing species richness 

can reduce the risk (more nymphs are removed from the ecosystem by grooming 

behaviour) in some instances, and amplify the risk in other situations, depending on the 

species present. This supports theoretical models that have shown that both dilution and 

amplification of Lyme disease risk are possible, depending on the effects of the small 

mammal community on the number of nymphs (Ogden & Tsao 2009). Other studies have 

also noted the importance of species composition when examining the effects of 

biodiversity on disease risk (LoGiudice et al. 2003, Bouchard et al. 2011, Ostfeld 2011).  

In some places it is estimated that species other than mice, chipmunks, and shrews (e.g., 

squirrels, deer, raccoons, skunks) provide meals to at least half of the larval population 

(Brisson et al. 2008).  An in-depth examination of precisely which species are present and 

in what proportions at different levels of richness might help to clarify the role of species 

richness in predicting the number of nymphs in the Thousand Islands region. 

  

For the models predicting the prevalence of B. burgdorferi infection in nymphs, when the 

proportion of mice in the small mammal population is high, species richness has little 

effect on the prevalence of infection.  This could be because mice are very competent 

hosts (Giardina et al. 2000, LoGiudice et al. 2003, Brisson et al. 2008) and when there are 

many of them relative to other small mammals, they can maintain a high level of 

infection in the tick population.  However, the finding that when the proportion of mice 

in the small mammal population is low, locations that have more small mammal species 

have a lower prevalence of infection in nymphs is consistent with the dilution theory.  As 

more species are added, some of those new species are likely to be less competent hosts, 
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and because the hosts other than mice make up a large proportion of the small mammal 

population, fewer ticks become infected with B. burgdorferi.  This is a unique finding; 

other studies that have looked at the effects of species richness have assumed that higher 

species richness is correlated with a lower proportion of mice and that mice dominate 

low-richness communities (LoGiudice et al. 2003, Ostfeld 2011).  However, this 

relationship between richness and both absolute and relative mouse abundance did not 

exist at the 12 sites in this study. Here, the relative abundance of mice is an important 

factor in modulating the effects of species richness on nymphal infection prevalence, and 

thus human risk, such that high biodiversity may not always reduce human disease risk.   

 

This interaction was not a strong effect in the models predicting the number of infected 

nymphs.  However, when considered alone, species richness was negatively correlated 

with the number of infected nymphs, again supporting the role of biodiversity in reducing 

human disease risk. At the same time, as noted above, it was not possible to assess the 

details of community composition, which may play an important role in the effects 

detected.  The Thousand Islands, with its numerous isolated islands and variation in small 

mammal populations, provides an ideal location to further study the Lyme disease cycle.  

A thorough survey of the host populations – both mammalian and avian – and an analysis 

of the proportion of each species on different islands could provide excellent data to help 

determine the role of biodiversity in human disease risk. 

  

Random variation, or other variables that were not measured, could also be playing an 

important role in the NIP models, which explained only a small part of the variation in 

the data. Variables that could also play a role include the time since tick establishment, 

the presence of diurnal small mammals (i.e., squirrels), the composition of the small 

mammal population (species present and in what proportions), and the presence of mid-

sized mammals (e.g., raccoons, skunks, foxes).   

 

Several studies examining the factors that affect disease risk have focussed on NIP as the 

outcome variable, assuming a strong link to NIN and, therefore, human risk (Ostfeld & 

Keesing 2000a, Schmidt & Ostfeld 2001, LoGiudice et al. 2003).  The results of this 
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study demonstrate that the factors that affect NIN and human risk in the Thousand Islands 

are more strongly linked to those factors that affect NON than those that affect NIP.   

 

Conclusion 

Several factors play an important role in the B. burgdorferi transmission cycle in the 

Thousand Islands region.  While factors such as distance to the United States and 

temperature cannot be manipulated to reduce disease risk, the results of this study do 

point to several management actions that could be further explored by highlighting 

important variables that can predict risk. Deer population control, an active program 

within St. Lawrence Islands National Park, provides an excellent opportunity to 

investigate the effects of this management action on human risk.  In addition, canopy 

cover can be assessed when planning and maintaining areas of high visitor use to help 

reduce the chances of people encountering a nymphal tick.  These insights will be vital in 

developing an effective integrated tick management plan for the Thousand Islands region.   

 

To my knowledge, this is the first empirical study to consider the relative abundance of 

small mammal hosts in the analysis of the effects of biodiversity on disease risk, 

providing validation for theoretical models exploring dilution and amplification effects 

(Ogden & Tsao 2009).  The results show that the relative abundance of mice is an 

important factor in determining the effects of species richness on nymphal infection 

prevalence and that, in some cases, increasing biodiversity may not have an effect on 

human risk.  This is an area that deserves further study, and the Thousand Islands, with 

its diversity of islands, is an excellent study area for this line of research. 

 

Additionally, the data are consistent with the hypothesis that the Lyme disease cycle is 

moving into the Thousand Islands region from the United States.  Long-term studies will 

be important to track the changes in tick populations, the prevalence of B. burgdorferi 

infection, and human risk in the Thousand Islands, and may provide information that will 

be applicable to other areas of Canada where the Lyme disease cycle is becoming 

established. 
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Table 3.1. 95% confidence set of best ranked linear mixed models selected through all subsets regression analysis to explain the 

number of Ixodes scapularis nymphs (NON)
a
 at various locations in the Thousand Islands in 2009 and 2010. 

 

Model 

rank 
Model terms Parameters R

2 
AICc 

 
Δi wi 

Cumulative 

wi 

1 
Temperature + Deer + Mice + Richness + 

Canopy + Distance + Richness*Mice 
10 0.55 225.13 

 
0 0.5052 0.5052 

2 
Temperature + Deer + Richness + Leaf Litter + 

Canopy + Distance + Richness*Mice 
11 0.49 227.04 

 
1.92 0.1937 0.6989 

3 
Deer + Mice + Richness + Canopy + Distance + 

Richness*Mice 
9 0.50 228.25 

 
3.12 0.1062 0.8051 

4 
Deer + Richness + Leaf Litter + Canopy + 

Distance + Richness*Mice 
10 0.40 229.48 

 
4.35 0.0574 0.8625 

5 
Temperature + Deer + Mice + Richness + 

Canopy + Distance 
9 0.52 229.79 

 
4.66 0.0491 0.9115 

6 
Temperature + Deer + Mice + Richness + Leaf 

Litter + Canopy + Distance 
10 0.52 231.44 

 
6.31 0.0215 0.9331 

7 Deer + Distance + Richness*Mice 8 0.30 232.28  7.16 0.0141 0.9472 

8 
Temperature + Deer + Distance + 

Richness*Mice 
9 0.43 232.57 

 
7.45 0.0122 0.9594 

 

Model terms: Temperature = average daily minimum temperature July-September; Deer = average number of pellet groups per 

hectare; Mice = proportion of trapped small mammals that were Peromyscus leucopus; Richness = small mammal species richness; 

Canopy = percent canopy cover; Distance = distance from United States mainland (km); Leaf Litter = average depth of leaf litter (cm); 

Richness*Mice = interaction between Mice and Richness.  Month was included as a random effect. 

