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Abstract 

The geographic range of blacklegged ticks (Ixodes scapularis) has been expanding 

northward into once previously inhospitable regions, where climate was thought to be a 

barrier to population establishment. Although the ticks are present in New Brunswick, 

Canada, and the phenomenon has been studied in the past, the ecological drivers for their 

range expansion have not yet been identified. It has also been proposed that ground 

dwelling forest birds may play an integral role in maintaining a reservoir of tick-borne 

pathogens and serve to disperse the ticks short and long distances. Most studies have 

focused on the roles of white-tailed deer, rodents, and migratory birds in blacklegged tick 

ecology, however I investigated the potential of two non-migratory ground dwelling 

forest birds, ruffed grouse (Bonasa umbellus) and spruce grouse (Falcipennis 

canadensis), to disperse blacklegged ticks and maintain a reservoir of tick-borne 

pathogens. This was the first study to detect numerous breeding populations (i.e., where 

larvae were present) of blacklegged ticks in New Brunswick and significantly expand 

New Brunswick Department of Health Lyme disease risk maps. Generalized linear 

models fit with climatic characteristics and forest metric variables highlighted the 

importance of climate metrics and forest characteristics on larvae abundance, densities, 

and presence. Additionally, ruffed and spruce grouse showed no evidence of active tick-

borne pathogens, Borrelia burgdorferi or Anaplasma phagocytophilum, or of past B. 

burgdorferi infections.  It is possible that both grouse species, like other Galliformes, 

have superior immune responses to these pathogens and thus are not suitable reservoir 

hosts, however it does not explain the absence of antibodies associated with B. 

burgdorferi. 
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Chapter 1: General Introduction  

 

1.1 Literature Review 

Climate and Wildlife 

Climate change is one result of pollution associated with economic growth, driven 

largely by fossil fuel use over the past two centuries (Rosales 2008; Hall and Klitgaard 

2012; Fankhauser and Jotzo 2018). Economic growth is associated with increased human 

population size, habitat fragmentation, decreased carbon mitigation, increased energy 

consumption, resource depletion, and ultimately the discharge of planetary-scale altering 

amounts of carbon dioxide into the atmosphere (Hall and Klitgaard 2012).  

 Studies of climate change have played an integral role in our understanding of 

evolution and extinction; however, the repercussions of climate change are not yet fully 

understood and its effects on ecological systems are only now starting to undergo 

intensive study. A search for the key phrases “climate change” or “global warming” in 

Elsevier’s Scopus database yielded more than 178,000 articles that were published since 

the year 2000. The mean annual number of publications containing these key phrases 

were 3,643 in the first decade, and 12,788 second decade, however, more than 3700 of 

the articles were published in the first two months of 2019 alone In the past two decades, 

climate change research resulted in identifying alterations in ocean chemistry, weather 

patterns, average annual precipitation, and average annual temperature, which have had 

direct and indirect effects on features such as landcover composition (Flannigan et al. 

2000; Andrews et al. 2018), disease transmission (Lau et al. 2010; Hongoh et al. 2012; 

Rochlin et al. 2013; Elbers et al. 2015; Ogden and Lindsay 2016), and movements of 

wildlife (Parks et al. 2006; Moritz et al. 2008; Myers et al. 2009; Molnár et al. 2010).  
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Climate change has had indirect effects on landcover composition change and shifts 

in tree species ranges and abundance centers (Zhu et al. 2012; Fei et al. 2017).  Eighty-six 

species of trees commonly found in the eastern U.S. were assessed for shifts in 

abundance centers over the past 30 years, 65% of which exhibited statistically significant 

westward shifts, a mean distance of ~15km per decade, whereas 55% underwent 

poleward shifts, a mean distance of ~11km per decade (Fei et al. 2017).  A separate 

study, in the same region, assessed the geographic range shifts of seedlings and saplings 

of 92 tree species, and determined that 59-65% experienced range contraction, whereas 

~21% showed poleward range expansion, and < 20% shifted southward (Zhu et al. 2012). 

These were primarily attributed to temperature change (Zhu et al. 2012), whereas the 

shifts in abundance centers were strongly influenced by precipitation, not temperature 

(Fei et al. 2017). Nevertheless, shifting geographic ranges of tree species have inherently 

reshaped habitats and redistributed wildlife on various spatial scales.  

Weather has also had direct effects on animal movement at several spatial and 

temporal scales. The influence of weather on wildlife behavior ranges from small 

changes in daily and seasonal movements induced by severe weather events or seasonal 

anomalies, to large shifts, resulting in geographic range expansion or contraction, caused 

by long term changes in weather patterns (i.e., climate). Some species’ daily movements 

are unaffected by weather conditions, but they demonstrate measurable changes at a 

seasonal scale, whereas others’ daily and seasonal movements are both directly affected. 

These claims are exemplified in many studies over a wide range of evolutionarily distant 

groups of animals occupying a variety of niches. The degree to which the weather 

influences their movements on various scales is a function of their thermoregulation 
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mechanisms (e.g., ectotherm and endotherm), stability of their body temperature (e.g., 

homeotherm and poikilotherm), and resource availability. Thus, the response of animal 

movement to weather varies by species. 

Weather influences daily and seasonal movements, illustrated by several ungulate 

species, such as mountain goats (Oreamnos americanus Blainville, 1816), white-tailed 

deer (Odocoileus virginianus Zimmerman, 1780), and red deer (Cervus elaphus L. 1758). 

Mountain goats, an alpine ungulate, were negatively affected by increased recent 

snowfall amount (i.e., fallen within 24 hours), but cumulative snowfall seemingly had 

little or no effect (Richard et al. 2014). Contrarily, in southern latitudes, white-tailed deer 

were minimally affected by daily weather variation, such as wind speed, precipitation, 

and temperature, however distance traveled by females in summer months (i.e., larger 

temporal scale) was positively affected by normal and high temperatures (Webb et al. 

2010). Furthermore, Rivrud et al. (2010) concluded that red deer home range sizes in 

Norway revealed a positive relationship between the effect of local climate and the 

temporal scale on which their movement was measured.  They determined that local 

climate had less effect on daily movements and became increasingly influential at larger 

temporal scales (monthly), but also that it had a greater direct effect on a smaller 

temporal scale and greater indirect effect at larger temporal scales (Rivrud et al. 2010). 

Other large mammals in the northern hemisphere, such as polar bears (Ursus 

maritimus Phipps, 1774), respond to local climate by altering seasonal movement 

patterns as well. Parks et al. (2006) reported a reduction in seasonal movements of 

western Hudson Bay polar bears, which are reliant on ice formation for hunting and 

mating, from 1992-1998 because of later formation and earlier break-up of ice, which had 
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also resulted in decreased prey intake, population-level fitness, and abundance. 

Furthermore, the mean annual distance traveled by the polar bears declined by 45% 

(~1300km) over the same 7-year period, and there was a significant mean decrease 

(~81,000km2) in home ranges (Parks et al. 2006). If the trend persisted, then it is evident 

that the movement patterns would be more noticeable on a larger spatial and temporal 

scale (i.e., geographic range shift). Polar bears and ungulate species in North America 

exemplify small and large spatial shifts by homeothermic endotherms, resulting from 

warm temperatures, weather anomalies, and subsequent reduction in resource availability, 

however, poikilothermic ectotherms are among those most directly affected by 

temperature.  

Range Shifts and Parasites  

When temperature is the most limiting factor of a species metabolic and growth 

rates, as is the case with many arthropods (especially parasites which require a suitable 

habitat during their time spent off hosts) (Block 1981), and thus indirectly restricts their 

geographic range they can respond quickly to shifts toward favorable climatic conditions. 

These patterns are often displayed by movements over large spatial scales. This 

phenomenon has been well documented in blacklegged ticks (Ixodes scapularis Say, 

1821; see below) in recent decades and has led to increased human and wildlife infections 

with debilitating tick-borne diseases.   

Blacklegged ticks are terrestrial ectoparasites with three active life stages: larva, 

nymph, and adult (Apanaskevich and Oliver 2013). Though all ticks rely exclusively on 

hematophagy (feeding on blood), many are specialized to parasitizing certain hosts 

(Apanaskevich and Oliver 2013), which is evident in their life histories, environmental 
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tolerances, habitat selection, and morphological characteristics. Blacklegged ticks are 

opportunistic and will parasitize a variety of hosts, including reptiles, birds, and 

mammals (Keirans et al. 1996; Apanaskevich and Oliver 2013). They are also the 

primary vector of several pathogens in eastern North America, including Borrelia 

burgdorferi Johnson et al., 1984, Anaplasma phagocytophilum Foggie, 1949, and 

Babesia microti França, 1912, each of which is transmitted through the bite of an infected 

tick and can result in infection of humans and wildlife (Ogden et al. 2008; Leighton et al. 

2012; Chandrashekar et al. 2017). Blacklegged ticks cannot become infected with 

Borrelia  burgdorferi, A. phagocytophilum, or Babesia microti, transovarially (i.e., during 

the egg stage), however, upon hatching, they may obtain a blood meal from an infected 

host and become pathogenic (Burgdorfer and Gage 1986; Burgdorfer et al. 1989; Patrican 

1997; Shapiro 2014). Pathogen transmission between life stages is transstadial (i.e., 

readily passed to successive stages) and can be passed to successive hosts from nymphal 

and adult ticks (Burgdorfer et al. 1989).  

Blacklegged ticks have three-host life cycles, meaning they feed on a host and after 

becoming engorged, they drop to the forest floor, molt into their successive life stage and, 

after a period of dormancy, seek another host (Apanaskevich and Oliver 2013). Usually 

this period of dormancy occurs when temperatures are cold enough to inhibit mobility 

(i.e., fall, winter, spring), especially in the northern United States and Canada (Platt et al. 