Other abbreviations: R
2
 = proportion of variance explained by the model, adjusted for number of terms and sample size; AICc = 

Akaike’s information criterion corrected for sample size; Δi = difference in AICc from top-ranked model; wi = AIC weight (Burnham 

& Anderson 2002). 
a
Results are for transformed data (log(NON+1)). 
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Table 3.2.  Model-averaged parameter estimates and standard errors based on the 95% confidence set for variables potentially 

affecting the number of Ixodes scapularis nymphs (NON)* at various locations in the Thousand Islands in 2009 and 2010. 
 

Parameter Estimate 
Standard 

error 

95% confidence interval 

Upper Lower 

Distance -0.84 0.21 -0.44 -1.24 

Richness -0.74 0.22 -0.32 -1.17 

Deer 0.62 0.16 0.93 0.31 

Mice -0.57 0.16 -0.26 -0.89 

Canopy 0.43 0.15 0.72 0.14 

Mice:Richness -0.72 0.26 -0.21 -1.22 

Temperature 0.34 0.14 0.61 0.06 

Leaf Litter -0.13 0.14 0.14 -0.41 
 

*Results are for transformed data (log(NON+1)). 

Model terms: Temperature = average daily minimum temperature July-September; Deer = average number of pellet groups per 

hectare; Mice = proportion of trapped small mammals that were Peromyscus leucopus; Richness = small mammal species richness; 

Canopy = percent canopy cover; Distance = distance from United States mainland (km); Leaf Litter = average depth of leaf litter (cm); 

Mice:Richness = interaction between Mice and Richness. Month was included as a random effect. 
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Table 3.3. 95% confidence set of best ranked generalized linear models selected through all subsets regression analysis to explain the 

prevalence of Borrelia burgdorferi infection in nymphal Ixodes scapularis collected at various locations in the Thousand Islands in 

2009 and 2010. 
 

Model 

rank 
Model terms Parameters D

2
 AICc Δi wi 

Cumulative 

wi 

1 Animals + Distance + Nymphs + Richness*Mice 6 0.021 1466.21 0 0.4483 0.4483 

2 
Richness + Animals + Autocorrelation + 

Distance + Nymphs + Richness*Mice 
7 0.020 1467.06 0.85 0.2925 0.7408 

3 Distance + Nymphs + Richness*Mice 5 0.020 1468.49 2.28 0.1434 0.8842 

4 
Autocorrelation + Distance + Nymphs + 

Richness*Mice 
6 0.019 1470.08 3.87 0.0647 0.9489 

5 
Animals + Autocorrelation + Nymphs + 

Richness*Mice 
6 0.016 1474.36 8.15 0.0076 0.9565 

 

Model terms: Animals = number of small mammals trapped per 100 trap nights; Distance = distance from United States mainland 

(km); Number of nymphs = nymphs caught per 2 person hours of dragging; Richness = small mammal species richness; Mice = 

proportion of small mammals that were Peromyscus leucopus; Richness*Mice = interaction between Mice and Richness; 

Autocorrelation = spatial autocorrelation term (Diuk-Wasser et al. 2010). 

Other abbreviations: D
2
 = proportion of deviance explained by the model, weighted by residual degrees of freedom (Guisan & 

Zimmermann 2000); AICc = Akaike’s information criterion corrected for sample size; Δi = difference in AICc from top-ranked model; 

wi = AIC weight (Burnham & Anderson 2002). 
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Table 3.4.  Model-averaged parameter estimates and standard errors based on the 95% confidence set for variables potentially 

affecting the prevalence of Borrelia burgdorferi infection in nymphal Ixodes scapularis collected at various locations in the Thousand 

Islands in 2009 and 2010. 
 

Parameter Estimate 
Standard 

error 

95% confidence interval 

Upper Lower 

Mice:Richness 0.69 0.20 1.08 0.31 

Richness -0.37 0.13 -0.11 -0.62 

Number of nymphs -0.25 0.09 -0.09 -0.42 

Mice 0.23 0.16 0.55 -0.08 

Distance -0.35 0.12 -0.13 -0.58 

Animals -0.22 0.11 -0.01 -0.43 

Autocorrelation 0.16 0.16 0.47 -0.15 
 

Model terms: Animals = number of small mammals trapped per 100 trap nights; Distance = distance from United States mainland 

(km); Number of nymphs = nymphs caught per 2 person hours of dragging; Richness = small mammal species richness; Mice = 

proportion of small mammals that were Peromyscus leucopus; Mice:Richness = interaction between Mice and Richness; 

Autocorrelation = spatial autocorrelation term (Diuk-Wasser et al. 2010). 
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Table 3.5. 95% confidence set of best ranked linear mixed models selected through all subsets regression analysis to explain the 

number of Ixodes scapularis nymphs infected with Borrelia burgdorferi (NIN)
a
 at various locations in the Thousand Islands in 2009 

and 2010. 
 

Model 

rank 
Model terms Parameters R

2
 AICc Δi wi 

Cumulative 

wi 

1 Nymphs + Deer + Mice + Richness + Distance 8 0.449 129.26 0.00 0.2306 0.2306 

2 Nymphs + Deer + Mice + Richness + Canopy + Distance 9 0.446 130.98 1.72 0.0977 0.3283 

3 Nymphs + Deer + Richness + Distance 7 0.431 131.04 1.78 0.0948 0.4231 

4 Nymphs + Deer + Mice + Distance + Richness*Mice 9 0.413 131.42 2.16 0.0785 0.5015 

5 Deer + Mice + Richness + Distance 7 0.409 131.97 2.70 0.0596 0.5612 

6 Deer + Mice + Richness + Canopy + Distance 8 0.415 132.39 3.13 0.0482 0.6094 

7 Nymphs + Deer 5 0.406 132.53 3.27 0.0449 0.6543 

8 Nymphs + Deer + Mice 6 0.412 132.76 3.50 0.0401 0.6944 

9 Deer + Mice + Richness + Distance + Richness*Mice 8 0.413 132.77 3.50 0.0400 0.7344 

10 Nymphs + Deer + Mice + Distance 7 0.420 132.92 3.65 0.0371 0.7715 

11 Nymphs + Deer + Distance 6 0.409 133.39 4.12 0.0293 0.8008 

12 Nymphs + Deer + Canopy + Distance + Richness*Mice 10 0.406 133.47 4.21 0.0281 0.8289 

13 Nymphs + Deer + Richness + Canopy + Distance 8 0.424 133.49 4.23 0.0279 0.8568 

14 Nymphs + Deer + Mice + Canopy 7 0.410 134.23 4.97 0.0192 0.8760 

15 Deer + Canopy + Distance + Richness*Mice 9 0.310 134.29 5.03 0.0186 0.8947 

16 Nymphs + Deer + Canopy 6 0.399 134.81 5.54 0.0144 0.9091 

17 Nymphs + Deer + Richness 6 0.398 134.82 5.56 0.0143 0.9234 
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18 Nymphs + Deer + Mice + Richness 7 0.405 135.14 5.88 0.0122 0.9356 

19 Nymphs + Deer + Mice + Canopy + Distance 8 0.414 135.18 5.91 0.0120 0.9476 

20 Deer + Richness + Distance 6 0.376 135.59 6.32 0.0098 0.9574 

 

Model terms: Number of nymphs = nymphs caught per 2 person hours of dragging; Deer = average number of pellet groups per 

hectare; Mice = proportion of trapped small mammals that were Peromyscus leucopus; Richness = small mammal species richness; 

Canopy = percent canopy cover; Distance = distance from United States mainland (km); Richness*Mice = interaction between Mice 

and Richness.  Month was included as a random effect. 

Other abbreviations: R
2
 = proportion of variance explained by the model, adjusted for number of terms and sample size; AICc = 

Akaike’s information criterion corrected for sample size; Δi = difference in AICc from top-ranked model; wi = AIC weight (Burnham 

& Anderson 2002). 
a
Results are for transformed data (log(NIN+1)). 
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Table 3.6.  Model-averaged parameter estimates and standard errors based on the 95% confidence set for variables potentially 

affecting the number of infected nymphal Ixodes scapularis (NIN)* collected at various locations in the Thousand Islands in 2009 and 

2010. 
 

Parameter Estimate 
Standard 

error 

95% confidence interval 

Upper Lower 

Deer 0.31 0.08 0.46 0.15 

Distance -0.27 0.11 -0.05 -0.48 

Number of nymphs 0.14 0.06 0.26 0.02 

Richness -0.25 0.11 -0.04 -0.46 

Mice -0.15 0.07 0.00 -0.29 

Canopy 0.05 0.07 0.19 -0.08 

Mice:Richness -0.09 0.12 0.16 -0.33 
 

*Results are for transformed data (log(NIN+1)). 

Model terms: Number of nymphs = nymphs caught per 2 person hours of dragging; Deer = average number of pellet groups per 

hectare; Mice = proportion of trapped small mammals that were Peromyscus leucopus; Richness = small mammal species richness; 

Canopy = percent canopy cover; Distance = distance from United States mainland (km); Mice:Richness = interaction between Mice 

and Richness.  Month was included as a random effect. 
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a)            b) 

  
c)             d)  

   
 

Figure 3.1.  Predicted number of Ixodes scapularis nymphs and standard errors as a function of a) deer abundance, b) percent canopy 

cover, c) mean daily minimum summer temperature, and d) distance to the United States at various sites in the Thousand Islands.  
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Figure 3.2. Predicted number of Ixodes scapularis nymphs and standard errors as a function of small mammal species richness at low 

(≤50%) and high (>50%) proportion of mice in the small mammal population at various sites in the Thousand Islands.  



79 

 

 

Figure 3.3. Predicted prevalence of Borrelia burgdorferi infection in Ixodes scapularis nymphs and standard errors as a function of 

small mammal species richness at low (≤50%) and high (>50%) proportion of mice in the small mammal population at various sites in 

the Thousand Islands. 
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a)            b) 

   
c) 

 
 

Figure 3.4. Predicted prevalence of Borrelia burgdorferi infection in Ixodes scapularis nymphs and standard errors as a function of a) 

distance to the United States, b) number of nymphs, and c) number of small mammals at various sites in the Thousand Islands.
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a)         b) 

  
c)          d) 

  
 

Figure 3.5. Predicted number of Ixodes scapularis nymphs infected with Borrelia burgdorferi (NIN) and standard errors as a function 

of a) deer abundance, b) distance to the United States, c) number of nymphs, and d) small mammal species richness at various sites in 

the Thousand Islands. 
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CHAPTER 4: GENERAL DISCUSSION AND CONCLUSIONS 

 

Our study provides direct evidence that the Lyme disease cycle is endemic in the 

Thousand Islands region, with all three life stages of the blacklegged tick present for at 

least two consecutive years and B. burgdorferi detected in both questing ticks and feeding 

larvae.  The Thousand Islands region has proven to be an ideal location to study the 

ecology of the Lyme disease cycle in a newly emerging zone.  Considerable variation 

was found among sites in the number of nymphs, the prevalence of B. burgdorferi 

infection in those nymphs, and the number of infected nymphs.  Through modelling, 

several factors were identified, including deer abundance, distance to the United States, 

small mammal species richness, relative mouse abundance, and canopy cover, that play 

an important role in the B. burgdorferi transmission cycle in this newly endemic area of 

eastern Ontario.   

 

Based on these results, management actions such as deer herd reduction, trail and 

campsite modifications, public education, and occupational health and safety programs 

can be explored as part of an integrated tick management program to reduce the human 

risk of exposure to the agent of Lyme disease. Furthermore, because of its numerous 

protected areas on islands where the movement of mammalian tick hosts is more 

restricted than on the mainland, the Thousands Islands region provides an ideal natural 

laboratory to study the effectiveness of tick control options such as deer herd reduction at 

semi-isolated sites.  

 

Several recent studies have explored the role of biodiversity in reducing disease risk in a 

variety of disease systems that involve both humans and other organisms (Ezenwa et al. 