1992). Nevertheless, their life cycles end with sexual reproduction, after which the male 

dies and the female continues feeding until completely engorged (Apanaskevich and 

Oliver 2013). Females then produce up to 3000 eggs, disperse the single egg mass in a 

suitable microenvironment (e.g., crevice or leaf litter), and if the climatic conditions are 
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favorable, they hatch into larvae. (Daniels and Fish 1990, Mount et al. 1997, 

(Apanaskevich and Oliver 2013) 

Until recently, blacklegged tick range expansion throughout the northeastern 

U.S.A. and into Canada was relatively slow paced, as the earliest detection was in 

Massachusetts, U.S.A in the 1920’s (Spielman et al. 1985). They were first detected in 

Maine in 1988 and arrived in the northernmost portion of the state by 2011 (Rand et al. 

2011). Blacklegged ticks may have been transported to New Brunswick for many years, 

however, the first documented case of their arrival was in 2008 when an infested 

Swainson’s Thrush (Catharus ustulatus Nuttall, 1840) arrived at a bird banding station in 

St. Andrews (Scott et al. 2012, Fig. 1.1). That year, the New Brunswick Department of 

Agriculture and Aquaculture discovered the first established breeding population in 

Millidgeville, Saint John County, New Brunswick (J. Goltz, New Brunswick Department 

of Agriculture, Aquaculture and Fisheries, unpublished report). However, province-wide 

tick sampling in 2014 resulted in the detection of only five I. scapularis specimens 

(Gabriele-Rivet et al. 2015).  

Past research suggests the presence of breeding blacklegged tick populations is a 

function of various abiotic factors, including annual accumulated degree days 

(cumulative average monthly temperatures >0ºC, hereafter AADD), forest fragmentation, 

and precipitation (Brownstein et al. 2003; Ogden et al. 2005; Leighton et al. 2012; 

Ehrmann et al. 2018). Temperature is clearly an important parameter; ticks exposed to 

temperatures below -10ºC for a short duration without protective cover will perish 

(Brunner et al. 2012).  Ogden et al. (2005) found that degree day models could explain 

>90% of blacklegged tick presence variability; these models have subsequently been used 
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to explain range expansion in Nova Scotia, Quebec, Ontario, and Manitoba populations 

(Leighton et al. 2012). Ogden et al. (2005) also discovered that a minimum threshold of 

2800 AADD was required for the successful establishment of breeding populations. 

AADD models and thresholds have only been tested in one New Brunswick study 

(Gabriele-Rivet et al. 2015), with an extremely small sample size (n=5), which found that 

the AADD hypothesis did not adequately predict their presence throughout the province. 

It is possible that AADD may be too coarse a measure to accurately explain blacklegged 

tick range expansion, as the method does not account for extreme low temperatures, nor 

include any month where mean temperature is <0ºC.  

Forest fragmentation and patch dynamics have also been proposed to influence 

populations of blacklegged ticks, including densities of nymphs (their intermediate 

instar), infection probabilities, and parasite load densities (Allan et al. 2003; Wilder and 

Meikle 2004; Brownstein et al. 2005). Blacklegged ticks can be detected in forested areas 

but are especially abundant in herbaceous patches within these forests (Ostfeld et al. 

1995) and along forest edges. Ehrmann et al. (2018) documented a positive relationship 

between edge density and B. burgdorferi prevalence in rodents and concluded that high 

quality resources (from the perspective of the host) are the greatest predictor of infection 

within patches. Mean patch isolation has been found to be positively correlated with tick 

densities, whereas patch area is negatively correlated with nymph density, density of 

infected nymphs, and nymphal infection prevalence (Allan et al. 2003, Brownstein et al. 

2005). Contrary to these patterns, Wilder and Meikle (2004) witnessed decreased parasite 

loads on white-footed mice (Peromyscus leucopus Rafinesque, 1818; a primary host-

choice of blacklegged ticks and the most prevalent B. burgdorferi carrying host) within 
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small forest fragments. As such, more research is needed to better understand these 

conflicting patterns.  

Patch metrics and climate conditions contribute to habitat suitability for breeding 

populations of blacklegged ticks. However, range expansion of blacklegged ticks is likely 

a function of more than these abiotic variables, as they do not explain the mechanism by 

which ticks move across the landscape. Their range expansion is facilitated by long-

distance and short-distance dispersal by a variety of hosts.  

Blacklegged Tick Dispersal by Hosts 

Rodents are commonly parasitized by Ixodes spp. around the world and play a 

significant role in maintaining a reservoir of tick-borne pathogens as they are widely 

dispersed and occupy a variety of habitats on every continent, including Antarctica 

(Copson 1986; Nakao et al. 1994; Randolph and Storey 1999; Bown et al. 2003). White-

footed mice are a particularly important host to blacklegged ticks, as they are an 

extremely competent reservoir of tick-borne pathogens, reaching infection probabilities 

of 100% in one year (Bunikis et al. 2004), maintaining infectivity for upwards of 200 

days (Donahue et al. 1987), and readily passing the pathogen to uninfected ticks. 

However, their home range is <1000m2 (Wolff 1985), which, consequently, has a 

negative effect on the rate and distance at which they disperse ticks across the landscape. 

Some larger rodents, with larger home ranges, such as eastern chipmunk (Tamias striatus 

L., 1758) are also a common host, though they are more susceptible to parasitization by 

nymphs than larvae, when compared to white-footed mice (Schmidt et al. 1999). Eastern 

chipmunk home ranges vary spatially and temporally, largely as a function of resource 

availability, and range from <100m2, when food availability is high, to > 1 ha when it is 
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not (Mares et al. 1976; Snyder 1982). So, they are likely to play a role in distributing 

ticks, particularly nymphs, longer distances than white-footed mice but their movements 

would probably not constitute long-range dispersal. Their reservoir competency is also 

high, reaching infection probabilities of 75%, but lower than that of white-footed mice, 

which displayed 90% infection in the same study (Mather et al. 1989; McLean et al. 

1993). Rodents are undoubtedly integral in the pathogen transmission cycles of B. 

burgdorferi, however, I suspect that tick populations would likely undergo suppressed 

productivity and a much slower rate of geographic range expansion, perhaps even a 

reduction, if rodents were their only hosts.  

Large mammals, particularly white-tailed deer, are also significant to blacklegged 

tick ecology throughout their range in the eastern United States. The ecological 

relationship between blacklegged ticks and white-tailed deer has been studied in various 

regions where their geographic ranges overlap. In areas with warmer climates, such as 

New Jersey and Massachusetts, coastal states in the northeastern U.S., abundance of 

questing (i.e., host-seeking) ticks did not decrease in deer-culling areas, nor during 

periods when deer density was declining (Wilson et al. 1984; Jordan et al. 2007). In 

Maine, 300km northeast of New Jersey, which experiences a lower number of AADD, 

deer densities up to ~5 deer/km2 positively influenced nymph abundance, however, 

densities beyond this had no significant impact (Elias 2019). White-tailed deer in 

Connecticut were surveyed for blacklegged ticks and ~1900 mature ticks were collected 

from 58% of individuals (n=309), with a mean of ~10 ticks per infested deer (Main et al. 

1981), further reaffirming their potential to influence population growth of blacklegged 
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ticks. Deer have undoubtedly played an important role maintaining tick populations in 

northeastern North America but are not the leading cause of their long range dispersal.   

 Birds are, arguably, one of the most ecologically influential hosts to blacklegged 

ticks as they play a fundamental role in long-range, or “punctuated” dispersal, 

maintenance of a pathogen reservoir, and amplification of tick-borne pathogens 

(Hoodless et al. 2003; Morshed et al. 2005; Scott et al. 2012). Blacklegged tick range 

expansion has been primarily attributed to punctuated dispersal by migratory forest birds 

(Scott et al. 2012) but short-range dispersal of ticks also plays a key role in maintaining 

their occupancy on the landscape (Davis and Thompson 2000; Sakai et al. 2001).  

Ground-dwelling forest birds may play an important role in the maintenance and 

dispersal of tick-borne pathogens (Leighton et al. 2012, Scott et al. 2016). Root (1967) 

defined a guild as “a group of species that exploit the same class of environmental 

resources in a similar way”. De Graaf et al. (1985) later classified upwards of 650 species 

of birds into guilds based on their use of food, feeding substrate, and foraging technique. 

Among them was the omnivore / ground foragers (OGF) guild, further divided into three 

temporal subcategories during which the guild was occupied (i.e., breeding, non-

breeding, and year round) (De Graaf et al. 1985). Each of the OGF temporal 

subcategories included bird species that were recorded as hosting blacklegged ticks in 

previous research, and once current geographic range overlap was accounted for, they 

ranged from 27-50% of species, respectively. Swainson’s thrush, song sparrow 

(Melospiza melodia), and hermit thrush (C. guttatus) have been documented as carrying 

the greatest abundance of blacklegged ticks per individual, especially B. burgdorferi 

positive ticks, in one Canada-wide study (Ogden et al. 2008; Scott et al. 2012). However, 
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the most widely documented species hosting the ticks and within the OGF guild, are 

American robin (Turdus migratorius), Swainson’s thrush, and veery (Catharus 

fuscescens) (Magnarelli et al. 1992; Klich et al. 1996; Rand et al. 1998; Daniels et al. 

2002; Ogden et al. 2008; Hamer et al. 2012; Schneider et al. 2015). A similar guild 

concept, based on the foraging and nesting behavior of birds in Ehrlich et al. (1988), was 

applied by Eisen et al. (2004) to explain I. pacificus infestation intensities. They found 

that birds which were characterized as ground nesters and ground foragers often had a 

lower reservoir competency than most rodents, but were parasitized at much greater rates 

and intensity (Richter et al. 2000; Eisen et al. 2004). Among members of this guild (Eisen 

et al. 2004) were American robin, chipping sparrow (Spizella passerina), and song 

sparrow, each of which belong to the OGF guild. It was estimated that 2.5-3 billion 

migratory birds transport 50-175 million I. scapularis northward each spring (Ogden et 

al. 2008; Scott et al. 2012). Once the ticks arrive, they parasitize new hosts, which then 

aid in proximal colonization, respective of the wildlife communities present. 

Species in the avian order Galliformes (gamebirds and fowl), most of which are 

ground-nesting forest birds, have proven to be suitable hosts to Ixodes spp. in various 

parts of the world (Hoodless et al. 2002, Mougeot et al. 2008, Scott et al. 2016), although 

these phenomena are grossly understudied and no such relationships have been 

documented in eastern North America. In the Pacific Northwest, Scott et al. (2016) 

reported the first case of a Borrelia infected Ixodes sp. tick parasitizing California quail 

(Callipepla californica), which suggested these birds may act to proliferate B. 

burgdorferi that can then be passed to uninfected ticks; however, their reservoir 

competency has still not yet been tested. In Scotland, Ixodes rincus parasitize red grouse 
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(Lagopus lagopus) (Barnes 1987) and have caused significant population declines by 

their inoculation of the fatal Louping Ill viral pathogen (Mougeot et al. 2008). 

Furthermore, I. rincus have also been found to parasitize ring-necked pheasants 

(Phasianus colchicus; Hoodless et al. 2003; Kurtenbach et al. 2006). Currently, two of 

the most widely distributed Galliformes in Canada are ruffed grouse (Bonasa umbellus L. 

1766) and spruce grouse (Falcipennis canadensis L. 1758) (Rusch et al. 2000; Schroeder 

et al. 2018), however, their efficacy for transporting blacklegged ticks or maintaining a 

reservoir of tick-borne pathogens has never been studied. 

Ruffed and Spruce Grouse as Potential Dispersal Agents for Blacklegged Ticks 

On the east coast of North America, the geographic range of ruffed grouse extends 

as far north as Labrador and as far south as Tennessee (Rusch et al. 2000). They 

demonstrate a strong preference for young aspen (Populus spp.) dominated forests 

(Rusch and Keith 1971), although this varies seasonally (Tirpak et al. 2010). Young 

forests provide the best food availability and cover (Tirpak et al. 2010). Ruffed grouse are 

often associated with small clearings, early-seral-stage deciduous forests, and wooded 

riparian areas (Rusch et al. 2000). They are commonly seen on the edge of gravel roads 

and forest clearings where pioneer regeneration, such as gray birch (Betula populifolia 

Marshall), is high. Mangelinckx (2020) showed that brood-rearing female ruffed grouse 

in Maine avoided areas with greater stem density and preferred areas with greater 

herbaceous ground cover, primarily Rubus spp. Contrarily, breeding males prefer high 

stem density and sparse ground cover (Rusch et al. 2000). Although ruffed grouse are 

non-migratory, they exhibit patterns of seasonal movement and juveniles undergo 

dispersal. Juveniles disperse up to 17 km during the fall, which may be a function of 
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available vegetative characteristics, such as species composition (Chambers and Sharp 

1958; Hale and Dorney 1963; Herzog and Keppie 1980; Small and Rusch 1989). 

Seasonal movements vary by sex as females are often more mobile than males, 

particularly during dispersal and brood rearing (Hale and Dorney 1963; Small and Rusch 

1989). However, in winter months, they are much more sedentary (Hale and Dorney 

1963). 

The geographic range of spruce grouse is strongly correlated with coniferous 

forests, and the species is especially common in the taiga (Pendergast and Boag 1970; 

Whitcomb et al. 1996), however it extends south, into the northeastern United States 

(Schroeder et al. 2018). There is significant overlap in range with that of ruffed grouse in 

the Atlantic provinces of Canada (Schroeder et al. 2018). Where forests are dominated by 

deciduous species, reproduction occurs only within conifer dominated forest patches 

(Whitcomb et al. 1996). Nests are initiated in May and hatching often occurs in June 

(Schroeder et al. 2018). Spruce grouse diet consists primarily of spruce and pine needles, 

although there is seasonal variation, with fruit from ground cover such as Vaccinium spp. 

comprising most of their diet in summer months (Pendergast and Boag 1970). Diets of 

juveniles are also more diverse than adults, consisting of a greater invertebrate 

component (Pendergast and Boag 1970). Spruce grouse seasonal movements and juvenile 

dispersal distances are also similar to those of ruffed grouse (Herzog and Keppie 1980).  
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1.2 Hypotheses  

 

I hypothesized that the establishment of breeding populations of blacklegged ticks 

is a function of habitat suitability which is limited by climate, forest fragmentation, and 

host community availability. If so, then I predicted a positive relationship between 

seasonal degree days and forest fragmentation with larval presence, density, and 

abundance. Contrary to past studies, I anticipated AADD were too temporally coarse to 

predict larval demographics, and that seasonal degree days would rank higher in model 

selection.   

Breeding population is defined here as the presence of ≥1 larva (meaning 

reproduction has occurred, as larva do not disperse by hosts).  The dependent variables 

used were the density, abundance, and presence of questing larval ticks collected, 

because the engorged females from which the larvae came (via the egg stage) would be 

unlikely to have been carried in from far away by migratory birds (Ogden et al. 2008) and 

would have had to have mated to produce eggs. Thus, questing larvae may be the tick 

stage least likely to represent bird-introduced adventitious ticks, and most likely to 

represent on-site breeding of blacklegged ticks (Ogden et al. 2006). 

Based on the behavior and habitat use of ruffed and spruce grouse, I hypothesized 

that both species act as alternative hosts to blacklegged ticks and may maintain a 

reservoir of tick-borne pathogens. I expected active Borrelia burgdorferi infection, or 

evidence of past infections, would be detected in grouse populations that overlap with 

established breeding blacklegged tick populations, however, may be present where 

emerging blacklegged ticks have not yet been identified. Further, I predicted a greater 

probability of Borrelia burgdorferi infection, or evidence of past infection, in ruffed 
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grouse, specifically juveniles and females because of their vegetative cover preferences, 

which are also suitable questing habitat for blacklegged ticks.  

 

1.3 Thesis Structure 

In Chapter 2, I tested the hypotheses that the presence of breeding populations, 

larval density, and larval abundance in New Brunswick are functions of habitat 

suitability, which is largely influenced by climate and forest fragmentation. I quantified 

these patterns on two spatial scales by examining how presence, abundance, and densities 

of larval blacklegged ticks were explained by models including seasonal degree day and 

landscape metric variables.  

In Chapter 3, I tested the hypotheses that grouse in New Brunswick act as 

alternative hosts to blacklegged ticks, and that they may maintain a reservoir of tick-

borne pathogens. I also hypothesized that Borrelia burgdorferi infection, or antibodies 

associated with past infection, would be evident in grouse populations that overlap with 

established breeding blacklegged tick populations, and may serve to detect emerging 

blacklegged tick populations that have not yet been detected. Further, I expected a greater 

probability of Borrelia burgdorferi infection, or evidence of past infection, in ruffed 

grouse, specifically juveniles and females because of their habitat preferences which 

coincide with that of questing blacklegged ticks (e.g., abundant ground cover, high stem 

density, hardwood dominant forests). I tested these hypotheses by sampling cardiac tissue 

submitted from hunter-harvested ruffed and spruce grouse in 2017 and 2018.  

Finally, in Chapter 4, I synthesized the information gathered in the data chapters to 

present a cohesive overview.  Specifically, I discuss my most important findings, which 
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were the identification of newly formed breeding populations of blacklegged ticks in 

New Brunswick, and variables that increased their probability of presence, relative 

abundance, and density. I also suggest reasons that my sample of ruffed and spruce 

grouse in New Brunswick were not actively infected with B. burgdorferi or A. 

phagocytophilum, and why a subset of ruffed grouse showed no evidence of past B. 

burgdorferi infection. 

 

1.4 Foreword to Methods Used in this Thesis 

 

This study was funded by the Public Health Agency of Canada (PHAC) and is 

bound by a contract between PHAC and the University of New Brunswick (UNB). The 

contract specifically outlines the duration of the project (2 years), required field sampling 

methods and protocols, and provided the use of designated pathogen testing facilities 

(PHAC National Microbiology Laboratory (NML)). Since the detection of blacklegged 

ticks and their pathogens is of public health concern, the New Brunswick Department of 

Health and the PHAC have found it most fit to collect and report data on a census 

subdivision (CSD) scale. CSDs are municipality equivalents, and there are 54 in New 

Brunswick. CSDs are sometimes rural municipalities and largely unorganized, 

uninhabited, areas. For these reasons, I have chosen to analyze my data on the same 

scale, and the results will be reported as such. 
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1.5 Appendix 

 

Figure 1.1. Approximate location of the first blacklegged tick detection, documented in a 

peer-reviewed journal article, in New Brunswick, located at a bird banding site in Saint 

Andrews, New Brunswick, 2008, and subsequent detections of blacklegged ticks in 

various counties from 2016-2018.   
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Chapter 2: Warming Cold-Weather Seasons, Fragmented Forests, and Abundant 

Leaf Litter Positively Influence Blacklegged Tick (Ixodes scapularis) Range 

Expansion in New Brunswick, Canada  

 

Abstract 

Blacklegged ticks (Ixodes scapularis) have only been detected in small numbers by active 

surveillance in New Brunswick. My study detected several previously unknown breeding 

populations of blacklegged ticks in New Brunswick and an unexpected abundance of 

ticks at those sites. I collected a total of 842 blacklegged ticks, and subsequently modeled 

larval presence, abundance, and densities using generalized linear models fit with 

climatic characteristics and forest metric variables. Various seasonal degree day variables 

and leaf litter had a positive influence on the response variables, whereas mean shape 

index had a negative influence. These results are attributed to warming fall, winter, and 

spring temperatures, as well as anthropogenic fragmentation of forests. 