2006, Derne et al. 2011, Searle et al. 2011).  In the Lyme disease system, modelling 

based on extensive field studies has demonstrated that increasing vertebrate diversity may 

result in a decrease in nymphal infection prevalence and the number of infected nymphs, 

though the mechanisms behind this are still being explored (Schmidt & Ostfeld 2001; 

LoGiudice et al. 2003, 2008; Keesing et al. 2009; Bouchard et al. 2011; Ostfeld 2011).  

However, not all of the assumptions used in these studies and simulations held true in the 
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Thousand Islands.  For example, a negative correlation between small mammal species 

richness and relative mouse abundance was not evident among study sites.  Nor was it 

true that the most competent hosts (mice, chipmunks, and shrews) were always the most 

dominant in low-diversity communities.  Instead, the results showed that the relative 

abundance of mice is an important factor in determining the effects of species richness on 

nymphal infection prevalence and that, in some cases, increasing biodiversity may not 

have an effect on human risk.  This is an area that deserves further study, and the 

Thousand Islands region, with its diversity of host communities, could provide an 

excellent research location to better understand the mechanisms behind the effects of 

biodiversity on Lyme disease risk. 

 

Additionally, these data suggest that, like in other parts of Canada (Ogden et al. 2010), 

the Lyme disease cycle is moving into the Thousand Islands region from the United 

States.  Further field studies could provide more details on rates of tick and B. 

burgdorferi establishment and the dynamics of the transmission cycle in an emerging 

zone.  The results may be applicable to other areas of Canada where the Lyme disease 

cycle is becoming established, allowing risk maps to be updated and refined so that 

human risk can be better predicted and reduced. 
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APPENDIX A 

Table A1. Primers and probe sets used in PCR procedures to detect Borrelia burgdorferi, Anaplasma phagocytophilum and Babesia 

microti.  
 

Diagnostic test Primer name and PCR format Target gene sequence 5` to 3` 

Borrelia burgdorferi screen (23S)
a
 Borrelia, real-time PCR primer 1 CGA GTC TTA AAA GGG CGA TTT AGT 

 Borrelia, real-time PCR primer 2 GCT TCA GCC TGG CCA TAA ATA G 

 Borrelia, real-time PCR probe AGA TGT GGT AGA CCC GAA GCC GAG TG 

   

Borrelia burgdorferi confirmation 

(OspA)
b
 

Borrelia, real-time PCR primer 1 CTG GGG AAG TTT CAG TTG AAC 

Borrelia, real-time PCR primer 2 TTG GTG CCA TTT GAG TCG TA 

 Borrelia, real-time PCR probe CTG CAG CTT GGA ATT CAG GCA CTT 

   

Anaplasma phagocytophilum screen 

(msp2)
a
 

Anaplasma, real-time PCR primer 1 ATG GAA GGT AGT GTT GGT TAT GGT ATT 

Anaplasma, real-time PCR primer 2 TTG GTC TTG AAG CGC TCG TA 

 Anaplasma, real-time PCR probe TGG TGC CAG GGT TGA GCT TGA GAT TG 

   

Anaplasma phagocytophilum 

confirmation (ank)
c
 

5b outer primer 1, Nested PCR GAC GGC TTT ACA TAT AGC AGC T 

8br outer primer 2, Nested PCR GCT TTA CCG AAA CCA CGC GAT GC 

 6b inner primer 1, Nested PCR CTG CTA ATG GTG ACG GTA AGC T 

 7br inner primer 2, Nested PCR AGC CAG ATG CAG TAA CGT GTC ACC A 
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Anaplasma phagocytophilum 

Confirmation (16S rRNA)
b
 

Anaplasma, real-time PCR primer 1 GCT GCT TTT AAT ACT GCC AGA 

Anaplasma, real-time PCR primer 2 TCA GTA CCG GAC CAG ATA GC 

 Anaplasma, real-time PCR probe CCA CTG GTG TTC CTC CTA ATA TCT ACG A 

   

Babesia microti Screen (18S rRNA)
d
 Babesia, real-time PCR primer 1 AGC CAT GCA TGT CTT AGT ATA AGC TTT 

 Babesia, real-time PCR primer 2 CAC GGT TAT CCA TGT AAA ACG AAC A 

 Babesia, real-time PCR, probe AAT GGC TCA TTA AAA CAG TTA TAG 

   

Babesia microti Confirmation (CCTη)
e
 Babesia, real-time PCR primer 1 CAA GTT GGA GGC AAT TCA TAG C 

 Babesia, real-time PCR primer 2 CAC AGC TTC CCA AAC AAG AGT C 

 Babesia, real-time PCR, probe ACG AGT CCT CCT GTT GCT TTG GCC 

   

Extraction Internal Control for ticks 

(16S Ixodes spp.)
b
 

MM1, real-time PCR, primer   AAC ACG ACT CTA AGC GGT GGA 

MM2, real-time PCR, primer 2 GCA ATG TGC GTT CAA AGA GTA 

 MM, real-time PCR, probe TGC AAT TCA CAC CAA GTC TCG CAG C 

 

a
 Courtney et al., 2004, 

b
 TIB Molbiol design (TIB Molbiol, Adelphia, NJ), 

c
 Massung et al., 2000, 

d
 Applied Biosystems Assay by 

Design (Applied Biosystems, Foster City, CA), 
e
 Nakajima et al., 2009. 
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APPENDIX B 

Table B1. Primary captures of animals at 12 sites in the Thousand Islands during trapping sessions in August 2006 and June and 

August 2009 and 2010 included the white-footed mouse (Peromyscus leucopus), short-tailed shrew (Blarina brevicauda), eastern 

chipmunk (Tamias striatus), meadow vole (Microtus pennsylvanicus), flying squirrel (Glaucomys sp.), masked shrew (Sorex 

cinereus), red squirrel (Tamiasciurus hudsonicus), and short-tailed weasel (Mustela erminea). 
 