 

2.1 Introduction 

 

Climate limits the geographic range of most organisms by affecting fitness (Sanz et 

al. 2003; Kingsolver et al. 2013), influencing resource availability (Arnell 1999; 

O’Connor et al. 2009), and accelerating evolution and extinction (Matthew 1914; Thomas 

et al. 2004). Climate change research has identified regional alterations in global weather 

patterns, such as average annual precipitation and temperature (Hurrell and Van Loon 

1997; Arnell 1999; Dore 2005).  These changes have directly and indirectly affected 

community compositions (Walther et al. 2002), wildlife population dynamics (Hone and 

Clutton-Brock 2007; Jones et al. 2017), and mobility of infectious disease agents 

(Brownstein et al. 2003; Ogden et al. 2006; Jones et al. 2017). As such, many floral and 
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faunal distributions are expected to undergo geographic shifts as climate change 

continues (Loarie et al. 2009). Atlantic Canada, like other temperate regions, has 

witnessed a shifting climate, changing landscape, and the arrival of new pathogenic 

invasive species (Ogden et al. 2006; Rustad et al. 2012; Smith et al. 2012). As a result, 

New Brunswick has become vulnerable to the northward geographic range expansion and 

population growth of various pathogenic vectors, most notably blacklegged ticks (Ixodes 

scapularis), the primary vector for Borrelia burgdorferi, which causes Lyme disease 

(Ogden et al. 2006).  

Blacklegged ticks are the primary vector of several infectious disease agents and 

pose significant health concerns to humans and wildlife. Until recently, their geographic 

range expansion throughout the northeastern U.S.A. and Canada was relatively slow 

paced, as the earliest detection was in Massachusetts, U.S.A in the 1920’s (Spielman et 

al. 1985). They were first detected in Maine, U.S.A., in the 1980’s (Anderson et al. 1987; 

Ginsberg and Ewing 1988) and arrived in the northernmost portion of the state by 2011 

(Rand et al. 2011). However, the first documented case of their arrival in New Brunswick  

was not until 2008, at a bird banding site on the southwestern coast of the province, < 

5km from the Maine border (Scott et al. 2012). Nevertheless, active surveillance (i.e., 

drag sampling) led by the New Brunswick Department of Health resulted in zero 

detections of blacklegged ticks that year. The following year, the New Brunswick 

Department of Health discovered the first established breeding population in Saint John, 

Saint John County, New Brunswick (J. Badcock, New Brunswick Department of Health, 

unpublished report). Active tick surveillance in New Brunswick was then conducted in 

2010, 2014, 2017, and 2018, and led to the detection of breeding populations in eight 
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counties; Charlotte, Kings, Saint John, Albert, Westmorland, and most recently, York, 

Sunbury, and Queens. 

The presence of breeding blacklegged tick populations is significantly influenced 

by various abiotic factors, including annual accumulated degree days (cumulative 

average monthly temperatures >0ºC, hereafter AADD), forest fragmentation, and 

precipitation (Brownstein et al. 2003; Ogden et al. 2005; Leighton et al. 2012; Ehrmann 

et al. 2018). Early examinations of abiotic and biotic limits to the geographic extent of 

blacklegged tick populations in the north showed that fall and winter temperatures, and 

white-tailed deer (Odocoileus virginianus), were the primary limiting factors in range 

expansion (McEnroe 1977; Davis et al. 1984; Spielman et al. 1985). Temperature is 

clearly an important parameter, as blacklegged ticks exposed to temperatures ≤-11ºC for 

a short duration will perish (Burks et al. 1996; Brunner et al. 2012), which may play an 

important role in limiting northward expansion through winter mortality. Temperature 

also dictates the growth rate, development, and geographic range of many other tick 

species such as Dermacentor albipictus Packard, 1869, and Haemaphysalis 

leporispalustris Packard, 1869 (Wilkinson 1967; Gray et al. 2009; Gabriele-Rivet et al. 

2015). Furthermore, Ogden et al. (2006) found that AADD models explained >90% of 

blacklegged tick presence variability and that a minimum threshold of 2800 AADD were 

required for the successful establishment of breeding populations. These models have 

subsequently been used to explain range expansion in Nova Scotia, Quebec, Ontario, and 

Manitoba populations (Ogden et al. 2006; Leighton et al. 2012; Gabriele-Rivet et al. 

2015).  However, they did not adequately predict breeding population presence in New 

Brunswick (Gabriele-Rivet et al. 2015). 
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The reason that a minimum threshold of 2800 AADD does not seem to predict 

breeding population presence in New Brunswick remains unexplained.  However, the 

study by Gabriele-Rivet et al. (2015) suffered from a low sample size (n = 5 blacklegged 

ticks). This is likely due to the region being unoccupied by blacklegged ticks, or they 

occurred at densities so low as to elude detection through conventional sampling methods 

(i.e., drag sampling). Secondly, AADD measurements may be too crude to accurately 

explain blacklegged tick range expansion in New Brunswick, as it does not explicitly 

account for seasonally variable land surface temperature (e.g., winter, spring, summer, 

and fall degree days), extreme cold temperatures (≤ -11ºC), or snow accumulation, each 

of which may influence population establishment and population growth (Lindsay et al. 

1995; Ogden et al. 2004; Gray et al. 2009). AADD can also be easily influenced by 

increased summer temperatures, while fall and spring temperatures remain unchanged, 

which would not necessarily influence survival or overwintering. Additionally, climate-

only models may lack important variables in explaining blacklegged tick presence in 

New Brunswick such as forest patch metrics. 

Forest fragmentation and patch dynamics have been proposed to influence 

population demographics of blacklegged ticks, including densities of nymphs, infection 

probabilities, and parasite load densities on wildlife hosts (Allan et al. 2003; Wilder and 

Meikle 2004; Brownstein et al. 2005). Blacklegged ticks can be detected in forested areas 

but are especially abundant in herbaceous patches within these forests (Allan et al. 2003; 

Lubelczyk et al. 2004; Horobik et al. 2007) and along forest edges (Bertrand and Wilson 

1996).  Density of edge habitat per area and high-quality resources, from the perspective 

of a reservoir host, are some of the best predictors of B. burgdorferi prevalence in 
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blacklegged ticks within forest patches (Ehrmann et al. 2018). Mean patch isolation is 

also positively correlated with tick densities, whereas patch area is negatively correlated 

with nymph density, density of infected nymphs, and nymph infection prevalence (Allan 

et al. 2003; Brownstein et al. 2005). Contrarily, white-footed mice (Peromyscus 

leucopus; a primary host of blacklegged ticks and the most prevalent B. burgdorferi 

carrying host) had decreased parasite loads within small forest patches (Wilder and 

Meikle 2004). More research is needed to better understand these conflicting results.  

The establishment of blacklegged tick breeding populations is an important long-

term management concern for health practitioners and wildlife biologists (Ogden et al. 

2008; Scott et al. 2012) and should be defined by the presence of larvae. The presence of 

unfed, questing larvae will only occur where there was once a gravid female, from which 

the larvae came (via the egg stage), and would be unlikely to have been carried in from 

far away by migratory birds (Ogden et al. 2008). Thus, questing larvae are the only tick 

stage that does not represent bird-introduced adventitious ticks and is most likely to 

represent on-site breeding of blacklegged ticks (Ogden et al. 2006). A gravid female will 

lay a single egg mass of ~3000 eggs (Daniels and Fish 1990, Mount et al. 1997), and 

though hatch success is low (<10%) (Lindsay et al. 1995), the population could easily 

become established. Therefore, when one larva is detected at a site, it likely represents a 

tiny fraction of its own brood, among which there may have been many more that went 

undetected. This highlights the importance of detecting larvae as opposed to detecting 

adults or nymphs. 

I hypothesized that the presence of breeding populations, larval density, and larval 

abundance in New Brunswick are functions of habitat suitability, which is largely 
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influenced by climate and fragmentation. If so, then the northward range expansion of 

blacklegged ticks is a function of a warming climate and a fragmented forest landscape. I 

quantified these patterns on two spatial scales by examining how presence, abundance, 

and densities of larval blacklegged ticks were explained by models including seasonal 

degree day components and landscape metrics.  

 

2.2 Methods 

Study Area 

My study area consisted of 75 sample sites in New Brunswick, which were selected 

by the Public Health Agency of Canada based on an algorithm that considered categories 

of risk of B. burgdorferi infection, environmental factors, and data from previous passive 

and active tick surveillance (Figure 2.1). Sample sites were within 60 census subdivisions 

(CSD) that were classified as being at either high or moderate risk of B. burgdorferi 

infection. I sampled 26 sites in the moderate risk CSDs; moderate risk was defined as 

areas where ticks were not found during previous surveillance and which are not in areas 

with endemic or established tick populations; however, they exhibit similar vegetative 

and climatic characteristics as high risk CSDs, and thus, tick populations could become 

established there. I sampled 49 sites in the high risk CSDs; high risk was defined as areas 

with known breeding populations of ticks or that bordered endemic areas. High risk 

CSDs were invaluable when predicting the geographic range expansion of blacklegged 

ticks because breeding populations were well established there, which resulted in a larger 

sample of individuals and allowed me to detect features associated with tick presence. 



36 
 

For this reason, I sampled approximately twice as many high-risk areas than moderate 

risk areas. 

I sampled 68 sites from 28 June - 11 October 2017, and 63 sites from 4 June - 29 

September 2018. In 2017, I sampled all sites regularly each week until 1 September, 

except three sites that I sampled on 12 September (n=2) and 11 October (n=1). In 2018, I 

sampled all sites regularly each week until 16 August, except for two sites that I sampled 

on 29 September. I sampled 1-5 sites per CSD and visited 75% (n=56) of them twice.  