Site
a
 Year 

Trap 

nights 
Peromyscus Blarina Tamias Microtus Glaucomys Sorex Tamiasciurus Mustela Total 

           

 

AI 2009 968 0 0 0 0 0 -- -- -- 0 

 

2010 968 1 0 1 0 0 0 0 0 2 

 
          

 

CI 2009 968 24 0 0 11 0 -- -- -- 35 

 

2010 967 33 0 0 0 0 0 1 0 34 

 
          

 

EI 2009 968 1 7 0 36 0 -- -- -- 44 

 

2010 968 0 1 0 1 0 0 0 0 2 

 
          

 

GI 2006 270 11 -- -- --  0 0 0 0 11 

 

2009 968 35 2 3 0 0 -- -- -- 40 

 

2010 968 70 4 1 0 0 0 0 2 77 

 
          

 

HI 2006 360 14 -- -- -- 0 0 0 0 14 

 

2009 968 50 5 14 0 0 -- -- -- 69 

 

2010 968 20 10 9 0 3 0 1 0 43 

 
          

 

JC 2009 968 36 15 11 0 4 -- -- -- 66 

 

2010 968 35 9 14 0 0 4 1 0 63 
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LB 2006 120 8 -- -- -- 0 0 0 0 8 

 

2009 968 9 0 6 0 0 -- -- -- 15 

 

2010 968 10 9 4 0 0 0 0 0 23 

 
          

 

LI 2009 968 5 1 0 3 0 -- -- -- 9 

 

2010 968 7 9 0 1 0 0 0 0 17 

 
          

 

MD 2009 968 5 0 0 0 0 -- -- -- 5 

 

2010 968 36 0 0 3 0 0 0 0 39 

 
          

 

MI 2009 800 0 0 0 5 0 -- -- -- 5 

 

2010 800 2 3 0 4 0 0 0 0 9 

 
          

 

MT 2006 120 10 -- -- -- 0 0 0 0 10 

 

2009 968 31 15 15 0 2 -- -- -- 63 

 

2010 968 13 14 7 0 1 1 0 0 36 

 
          

 

TI 2006 240 33 -- -- -- 0 0 0 0 33 

 

2009 968 48 0 0 1 0 -- -- -- 49 

 

2010 968 25 0 0 1 0 0 0 0 26 

 
          

 

Total 2006 1110 76 1 2 6 0 0 0 0 85 

 

2009 11448 244 45 49 56 6 -- -- -- 400 

 

2010 11447 252 59 36 10 4 5 3 2 371 
 

a
 AI—Aubrey Island, CI—Camelot Island, EI—Endymion Island, GI—Grenadier Island, HI—Hill Island, JC—Jones Creek, LB—

Landon Bay, LI—Lindsay Island, MD—McDonald Island, MI—Mermaid Island, MT—Mallorytown, TI—Thwartway Island. 
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Table B2.  Blacklegged tick infestation parameters for white-footed mice (Peromyscus leucopus), short-tailed shrews (Blarina 

brevicauda), eastern chipmunks (Tamias striatus), meadow voles (Microtus pennsylvanicus), masked shrews (Sorex cinereus), and 

flying squirrels (Glaucomys sp.) captured in the Thousand Islands at five locations in August 2006 (1110 trap nights) and 12 locations 

in June and August 2009 and 2010 (22,895 trap nights). 
 

  Number of 

animals 

checked 

for ticks 

 Larval I. scapularis  Nymphal I. scapularis 

Species Year  

Number 

of larvae 

removed 

Prevalence
a 

(%) 

Intensity
b 

(range) 
 

Number of 

nymphs 

removed 

Prevalence
a 

(%) 

Intensity
b 

(range) 

   

 

   

 

   Peromyscus 2006 76  818 68.4 17.1 (1-98)  50 28.9 2.3 (1-6) 

 

2009 287  2256 63.1 12.5 (1-94)  112 17.4 2.2 (1-9) 

 

2010 254  5170 83.9 24.3 (1-333)  177 26.4 2.6 (1-25) 

 
Total 617  8262 72.3 18.5 (1-333)  339 22.5 2.4 (1-25) 

   

 

   

 

   Blarina 2006 1  0 0 

 

 0 0 -- 

 

2009 45  46 17.8 5.8 (1-22)  0 0 -- 

 

2010 43  1177 76.7 35.7 (1-201)  3 7.0 1.0 (1) 

 
Total 89  1223 46.1 29.8 (1-201)  3 3.3 1.0 (1) 

   

 

   

 

   Tamias 2006 2  0 0 

 

 0 0 -- 

 

2009 55  58 30.9 3.4 (1-13)  18 20.0 1.6 (1-3) 

 

2010 41  82 36.6 5.5 (1-29)  44 43.9 2.4 (1-11) 

 
Total 98  140 32.7 4.4 (1-29)  62 29.6 2.1 (1-11) 

   

 

   

 

   Microtus 2006 6  0 0 

 

 0 0 

 

 

2009 57  143 42.1 6.0 (1-22)  11 14.0 1.4 (1-3) 

 

2010 12  47 50.0 7.8 (2-12)  4 25.0 1.3 (1-2) 

 
Total 75  190 40.0 6.3 (1-22)  15 14.7 1.4 (1-3) 
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   Sorex 2010 4  2 25.0 2 (2)  0 0 -- 

   

 

   

 

   Glaucomys 2009 7  0 0 --  0 0 -- 

   

 

   

 

   Total 

 

890  9817 

  

 419 

  
 

a
 Prevalence is the proportion of animals infested with either larvae or nymphs 

b
 Intensity is the average number of ticks per infested animal 
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Table B3. Blacklegged tick infestation parameters for white-footed mice (Peromyscus leucopus) captured at various locations in the 

Thousand Islands in August 2006 (1110 trap nights) and June and August 2009 and 2010 (22,895 trap nights).  No Peromyscus were 

processed from AI. 
 

  
Number of 

animals 

checked for 

ticks 

 Larval I. scapularis  Nymphal I. scapularis 

Site
a
 Year  

Number 

of larvae 

removed 

Prevalence
b 

(%) 

Intensity
c 

(range) 
 

Number of 

nymphs 

removed 

Prevalence
b 

(%) 

Intensity
c 

(range) 

   

 

   

 

   CI 2009 25  463 92.0 20.1 (2-65)  16 24.0 2.7 (1-15) 

 

2010 28  550 100.0 19.6 (1-72)  51 46.4 3.9 (1-15) 

   

 

   

 

   EI 2009 1  3 100.0 3.0 (3)  0 0 -- 

   

 

   

 

   GI
d
 2006 11  33 72.7 4.1 (1-11)  1 9.1 1.0 (1) 

 

2009 36  167 86.1 5.4 (1-19)  8 16.7 1.3 (1-2) 

 

2010 67  794 92.5 12.8 (1-46)  15 16.4 1.4 (1-3) 

   

 

   

 

   HI
d
 2006 14  13 42.8 2.2 (1-4)  1 7.1 1.0 (1) 

 

2009 60  391 81.7 8.0 (1-34)  10 15.0 1.1 (1-2) 

 

2010 23  514 100.0 22.3 (1-60)  8 26.1 1.3 (1-3) 

   

 

   

 

   JC 2009 46  8 8.7 2.0 (1-4)  0 0 -- 

 