To speed my sampling and enhance my detection probability, I increased my 

geographic sample area by replacing some sites (n=12) from 2017 with new site locations 

in 2018 (n=7). I chose new sites based on passive surveillance that detected mature ticks 

on human hosts or tick-borne infections of domestic animal hosts (e.g., horse (Equus 

ferus caballus)) lacking a history of travel and residing within CSDs where breeding 

populations of blacklegged ticks were previously assumed to be absent. My decision to 

eliminate some 2017 sites was primarily based on the presence of poor landcover and site 

characteristics (eight in coniferous riparian areas), reduced access to the site (one at a 

military base), or if the site resided within an endemic CSD containing multiple occupied 

sites (one each in Saint John and Saint Patrick). My decision to replace sites was 

validated after I detected blacklegged ticks at 30% of new sites.  

Field Sampling  

Observers and I sampled for ticks when ambient temperatures were >4ºC and the 

vegetation was dry. I recorded weather conditions before sampling at each location and 

recorded the temperature upon completion of sampling. At each site, I measured leaf 

litter depth at four locations within the site (i.e., measurements were made at ~20-minute 
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intervals) and averaged to the nearest tenth of a centimeter. If it started to rain or if the 

drag sheet (see below) became wet, we ceased sampling. When this occurred (n = 1), we 

returned when weather conditions became favorable for sampling.  

At each site, we sampled ≥2 km of transect by dragging a 1m² flannel sheet for a 

period of 3 sampling hours (e.g., 2 observers X 1.5 hours = 3 sampling hours) per site. 

Before sampling a site, I disinfected the flannel sheets by machine washing with bleach 

and machine drying on high heat for a minimum of 1 hour. We fastened our flannel 

sheets to a ~1m long, 1.9 cm diameter, PVC conduit pipe with duct tape and tethered 

with rope. The sheet was dragged directly on leaf litter or on ground vegetation (i.e., 

forbs, grasses, seedling, and shrubs) from ground level to a maximum of ~1m in height. 

Within the site we avoided areas that had a stem density of trees or shrubs great enough 

to make dragging the sheet flat on the ground vegetation or leaf litter impossible. We also 

avoided abundant coarse woody debris that could tear the sheet, or standing water, that 

could otherwise soak the sheet and loosen the adhesion of the duct tape which secured it 

to the conduit. We systematically checked both sides of the flannel every ~30-50 m for 

ticks. We used forceps to remove ticks which we subsequently placed in vials of 70% 

isopropanol, and then we labelled vials with the time and location of collection. We 

measured total transect distance to the nearest tenth kilometer, using handheld GPS units. 

At the end of sampling a site, I placed geographically referenced points along the outer 

perimeter of sample areas. I calculated total area dragged in square kilometers, and 

calculated ratios of the area dragged to total area of sample site. Lastly, I calculated three 

larval metrics to be used in modelling. I calculated larval density by dividing the number 
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detected by the total transect area, larval abundance as the number of individuals detected 

per site visit, and I classified larval presence as detecting at least one individual at a site.  

I recorded relative densities of adults, nymphs, and larvae for each site. I used 

counts of blacklegged ticks and transect area to calculate densities of larvae, nymphs, and 

adults. Lastly, I extrapolated and reported each metric as individuals per km² (Table 2.2).  

 

Pathogen Testing  

The New Brunswick Department of Agriculture, Aquaculture, and Fisheries’ 

Provincial Veterinary Laboratory verified tick species identification and then sent the tick 

specimens to the Public Health Agency of Canada’s National Microbiology Laboratory 

where they confirmed the species determinations and undertook testing of ticks for 

pathogens. Testing was only performed on nymphs and adults, and when >50 individuals 

of a post-larval life stage were submitted from an individual site, only 50 were tested and 

the remaining ticks were omitted. Individual ticks were tested using polymerase chain 

reaction techniques for: Borrelia burgdorferi, Borrelia miyamotoi, Babesia microti, 

Anaplasma phagocytophilum, and Powassan encephalitis as described in Schillberg et al., 

2018.   

 

Climate Metrics  

I prepared three classifications of degree days for comparison, which were AADD, 

seasonal accumulated degree days (SADD), and thermal seasonal degree days (TSDD). I 

calculated AADD and SADD by using 2016-2018 Land Surface Temperature data 

acquired from NASA’s Moderate Resolution Imaging Spectroradiometer (MODIS; 
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MOD11C3), at a resolution of 250m² (Leighton et al. 2012; Gabriele-Rivet et al. 2015), 

whereas I derived TSDD by using 2016-2018 data from up to 20 regional weather 

stations throughout New Brunswick. Not all stations collected weather data continuously 

during the study period, but I always used the maximum amount of data available (Figure 

2.2). Each of the seasonal variables represented temperature experienced at each site 

within 12 months prior to sampling, whereas accumulated degree days represented the 

prior calendar year’s values. For instance, 2016 and 2017 AADD values were used to 

predict 2017 and 2018 larval metrics, respectively. I compiled spatial data using ESRI’s 

ArcMap (version 10.6.1). To calculate AADD, I converted monthly average night- and 

daytime temperature data from January-December to degrees Celsius from the standard 

temperature units reported by MODIS Terra LST (Kelvin at a scale factor of 0.02). I 

derived monthly values by averaging their night and day temperatures, and this value was 

then multiplied by the number of days in each month to obtain cumulative monthly 

degree days (CMDD). I summed each month’s CMDD, if it was > 0, in one calendar year 

to give the final AADD of that year, resulting in a complete classification of the 

landscape by this spatiotemporal value. I calculated six SADD, representing fall-,  

winter-, and spring accumulated degree days for 2017 and 2018. SADD were calculated 

in a similar fashion to AADD, however, they differed in that once CMDD were 

calculated, I summed the CMDD (>0) in each season, such that spring, summer, fall, and 

winter were comprised of March-May, June-August, September-November, and 

December-February, respectively (Figure 2.3).  I calculated six TSDD as well, 

representing thermal fall-, winter-, and spring degree days for 2017 and 2018. These 

differed from SADD in that they included the number of hours of each day >0˚C (Molau 
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et al. 1996), summed for the season (Figure 2.3). I then appended values to the 

appropriate geographically referenced points (i.e., weather station locations) in ArcMap, 

and interpolated missing values using kriging, to establish estimated values for the entire 

province.  

I also assessed sites for an overwintering mortality risk by identifying geographic 

areas that exhibited a ten-day period when snow depth was 0cm and land surface 

temperature < -10 Co. However, ten-day periods with no snow and constant <-10 Co 

temperatures never occurred in the years I sampled, and thus was not included as a 

predictor variable.   

 

Forest Patch Metrics 

My fragmentation analysis consisted of calculating patch metrics for each of the 60 

CSDs in the study. I acquired forest and non-forest shapefiles from Service New 

Brunswick’s online data catalog (i.e., GeoNB; http://www.snb.ca/geonb1/e/DC/ 

catalogue-E.asp). I obtained and merged Fundy National Park, Kouchibouguac National 

Park, and military base landcover shapefiles with New Brunswick’s publicly available 

forest shapefiles.  Forest shapefiles were the product of New Brunswick Department of 

Natural Resource and Energy Development provincial forest inventory database. I 

classified landcover type as either forest or non-forest. I calculated patch metrics using 

ArcMap’s Patch Analyst extension. I labeled each sample site with its CSD’s associated 

mean patch size, edge density, mean shape index, and area weighted mean patch fractal 

dimension, defined by Elkie et al. (1999) (Table 2.1).  

http://www.snb.ca/geonb1/e/DC/%20catalogue-E.asp
http://www.snb.ca/geonb1/e/DC/%20catalogue-E.asp
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Additionally, I calculated proportions of dominant forest composition of each site. 

Forest composition was classified as hardwood (i.e., deciduous; excluding Larix spp.), 

mixed wood, or softwood (i.e., conifer). I used the five tree species found in the 

‘L1FUNA’(merchantable layer forest unit name based on species composition) layer of 

the New Brunswick forest shapefile to make my classifications. Hardwood and softwood 

were defined by having only hardwood or softwood species listed, respectively. Mixed 

was classified as having any mix of hardwood and softwood species. 

I used a principal component analysis (using the function ‘PCA’ in package 

‘FactoMineR’ version 2.2, Sebastian et al. 2008) in R version 3.5.2 (hereafter, R; R 

Development Core Team 2018) to disentangle the inherent correlation among proportions 

of softwood, hardwood, and mixed wood on the site scale. Subsequently, I used the 

resulting eigenvalues to assess which components to include, and chose the first two (i.e., 

hardwood and mixed wood) because, cumulatively, they accounted for >99% of the 

variability in the data. Then, I extracted independent scores (i.e., “a list of matrices 

containing all the results for the active variables (coordinates)”, Sebastian et al. 2008) 

from the first two components and used those as independent variables in my models. 

 

Statistical Analysis 

I created generalized linear models in R (R Development Core Team 2018). I 

assessed multicollinearity (using function ‘ggpairs’ in package ‘Ggally’ version 1.4.0, 

Schloerke et al. 2018) and subsequently removed one of any two correlated variables 

when r > 0.7 (Graham 2003; Fitzgerald et al. 2014), retaining only the variables thought 

to be more likely associated with habitat quality (Table 2.1).   
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In total, I conducted 9 analyses, 3 per sample year and 3 on CSD scale: logistic 

regression (presence/absence) models fit to larval presence, beta regression models fit to 

larval densities, and negative binomial models fit to larval abundance. The error 

distributions of density and abundance variables were assessed using the function ‘fitdist’ 

in the package ‘fitdistrplus’ (version 1.0-14, Delignette-Muller and Dutang 2015) and 

function ‘vuong’ in the package ‘pscl’ (version 1.5.2, Jackman 2017), respectively. The 

best distribution for density data was beta, which had a goodness of fit (Kolmogorov-

Smirnov statistic) of 0.54 and 0.52, for 2018 and 2017 larval density, respectively, all of 

which were greater than other distributions tested (i.e., log-normal, exponential, gamma). 

I assessed larval abundance frequency distributions (e.g., zero-inflated Poisson, Poisson, 

zero-inflated negative binomial, and negative binomial) using Vuong’s non-nested 

hypothesis test, and, subsequently, chose the distribution model with the lowest Akaike’s 

Information Criterion (AIC) score, which was negative binomial.  