2010 38  30 39.5 2.0 (1-7)  2 5.3 1.0 (1) 

   

 

   

 

   LB
d
 2006 8  8 62.5 1.6 (1-3)  0 0 -- 

 

2009 9  33 88.9 4.1 (1-11)  0 0 -- 

 

2010 8  57 87.5 8.1 (1-36)  1 12.5 1.0 (1) 
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   LI 2009 5  1 20.0 1.0 (1)  2 40.0 1.0 (1) 

 

2010 7  176 85.7 29.3 (3-69)  2 28.6 1.0 (1) 

   

 

   

 

   MD 2009 6  6 33.3 3.0 (3)  4 33.3 2.0 (1-3) 

 

2010 45  1258 100.0 28.0 (3-153)  20 33.3 1.3 (1-3) 

   

 

   

 

   MI 2010 2  0 0 --  0 0 -- 

   

 

   

 

   MT
d
 2006 10  0 0 --  0 0 -- 

 

2009 43  14 18.6 1.8 (1-3)  0 0 -- 

 

2010 13  10 30.8 2.5 (1-6)  1 7.7 1.0 (1) 

   

 

   

 

   TI
d
 2006 33  782 100.0 23.7 (3-98)  48 41.7 2.4 (1-6) 

 

2009 56  1170 96.4 21.7 (1-94)  72 44.6 2.9 (1-9) 

 

2010 23  1781 100.0 77.4 (12-333)  77 69.6 4.8 (1-25) 

   

 

   

 

   
. 

a
 AI—Aubrey Island, CI—Camelot Island, EI—Endymion Island, GI—Grenadier Island, HI—Hill Island, JC—Jones Creek, LB—

Landon Bay, LI—Lindsay Island, MD—McDonald Island, MI—Mermaid Island, MT—Mallorytown, TI—Thwartway Island.
 

b
 Prevalence is the proportion of animals infested with either larvae or nymphs 

c
 Intensity is the average number of ticks per infested animal 

d
 2006 trapping locations 
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Table B4. Blacklegged tick infestation parameters for short-tailed shrews (Blarina brevicauda) captured at various locations in the 

Thousand Islands in June and August 2009 and 2010 (22,895 trap nights).  No Blarina were processed from AI, CI, MD, or TI. 
 

  Number of 

animals 

checked for 

ticks 

 Larval I. scapularis  Nymphal I. scapularis 

Site
a
 Year  

Number 

of larvae 

removed 

Prevalence
b 

(%) 

Intensity
c 

(range) 
 

Number of 

nymphs 

removed 

Prevalence
b 

(%) 

Intensity
c 

(range) 

   

 

   

 

   EI 2009 7  16 28.6 8.0 (7-9)  0 0 -- 

 

2010 1  23 100.0 23.0 (23)  0 0 -- 

   

 

   

 

   GI
d
 2009 2  3 50.0 3.0 (3)  0 0 -- 

 

2010 4  513 100.0 128.2 (39-201)  0 0 -- 

   

 

   

 

   HI
d
 2009 5  4 60.0 1.3 (1-2)  0 0 -- 

 

2010 7  431 100.0 61.6 (2-169)  0 0 -- 

   

 

   

 

   JC
d
 2009 15  22 6.7 22.0 (22)  0 0 -- 

 

2010 6  9 66.7 2.2 (1-4)  1 16.7 1.0 (1) 

   

 

   

 

   LB 2010 5  78 80.0 19.5 (2-34)  1 20.0 1.0 (1) 

   

 

   

 

   LI 2009 1  0 0 --  0 0 -- 

 

2010 7  108 100.0 15.4 (1-42)  1 14.3 1.0 (1) 

   

 

   

 

   MI 2010 3  0 0 --  0 0 -- 

   

 

   

 

   MT
d
 2009 15  1 6.7 1.0 (1)  0 0 -- 
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2010 10  15 60.0 2.5 (1-5)  0 0 -- 

   

 

   

 

   
 

a
 AI—Aubrey Island, CI—Camelot Island, EI—Endymion Island, GI—Grenadier Island, HI—Hill Island, JC—Jones Creek, LB—

Landon Bay, LI—Lindsay Island, MD—McDonald Island, MI—Mermaid Island, MT—Mallorytown, TI—Thwartway Island.
 

b
 Prevalence is the proportion of animals infested with either larvae or nymphs 

c
 Intensity is the average number of ticks per infested animal 

d
 2006 trapping locations; traps were also set at TI 
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Table B5. Blacklegged tick infestation parameters for eastern chipmunks (Tamias striatus) captured at various locations in the 

Thousand Islands in June and August 2009 and 2010 (22,895 trap nights).  No Tamias were processed from AI, CI, EI, LI, MI, MD, or 

TI. 
 

  

Number of 

animals 

checked for 

ticks 

 

Larval I. scapularis 

 

Nymphal I. scapularis 

Site
a
 Year 

 

Number 

of larvae 

removed 

Prevalence
b 

(%) 

Intensity
c 

(range)  

Number of 

nymphs 

removed 

Prevalence
b 

(%) 

Intensity
c 

(range) 

           GI
d
 2009 3 

 

11 100.0 3.7 (2-6) 

 

2 66.7 1.0 (1) 

 

2010 1 

 

0 0 -- 

 

1 100.0 1.0 (1) 

           HI
d
 2009 15 

 

20 40.0 3.3 (1-8) 

 

14 46.7 2.0 (1-3) 

 

2010 9 

 

55 66.7 9.2 (2-29) 

 

16 88.9 2.0 (1-3) 

           JC 2009 14 

 

3 7.1 3.0 (3) 

 

0 0 -- 

 

2010 18 

 

12 22.2 3.0 (1-7) 

 

9 27.8 11.8 (1-3) 

           LB
d
 2009 6 

 

20 50.0 6.7 (3-13) 

 

1 16.7 1.0 (1) 

 

2010 5 

 

13 60.0 4.3 (2-8) 

 

16 60.0 5.3 (1-11) 

           MT
d
 2009 17 

 

4 23.5 1.0 (1) 

 

1 5.9 1.0 (1) 

 

2010 8 

 

2 25.0 1.0 (1) 

 

2 12.5 2.0 (2) 

           
 

a
 AI—Aubrey Island, CI—Camelot Island, EI—Endymion Island, GI—Grenadier Island, HI—Hill Island, JC—Jones Creek, LB—

Landon Bay, LI—Lindsay Island, MD—McDonald Island, MI—Mermaid Island, MT—Mallorytown, TI—Thwartway Island.
 

b
 Prevalence is the proportion of animals infested with either larvae or nymphs 

c
 Intensity is the average number of ticks per infested animal 

d
 2006 trapping locations; traps were also set at TI 
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Table B6. Blacklegged tick infestation parameters for meadow voles (Microtus pennsylvanicus) captured at various locations in the 

Thousand Islands in June and August 2009 and 2010 (22,895 trap nights).  No Microtus were processed from AI, GI, HI, JC, LB, or 

MT. 
 