I generated models using a stepwise forward process (function ‘step’ in package 

‘stats’, R Core Team 2018), which were subsequently ranked using Second-order 

Akaike’s Information Criterion (AICc), as n/K < 40, where n and K denote sample size 

and number of parameters, respectively (Hurvich and Tsai 1989). This process produced 

the single best model, however, when additional competitive models (i.e., ∆AIC<2.0) 

were present, I included those for discussion as well. I chose AIC model selection rather 

than Bayesian Information Criterion because the range expansion of blacklegged ticks is 

a complex, poorly understood, landscape ecology phenomena, and I considered including 

many potentially biologically significant variables (Aho et al. 2014). I used the same 

variables in CSD scale analyses but after averaging their respective values for all sites 
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within each census subdivision sampled between years (Table 2.1). Lastly, I reported Cox 

and Snell pseudo-R2 values for the best models (using ‘nagelkerke’ function in package 

‘rcompanion’, Mangiafico 2020).  

 

2.3 Results 

Field Sampling 

My study detected several previously unknown breeding populations of 

blacklegged ticks in New Brunswick and an unexpected abundance of ticks at those sites. 

I conducted 131 site visits, 68 in 2017 and 63 in 2018, at 75 unique sites, 25% (n=19) of 

which were occupied by blacklegged ticks (Table 2.2). The combined total area sampled 

of the two years was 0.35 km2 ( �̅� = 0.0046 km2) and resulted in the detection of 842 

blacklegged ticks (Table 2.4). In 2017, I collected 307 individuals; 14 adults, 145 

nymphs, and 158 larvae, from 15 sites. Larval abundances ranged from 0-62 ( �̅� = 2.32) 

per site, respectively. Mean relative larval densities ranged from 0-28,182 individuals per 

km2 ( �̅� = 1074 per km2). In 2018, I collected 535 individuals; 14 adults, 64 nymphs, and 

457 larvae, from 12 sites. Larval abundances ranged from 0-140 ( �̅� = 7.25) per site and 

mean relative larval densities were 4109 per km2). 

I sampled 60 CSDs in 13 counties. Blacklegged ticks were present in 9 counties, 

and 28% (n=17) of the sampled CSDs within those were occupied by blacklegged ticks 

(Table 2.5). The number of sites sampled per CSD ranged from 1-5 sites. Relative 

densities of larvae ranged from 0-16,756 ticks/km2 (�̅� = 706 ticks/km2) per CSD, 

respectively (Table 2.5).  
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Pathogen Testing 

In 2017, the NML tested 118 nymphs and 14 adults for pathogens, all of which 

came from 11 CSDs. Twenty-nine individuals from 5 CSDs tested positive for Borrelia 

burgdorferi infection and probabilities ranged from 0.00-0.55 (�̅� = 0.15) (Table 2.6). Two 

individuals from 2 CSDs each tested positive for unknown Borrelia spp., and infection 

probabilities ranged from 0.00-0.05 (�̅� = 0.01). Two individuals in the same CSD tested 

positive for Anaplasma phagocytophilum. Three individuals from 2 CSDs tested positive 

for Babesia microti infection and probabilities ranged from 0.00-0.05 (�̅� = 0.01). 

Powassan encephalitis was not detected in 2017 samples.  

In 2018, the NML tested 64 nymphs and 14 adults which were collected in 9 CSDs. 

Seven individuals from 4 CSDs tested positive for Borrelia burgdorferi and infection 

probabilities ranged from 0.00-0.30 (�̅� = 0.08). One of six individuals (17%) tested from 

a single CSD tested positive for unknown Borrelia spp. infection and mean infection 

probability was 0.02. Two individuals from 2 CSDs tested positive for Anaplasma 

phagocytophilum and infection probabilities ranged from 0.00-0.05 (�̅� = 0.01) in 2 CSDs. 

Babesia microti infection and Powassan encephalitis were not detected in any individuals 

in 2018 samples.   

 

Climate Metrics 

A comparison of the two methods for degree day calculation (i.e., thermal and 

accumulated) showed contradictory trends (Table 2.7). Mean winter accumulated degree 

days decreased significantly (56%) while mean thermal winter degree days increased 9%. 

Mean spring accumulated degree days also decreased (14%), however, mean thermal 
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spring degree days showed a negligible increase (0.3%). Mean fall accumulated degree 

days increased 8% while mean thermal fall degree days decreased 8%. 

In 2016, 16 CSDs experienced < 2800 AADD, whereas in 2017 there were only 

five. Mean AADD decreased 5% (3025 to 2887) between 2016 and 2017, and 8% (2887 

to 2647) between 2017 and 2018. The three-year AADD mean was derived by averaging 

2016-18 AADD values and resulted in 21 CSDs < 2800 AADD. 

 

Forest Patch Metrics 

Most sites (n=74) were classified as forested (≥65% forest cover), whereas one was 

characterized by non-forest (<65% forest cover) landcover (i.e., residential). Proportions 

of mixed, hardwood, and softwood forest coverage each ranged from 0-100% and their 

means were 30%, 39%, 29% in 2017, and 29%, 41%, 28% per site, in 2018, respectively. 

Mean forest patch size was 1.31km2, edge density was 0.7 m/km2, mean shape index was 

2.2, and area weighted mean patch fractal dimension was 1.3.  

 

Occupancy Models  

At the site scale, the best 2017 occupancy model showed the probability of larval 

presence increasing with thermal winter degree days (β = 0.009 , SE = 0.003, z = 2.596 , 

p = 0.01 ) and leaf litter depth (β = 1.26, SE = 0.549, z = 2.296 , p = 0.02), and explained 

20% (pseudo-R2 = 0.20) of the variance in the data (Table 2.8). In 2018, the probability of 

larval presence increased with fall accumulated degree days (β = 0.051, SE = 0.022, p = 

0.02) and decreased with mean shape index (β = -7.49, SE = 3.039, p = 0.01). This model 

explained 20% (pseudo-R2 = 0.20) of the variance, whereas my second highest ranking 
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model, which included only fall accumulated degree days, explained 10% of the variance. 

At the CSD scale, my best model showed the probability of combined year larval 

presence increased with 2016 fall accumulated degree days (β = 0.027, SE = 0.010, z = 

2.664, p = 0.01) and decreased with mean shape index (β = -4.786, SE = 1.843, z = -

2.598, p = 0.01),and it explained 28% (pseudo-R2 = 0.28) of the variance.  

 

Density Models 

At the site scale, the best models showed larval density increased with thermal 

winter degree days (β = 0.0014, SE = 0.0007, z = 1.955,  p = 0.05) in 2017, and in 2018 it 

increased but with fall accumulated degree days (β = 0.0092, SE = 0.0024, p < 0.01). 

These models explained 17% (pseudo-R2=0.17) and 24% (pseudo-R2= 0.24) of the 

variance, respectively. At the CSD scale, mean larval density increased with 2017 

thermal spring degree days (β = 0.0033, SE = 0.0015, z = 2.124,, p = 0.03) and the model 

explained 16% of the variance (pseudo-R2 = 0.16). 

 

Abundance Models  

The best 2017 larval abundance model showed abundance increased with thermal 

winter degree days (β = 0.0065 SE = 0.0004, z = 14.497, p < 0.01) in 2017, and explained 

11% of the variance (pseudo-R2 = 0.11). The best 2018 larval abundance model showed 

abundance increased with fall accumulated degree days (β = 0.0686, SE = 0.0136, z = 

5.041, p <0.01) and leaf litter depth (β = 2.2612, SE = 0.5352, z = 4.225, p < 0.01), and 

explained 19% (pseudo-R2 = 0.19) of the variance. At the CSD scale, the model that best 

explained larval abundance showed an increase with thermal spring degree days (β = 
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0.0305, SE = 0.0075, z = 4.078, p < 0.01), and explained 13% of the variance (pseudo-R2 

= 0.13). 

General Model Results 

Although the models did not share similar variables between years, it was apparent 

that all response variables had a positive relationship with a single seasonal degree day 

component, and most were the same within years. For instance, in 2017, thermal winter 

degree days was included in every best model and always had a positive relationship with 

the response variable. In 2018, each model included fall accumulated degree days, which 

also had a positive relationship with the response variable. CSD analyses, however, 

differed in that the larval presence model was best explained by fall accumulated degree 

days, whereas abundance and density were both best explained by thermal spring degree 

days. Nevertheless, when assessing the influence of fall accumulated degree days on 

larval density, it was nearly as good as thermal spring degree days (∆AIC=0.8), however 

it was eliminated in the stepwise forward process and thus excluded.   

Other significant variables included mean shape index, which always had a 

negative relationship with the response, and leaf litter depth, which was always positive. 

These varied between years, although some similarity was witnessed between scales. 

CSD scale and 2018 larval presence models included mean shape index, whereas in 2017 

it was not included. In the best 2017 presence- and 2018 abundance models, leaf litter 

depth was included. No model had great statistical strength (i.e., large pseudo-R2) 

however, the larval presence models were generally the strongest, with a mean pseudo-R2 

= 0.23. The strongest individual model was CSD scale larval presence model, which 

explained 28% of the variability.  
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2.4 Discussion 

This was the first study in New Brunswick to detect several previously unknown 

breeding populations of blacklegged ticks in the province through active surveillance 

(i.e., drag sampling). Three years before my study, active surveillance of blacklegged 

ticks detected 5 individuals, only one of which was a larva, at 4 of 159 (2.5%) sample 

sites (Gabriele-Rivet et al. 2015). I collected 307 ticks at 22%, and 535 at 19% of sites in 

2017, and 2018, respectively. Furthermore, many of the sites where I collected an 

abundance of blacklegged ticks were in CSDs that were sampled in 2014 (e.g., St. 

Stephens, Saint Andrews, Saint John). This indicated rapid recent colonization, and 

possible exponential population growth of previously established, low-density, 

populations, even though some research suggests the latter is not common (Khatchikian 

et al. 2015). However, more samples would need to be collected in successive years to 

confirm this growth curve. I have shown that blacklegged ticks are colonizing areas 

adjacent to, and disjunct from, previously established low-density populations, as well as 

overwintering and maintaining detectable populations in other areas. Immigrant ticks 

likely arrived in unoccupied areas by passive dispersal on wildlife hosts (e.g., birds, deer, 

small mammals) (Brinkerhoff et al. 2011; Scott et al. 2012; Leighton et al. 2012).  Ticks 

that were transported in this manner persisted upon their arrival because of the available 

host communities, capable of supporting the population’s minimum blood-meal demand, 

which resulted in reproductive success, under favorable climatic conditions, at rates 

suitable to allow detection using our sampling methods. 
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In the past, New Brunswick’s climate, and those like it, were barriers to the range 

expansion of blacklegged ticks in the north, given the number of degree days available 

for development at each life stage (Ogden et al. 2005; Gabriele-Rivet et al. 2015). Since 

2005, annual accumulated degree days models have consistently accounted for variability 

in tick presence in other parts of Canada (Ogden et al. 2005; Leighton et al. 2012) 

however, it is not the best explanation of the variability of any of the response variables. I 

agree that 2800 AADD (± 2SD; SD =138) is the threshold by which blacklegged ticks 

overwinter and establish populations, as was witnessed at each site where larvae were 

present. The minimum AADD at those sites were 2706 and 2838 in 2017 and 2018, 

respectively, however, AADD was not included in any top models. This may have been, 

in part, due to many of the sites being devoid of ticks, despite reaching the 2800 AADD 

(Table 2.3, Figure 2.4). The absence of AADD being included in the best models 

revealed the importance of other climate metrics measured on a finer temporal scale. 

Seasonal degree day components, of which AADD are composed, contribute to increased 

reproductive success and subsequently, range expansion in other parts of their range 

(Lindsay et al. 1995; Ogden et al. 2004) but have never been used to model larval 

presence, abundance, or density. It has been indicated that increasing degree days during 

spring and fall could allow for increased reproductive output in blacklegged tick 

populations (Lindsay et al. 1995; Ogden et al. 2005), and my study confirmed it.  

I determined that presence, density, and abundance of blacklegged tick larvae in 

New Brunswick were each, in part, functions of variables associated with a warming 

climate and forest characteristics. In general, the probability of presence, abundance, and 

density increased as fall, winter, spring temperatures, or leaf litter depth increased, and as 
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mean shape index of forest patches decreased (Table 2.8). The positive relationship with 

these climatic components indicated how temperature limited blacklegged tick range 

expansion along the northern extent of their range, and suggested decreased snow 

accumulation, longer activity period or earlier emergence, and increased mobility of 

active ticks lead to increased abundance, density, and presence of larvae. It is likely that 

each of these positively influenced the fitness of blacklegged tick populations, increasing 

the likelihood of obtaining blood meals, seeking mates, depositing eggs in suitable 

refugia, and of eggs hatching. Increased winter degree days also likely led to increased 

overwinter survival in suboptimal habitat. Leaf litter depth was an important factor in 

some of the models, and had a positive relationship with the response variables, which 

suggested its importance in providing refugia from desiccation for each of the four life 

stages in summer months, but also from exposure to extreme cold during periods of 

subzero air temperatures and sparse snow coverage. Likewise, leaf litter could also 

provide a barrier between ice and snow and the dormant ticks.   

I expected the effects of climatic variables to shift annually and between seasons, 

which they did in the models. As a result, only the most influential seasons in a single 

year, those which influenced the relative abundance of larvae, egg hatch rate, 

reproductive success, or winter survival appeared in the best models In other words, 2017 

tick abundance, density, and occupancy were most influenced by warm winter 

temperatures, whereas the following year, it was warm fall temperatures, which likely led 

to greater time spent questing and overwinter survival, and subsequently increased the 

probability of reproduction and egg hatch success. I attribute these results to the number 

of days with favorable temperatures in the fall, winter, or spring preceding my sampling, 
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which inherently allowed for increased rates of development, questing, feeding, and 

mating of ticks as proposed in earlier studies (Lindsay et al. 1995; Ogden et al. 2005). 

Though I did not measure the latter four metrics directly, I assume that the increase in 

each of the season’s temperatures, or units of time above 0˚C, resulted in greater 

reproductive success, and therefore be reflected by a greater abundance, density, and 

presence of larvae detected on the landscape the following summer.  

Mean shape index, a measure of geometric shape complexity of forested patches 

(i.e., heterogeneity), was negatively correlated to presence of blacklegged tick larvae in 

2018 and CSD scale, which means as the patch shape became less complex, as would be 

expected in natural, unaltered landscapes (McGarigal and Marks 1995), the probability of 

larval presence decreased. I expected that the timber industry, residential and commercial 

development, and agriculture were the primary cause of less complex patch shapes (i.e., 

homogeneous landscapes) in some CSDs. In CSDs where these types of development 

were more common, the probability of tick presence is increased.  The resulting grid-like 

landscape patterns, if a result from clear cuts and agriculture, likely resulted in greater 

abundance of important tick-hosts, such as white-tailed deer, as ground vegetation (i.e., 

deer browse) and food items are more prevalent when the canopy is removed, or forest is 

converted to crops (Augustine and Jordan 1998). I also expected that edge density would 

be included in the best models as it indicates fragmented landscapes, however, it was not. 

I suspect this was because there was not enough difference in edge density between CSDs 

with and without blacklegged tick larvae to create a statistically significant effect given 

the sample size. This may suggest that edge density is sufficient to aid in the 

establishment of blacklegged tick populations and that areas absent of larvae now may 
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experience rapid colonization when climatic conditions become favorable. My results 

also support the idea that heterogeneous forests are more resilient to the invasion of 

blacklegged ticks.   

After processing land surface temperature, I observed differences between MODIS-

derived seasonal accumulated- and weather station-derived thermal seasonal degree days, 

which highlights their sensitivity to temperature change on spatial and temporal scales 

and made their limitations evident. These measurements did not correspond with one 

another and even showed dissimilar trends of change from 2016 to 2018. Fall and winter 

accumulated degree days changed by 8% and -44%, respectively, while thermal fall and 

winter degree days changed by -8% and 9% (Table 2.7). However, both were important 

in explaining the response variables, in comparison with the rest of the independent 

variables I used. None of the models had great strength. Determining which of my 

temperature metrics was most useful depends largely on the spatial scale of interest and 

the tolerance of error. For generalizations on a larger spatial scale, such as the site or 

CSD scales that I was working with, either may be suitable. The metrics I used are 

accompanied by some spatial and temporal limitations that could be avoided in the future 

by using microclimate metrics collected with on-site temperature loggers. Microclimate 

metrics could better predict a greater proportion of the variance in the data (i.e. greater 

pseudo-R2). Temporally, thermal seasonal degree days were of a finer scale than SADD, 

however, they were of a coarser spatial scale as they had to be interpolated from a 

maximum of only 20 weather stations throughout the province. To determine the number 

of winter mortality days (e.g., <0 cm snow accumulation and 72 hours ≤-11˚C) at a site, 

regional weather station data and their interpolated values were required, as they 
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provided land surface temperature and snow accumulation at hourly intervals. However, I 

never detected these conditions in New Brunswick, so in areas where these conditions are 

absent from the landscape, a coarser spatial resolution (e.g., 250m MODIS LST) could be 

suitable. Nevertheless, using finer resolution metrics such as snow depth measured at 

sites, as opposed to estimated values, or temperatures at ground level at various locations 

within the sites, measured by temperature loggers may produce different results in future 

studies.  

In tick species that are host specific, such as D. albipictus or H. leporispalustris, 

host distributions are much more critical in determining potential geographic ranges (i.e., 

host distributions impose boundaries on parasites (Mohr and Lord 1960)). For instance, 

D. albipictus range extends into northern Canada because moose (Alces alces L., 1758) or 

elk (Cervus canadensis Erxleben, 1777) are present and have translocated the ticks there. 

D. albipictus populations demonstrate climatic limitation as well, and can only become 

established when there are a suitable number of degree days, which, in this case, is a 

minimum of 1500 AADD >6˚C (Wilkinson 1967; Zarnke et al. 1990).  H. 

leporispalustris is also limited by climate; their eggs and larvae require at least 120 and 

58 days at ≥ 14.7˚C, respectively, and development times decrease as temperatures 

increase (Campbell and Glines 1979; Keith and Cary 1990). Their geographic range is 

greater than that of D. albipictus, and extends from Mexico to Canada, but only because 

rabbits and hares are their preferred hosts and occupy a much more expansive range of 

climates (Keith and Cary 1990). Blacklegged ticks are also limited by their abiotic and 

biotic environments but readily parasitize a variety of hosts, including rodents, birds, and 

deer (James and Oliver 1990; Carroll et al. 1995; Scott et al. 2012). Collectively, these 
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hosts occupy such an expansive geographic range, that there are fewer biotic limitations 

restricting their northward range expansion. My results illustrated the importance of a 

suitable climate on the ecology and geographic range limits of blacklegged ticks, and 

indirectly, the evidence of existing suitable host communities in various regions of New 

Brunswick. This reinforces the notion that climate is more limiting than host distributions 

but it is evident that some hosts may influence the speed of blacklegged tick range 

expansion more than others.  

High densities of white-tailed deer support greater blacklegged tick populations 

(Main et al. 1981; Elias 2019). For many years, blacklegged ticks have likely been 

carried to New Brunswick each spring by migratory birds (Scott et al. 2001, 2012).  

However, historically they were not able to establish overwintering populations because 

of the climatic constraints or lack of host communities where they were dispersed. 