  Number of 

animals 

checked for 

ticks 

 
Larval I. scapularis 

 
Nymphal I. scapularis 

Site
a
 Year 

 

Number 

of larvae 

removed 

Prevalence
b 

(%) 

Intensity
c 

(range)  

Number of 

nymphs 

removed 

Prevalence
b 

(%) 

Intensity
c 

(range) 

           CI 2009 11 

 

52 63.6 7.4 (2-15) 

 

3 27.3 1.0 (1) 

           EI 2009 37 

 

91 45.9 5.3 (1-22) 

 

8 13.5 1.6 (1-3) 

 

2010 1 

 

10 100.0 10.0 (10) 

 

2 100.0 2.0 (2) 

           LI 2009 3 

 

0 0 -- 

 

0 0 -- 

 

2010 1 

 

2 100.0 2.0 (2) 

 

0 0 -- 

           MD 2010 3 

 

33 100.0 11.0 (10-12) 

 

0 0 -- 

           MI 2009 5 

 

0 0 -- 

 

0 0 -- 

 

2010 6 

 

0 0 -- 

 

2 33.3 1.0 (1) 

           TI
d
 2009 1 

 

0 0 -- 

 

0 0 -- 

 

2010 1 

 

2 100.0 2.0 (2) 

 

0 0 -- 

           
 

a
 AI—Aubrey Island, CI—Camelot Island, EI—Endymion Island, GI—Grenadier Island, HI—Hill Island, JC—Jones Creek, LB—

Landon Bay, LI—Lindsay Island, MD—McDonald Island, MI—Mermaid Island, MT—Mallorytown, TI—Thwartway Island.
 

b
 Prevalence is the proportion of animals infested with either larvae or nymphs 

c
 Intensity is the average number of ticks per infested animal 

d 
2006 trapping location; traps were also set at GI, HI, LB, and MT 
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Table B7. Blacklegged tick infestation parameters for flying squirrels (Glaucomys sp.) and masked shrews (Sorex cinereus) captured 

at various locations in the Thousand Islands in June and August 2009 and 2010 (22,895 trap nights).  No Glaucomys or Sorex were 

processed from AI, CI, EI, GI, HI, MI, MD, LB, LI, or TI. 
 

   Number of 

animals 

checked 

for ticks 

 
Larval I. scapularis 

 
Nymphal I. scapularis 

Species Site
a
 Year 

 

Number 

of larvae 

removed 

Prevalence
b 

(%) 

Intensity
c 

(range)  

Number of 

nymphs 

removed 

Prevalence
b 

(%) 

Intensity
c 

(range) 

            Glaucomys JC 2009 5 

 

0 0 -- 

 

0 0 -- 

            

 

MT
d
 2009 2 

 

0 0 -- 

 

0 0 -- 

            Sorex JC 2010 3 

 

 0 0 -- 

 

0 0 -- 

            

 

MT
c
 2010 1 

 

2 100.0 2.0 (2) 

 

0 0 -- 

            
 

a
 AI—Aubrey Island, CI—Camelot Island, EI—Endymion Island, GI—Grenadier Island, HI—Hill Island, JC—Jones Creek, LB—

Landon Bay, LI—Lindsay Island, MD—McDonald Island, MI—Mermaid Island, MT—Mallorytown, TI—Thwartway Island. 
b
 Prevalence is the proportion of animals infested with either larvae or nymphs 

c
 Intensity is the average number of ticks per infested animal 

d
 2006 trapping location; traps were also set at GI, HI, LB, and TI 
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Table B8. Detection of Borrelia burgdorferi by PCR in larval Ixodes scapularis removed from white-footed mice (Peromyscus 

leucopus) captured at various locations in the Thousand Islands in August 2006 and June and August 2009 and 2010. 
 

    
B. burgdorferi infection in larvae 

Site
a
 Year 

Number of 

animals infested 

Number of ticks 

in larval pools 

Number of 

positive pools 

Positive 

pools (%) 

Number of ticks 

in positive pools 

       CI 2009 23 2-65 6 26.1 5-34 

 

2010 28 1-72 15 53.6 3-72 

       EI 2009 1 3 0 0 -- 

       GI
b
 2006 8 1-11 1 12.5 5 

 

2009 31 1-19 5 16.1 3-19 

 

2010 62 1-46 19 30.6 4-46 

       HI
b
 2009 49 1-34 2 4.1 5-34 

 

2010 23 1-60 9 39.1 8-60 

       JC 2009 4 1-4 0 0 -- 

 

2010 15 1-7 0 0 -- 

       LB
b
 2009 8 1-11 1 12.5 11 

 

2010 7 1-26 1 14.3 1 

       LI 2009 1 1 0 0 -- 

 

2010 6 3-69 0 0 -- 
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MD 2009 2 3 1 50.0 3 

 

2010 45 3-153 11 24.4 14-153 

       MT
b
 2009 8 1-3 0 0 -- 

 

2010 4 1-6 0 0 -- 

       TI
b
 2006 33 3-98 22 66.7 5-98 

 

2009 54 1-94 13 24.1 3-59 

 

2010 23 12-333 11 47.8 36-187 

       
 

a
 AI—Aubrey Island, CI—Camelot Island, EI—Endymion Island, GI—Grenadier Island, HI—Hill Island, JC—Jones Creek, LB—

Landon Bay, LI—Lindsay Island, MD—McDonald Island, MI—Mermaid Island, MT—Mallorytown, TI—Thwartway Island. 
b
 2006 trapping locations 
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Table B9. Detection of Borrelia burgdorferi by PCR in larval Ixodes scapularis removed from eastern chipmunks (Tamias striatus) 

captured at various locations in the Thousand Islands in June and August 2009 and 2010. 
 

    
B. burgdorferi infection in larvae 

Site
a
 Year 

Number of 

animals infested 

Number of ticks 

in larval pools 

Number of 

positive pools 

Positive 

pools (%) 

Number of ticks 

in positive pools 

       GI 2009 3 2-6 2 66.7 3-6 

       HI 2009 6 1-8 4 66.7 1-8 

 

2010 6 2-29 4 66.7 4-29 

       JC 2009 1 3 0 0 -- 

 

2010 4 1-7 0 0 -- 

       LB 2009 3 3-13 2 66.7 3-13 

 

2010 3 2-8 0 0 -- 

       MT 2009 4 1 0 0 -- 

 

2010 2 1 0 0 -- 

       
 

a
 AI—Aubrey Island, CI—Camelot Island, EI—Endymion Island, GI—Grenadier Island, HI—Hill Island, JC—Jones Creek, LB—

Landon Bay, LI—Lindsay Island, MD—McDonald Island, MI—Mermaid Island, MT—Mallorytown, TI—Thwartway Island.
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Table B10. Detection of Borrelia burgdorferi by PCR in larval Ixodes scapularis removed from meadow voles (Microtus 

pennsylvanicus) captured at various locations in the Thousand Islands June and August 2009 and 2010. 
 

    
B. burgdorferi infection in larvae 

Site
a
 Year 

Number of 

animals infested 

Number of ticks 

in larval pools 

Number of 

positive pools 

Positive 

pools (%) 

Number of ticks 

in positive pools 

       CI 2009 7 2-15 1 14.3 10 

       EI 2009 17 1-22 2 11.8 1-18 

 

2010 1 10 0 0 -- 

       LI 2010 1 2 0 0 -- 

       MD 2010 3 10-12 0 0 -- 

       TI 2010 1 2 0 0 -- 

       
 

a
 AI—Aubrey Island, CI—Camelot Island, EI—Endymion Island, GI—Grenadier Island, HI—Hill Island, JC—Jones Creek, LB—

Landon Bay, LI—Lindsay Island, MD—McDonald Island, MI—Mermaid Island, MT—Mallorytown, TI—Thwartway Island.
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Table B11. Detection of Borrelia burgdorferi by PCR in larval Ixodes scapularis removed from short-tailed shrews (Blarina 

brevicauda) captured at various locations in the Thousand Islands in June and August 2009 and 2010. 
 

    
B. burgdorferi infection in larvae 

Site
a
 Year 

Number of 

animals infested 

Number of ticks 

in larval pools 

Number of 

positive pools 

Positive 

pools (%) 

Number of ticks 

in positive pools 

       EI 2009 2 7-9 0 0 -- 

 

2010 1 23 1 100.0 23 

       GI 2009 1 3 0 0 -- 

 

2010 4 39-201 1 25.0 201 

       HI 2009 3 1-2 0 0 -- 

 

2010 7 2-169 5 71.4 19-169 

       JC 2009 1 22 0 0 -- 

 

2010 4 1-4 0 0 -- 

       LB 2010 4 2-34 0 0 -- 

       LI 2010 7 1-42 0 0 -- 

       MT 2009 1 1 0 0 -- 

 

2010 6 1-5 0 0 -- 

       
 

a
 AI—Aubrey Island, CI—Camelot Island, EI—Endymion Island, GI—Grenadier Island, HI—Hill Island, JC—Jones Creek, LB—

Landon Bay, LI—Lindsay Island, MD—McDonald Island, MI—Mermaid Island, MT—Mallorytown, TI—Thwartway Island. 
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Table B12.  Prevalence of antibodies
a

 to Borrelia burgdorferi and Anaplasma phagocytophilum in white-footed mice (Peromyscus 

leucopus) and eastern chipmunks (Tamias striatus) captured at various locations in the Thousand Islands in August 2006 and June and 

August 2009 and 2010.   
 

   
Antibodies to Borrelia burgdorferi  Antibodies to Anaplasma phagocytophilum 

Species Site
b
 Year 

Number of 

animals tested 

Number of 

positive animals 

Prevalence 

(%) 
 

Number of 

animals tested 

Number of 

positive animals 

Prevalence 

(%) 

      

 

   Peromyscus CI 2009 25 15 60.0  25 0 0 

  

2010 28 19 67.9  28 0 0 

      

 

   

 

EI 2009 1 1 100.0  1 0 0 

      

 

   

 

GI
c
 2006 11 1 9.1  11 1 9.1 

  

2009 35 8 22.9  35 0 0 

  

2010 66 18 27.3  66 1 1.5 

      

 

   

 

HI
c
 2006 14 0 0  14 0 0 

  

2009 59 5 8.5  59 0 0 

  

2010 22 7 31.8  22 0 0 

      

 

   

 

JC 2009 45 0 0  45 0 0 

  

2010 38 0 0  38 0 0 

      

 

   

 

LB
c
 2006 8 0 0  8 0 0 

  

2009 9 0 0  9 0 0 

  

2010 8 2 25.0  8 0 0 
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LI 2009 5 0 0  5 0 0 

  

2010 7 0 0  7 0 0 

      

 

   

 

MD 2009 6 1 16.7  6 0 0 

  

2010 44 9 20.5  44 0 0 

      

 

   

 

MI 2010 2 0 0  2 0 0 

      

 

   

 

MT
c
 2006 10 0 0  10 0 0 

  

2009 43 0 0  44 0 0 

  

2010 13 0 0  13 0 0 

      

 

   

 

TI
b
 2006 33 29 87.9  33 13 39.4 

  

2009 55 32 58.2  55 0 0 

  

2010 23 15 65.2  23 2 8.7 

Tamias GI
c
 2009 3 2 66.7 

 
3 0 0 

  

2010 1 1 100.0  1 0 0 

      

 

   

 

HI
c
 2009 9 3 33.3  7 0 0 

  

2010 9 8 88.9  9 0 0 

      

 

   

 

JC 2009 7 0 0  7 0 0 

  

2010 18 2 11.1  18 0 0 

      

 

   

 

LB
c
 2009 6 1 16.7  6 0 0 

  

2010 5 2 40.0  5 0 0 
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MT
c
 2009 7 0 0  5 0 0 

  

2010 8 0 0  8 0 0 

      

 

   
 

a 
All serum samples were screened using an IFA and only samples that were positive at >1:32 on the screening assay and produced 

appropriate numbers of bands on pathogen-specific western blot assays were considered positive. 
b
 AI—Aubrey Island, CI—Camelot Island, EI—Endymion Island, GI—Grenadier Island, HI—Hill Island, JC—Jones Creek, LB—

Landon Bay, LI—Lindsay Island, MD—McDonald Island, MI—Mermaid Island, MT—Mallorytown, TI—Thwartway Island.
 

c
 2006 trapping locations 

 