Blacklegged tick populations are now established and most abundant in the southwestern 

portion of New Brunswick and along the central Fundy coast, where the densities and 

population growth of white-tailed deer are greatest, compared to central and northern 

portion of the province, which experiences harsher winters and thus, decreased growth 

(Gabriele-Rivet et al. 2015, NB DERD 2017, 2018, 2019). The geographic range of 

white-tailed deer is limited by snow depth, cold temperatures, and food availability, 

which is why they are not as abundant in northern parts of the province (Sabine et al. 

2002; Dawe and Boutin 2016). Because deer densities in the interior of the province are 

lower, and the fall, winter, and spring climate is harsher, blacklegged tick range 

expansion will likely be slower.  



55 
 

Host communities are invaluable for maintaining parasite populations and 

quantifying the role of host communities in blacklegged tick population dynamics is an 

informative metric, however, I aimed to develop models by coupling single annual site 

visits and remotely sensed data to predict tick population establishment in unoccupied 

areas. This method of surveillance is much less costly than host surveillance, which 

would require small mammal trapping and multiple site visits. Although I do not gain 

information on host community infection probabilities, parasitism rate, or host 

abundance, I can still determine abiotic variables influencing establishment along the 

northern extent of their range. Regardless of the analytical method or the response 

variable chosen, it is evident that a warming climate will increase the abundance and 

range of blacklegged ticks on the landscape. In response to their expansion, wildlife and 

human communities in northern latitudes will likely continue to be affected. 
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2.5 Appendix  

 

 
Figure 2.1. Census subdivisions at moderate and high risk of Borrelia burgdorferi 

infection CSDs in New Brunswick, Canada, where active surveillance took place in 2017 

and 2018, and the 75 unique sites at which I sampled.  
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Figure 2.2. Approximate locations of Environment Canada weather stations used to 

calculate fall (FADD), winter (WIDD), and spring (SPDD) degree days >0˚C from 2016-

2018 in New Brunswick, Canada. The map on the left depicts the weather stations used in 

modelling 2017 blacklegged tick larval demographics, whereas the map on the right 

depicts stations used in modelling 2018 demographics.  
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Figure 2.3. Stepwise process for calculating accumulated degree days (AADD), seasonal 

accumulated degree days (SADD) using MODIS land surface temperature data, and 

thermal seasonal degree days (TSDD) using Environment Canada weather station data.  
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Figure 2.4. Annual accumulated degree days in New Brunswick, Canada, 2016 (top) and 

2017 (bottom) and the sample sites where blacklegged tick larvae were present or absent 

in the subsequent year. Many sites throughout the province experience greater than 2800 

AADD >0˚C, however, larvae are absent.   
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Table 2.1. Descriptions of independent variables used in site scale analyses, and CSD 

scale analyses of larval presence, abundance, and densities in New Brunswick, 2017 and 

2018.  

 

 

 

 

 

 

 

 

Independent Variables Description

Patch Metrics

Leaf Litter Average leaf litter depth measured to the nearest 0.1cm at 4 locations within the sample site. 

Site leaf litter values used for site scale analyses, and averaged within CSDs for CSD analyses.

PC Hardwood Independent scores of principal component hardwood used at site scale analyses, and averaged 

within CSDs for CSD scale analyses.

PC Mixed wood Independent scores of principal component mixed wood used at site scale analyses, and averaged

within CSDs for CSD scale analyses.

Mean Patch Size Average patch size of forest patches within CSD and value used at site and CSD scale analyses. 

Edge Density Amount of edge relative to landscape area within CSD and value used at site and CSD scale analyses.

Mean Shape Index Shape complexity. Sum of each patches parimeter divided by the square root of patch area,

divided by the number of patches within CSD and value used at site and CSD scale analyses.

Area Weighted Mean Patch Shape complexity adjusted for shape size. Area weighted mean patch fractal dimension 

Fractal Dimension approaches one for shapes with simple perimeters and approaches two when shapes are more 

complex (McGaril and Marks 1994). Because larger patches tend to be more complex than 

smaller patches, this has the effect of determining patch complexity independent of its size.

Calculated for patches within CSDs and used in site and CSD scale analyses. 

Climate Metrics

Accumulated Degree Days Values derived from NASA's Moderate Imaging Spectroradiometer Terra Land Sruface Temperature  

2016 Annual* Cummulative monthly degree days >0 summed from January-December, 2016. Value extracted 

from center point of site. Values within CSD averaged and used in CSD analyses.

2016 Fall* Cummulative monthly degree days >0 summed from September-November, 2016. Value extracted

from center point of site. Values within CSD averaged and used in CSD analyses.

2017 Winter* Cummulative monthly degree days >0 summed from December, 2016, to February, 2017. Value 

extracted from center point of site. 

2017 Spring* Cummulative monthly degree days >0 summed from March, 2017, to May, 2017. Value extracted

from center point of site. 

2017 Fall** Cummulative monthly degree days >0 summed from September-November, 2017. Value extracted

from center point of site. 

2018 Spring** Cummulative monthly degree days >0 summed from March, 2018, to May, 2018. Value extracted

from center point of site. 

Thermal Degree Days Values derived from all available weather station data and interpolated using kriging. 

2016 Fall* Number of hours >0 Celsius and summed from September-November, 2016, and divided by 24. 

Value extacted from center point of site. Values within CSD averaged and used in CSD analyses.

2017 Winter* Number of hours >0 Celsius and summed from September-November, 2016, and divided by 24. 

Value extacted from center point of site. 

2017 Fall** Number of hours >0 Celsius and summed from September-November, 2016, and divided by 24. 

Value extacted from center point of site. 

2018 Spring** Number of hours >0 Celsius and summed from September-November, 2016, and divided by 24. 

Value extacted from center point of site. 

* indepdenent variables used in 2017 laval analyses only, ** independent variables used in 2018 analyses only
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Table 2.2. New Brunswick active tick surveillance summary from 2017 and 2018 

sampling seasons, including number of sites visited, total number and various life stages 

of I. scapularis collected, relative abundance site summaries, positive site (PS) relative 

abundances, relative densities, and their percent change between the years. PS relative 

abundance sites are a subset of only those sites where blacklegged ticks were present. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Category Total 

Sites visits 131 (75*)

Total I. scapularis 842

Larvae 615

Nymphs 209

Adults 28

Positive Sites (PS) 27 (19*)

Relative Abundance Mean Range Mean Range % Change 

Larvae 2.3 0-62 7.3 0-140 212.50

Nymphs 2.0 0-74 1.0 0-22 -48.48

Adults 0.2 0-7 0.2 0-7 4.76

Total 4.5 0-108 8.5 0-159 88.67

PS Relative Abundance

PS Total 20.5 1-108 44.6 1-159 117.83

PS Larva 10.5 0-62 38.1 0-140 261.55

PS Nymph 9.7 0-74 5.3 0-22 -44.83

PS Adult 0.9 0-7 1.2 0-7 25.00

Relative Densities

Transect Length (km) 2.6 1.5-5.9 2.8 1.5-6.3 7.69

Larva Density (#/km
2
) 4109 0-28,182 1074 0-79,096 -73.86

Nymph Density (#/km2) 524 0-29,600 827 0-11,111 57.82

2017 2018

307

15

63

535

457

64

14

12

68

158

145

14
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Table 2.3. A summary of site characteristics, including climate metrics, landcover 

characteristics, and forest patch metrics, some of which were included as variables in 

model building to explain blacklegged tick larval abundance, density, and presence in 

New Brunswick, Canada, in 2017 and 2018.  

 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variable description

Climate Metrics Mean Range Mean Range

Annual accumulated degree days 3025 2636-3454 2887 2475-3248 

Fall accumulated degree days 747 607-946 805 672-935 

Winter accumulated degree days 0.63 0-47 0.35 0-26 

Spring accumulated degree days 461 226-593 396 253-513 

Fall degree days 2020 1799-2101 1857 1749-1975 

Winter degree days 473 248-882 514 253-869 

Spring degree days 1540 1297-1664 1544 1185-1742 

Landcover Characteristics

Leaf litter depth (cm) 1.22 0.0-3.5 1.2 0.0-3.5

Proportion of ptach softwood 0.29 0.0-1.0 0.29 0.0-1.0

Proportion of patch hardwood 0.39 0.0-1.0 0.39 0.0-1.0

Proportion of patch mixed wood 0.30 0.0-1.0 0.30 0.0-1.0

Forest Patch Metrics

Mean patch size (km
2
) 1.3 0.1-8.2

Edge density (m/km
2
) 0.7 0.1-2.3

Mean shape index 2.2 1.5-3.0

Area weighted mean patch fractal dimension 1.3 1.2-1.4

2017 2018

All Sites Occupied Sites
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Table 2.4. Abundance, and presence (P) of larvae (L), nymphs (N), adults (A), and total 

number of individuals (T) were recorded at each of the 19 occupied sites. Sites were in 8 

New Brunswick counties, listed below in alphabetical order, and a description of their 

relative location, public health risk index, and the year specimens were collected. The 

greatest abundances of ticks were in Charlotte, and Saint John, County.  
 

 

 
 

 

 

Table 2.5. Active tick surveillance effort in New Brunswick, Canada, by census 

subdivision (CSD), in 2017 and 2018, and the resulting mean relative densities of each 

life stage present. To calculated densities, site demographics were averaged within 

Census subdivisions and between years. Larvae exhibited the greatest densities on the 

landscape, followed by nymphs, and adults, respectively.  

 

County CSD Location Description Risk P L N A T P L N A T

Albert Hillsborough Albert Mines Rd. High 1 0 1 0 1 0 0 0 0 0

Charlotte Deer Island Fairhaven High 1 0 1 1 2 1 1 0 0 1

Charlotte Grand Manan North Head High 1 18 1 0 19 1 11 2 2 15

Charlotte St. Andrews Joe's Point High 1 9 0 0 9 1 15 6 0 21

Charlotte St. David Back Rd. Low 1 0 1 0 1 0 0 0 0 0

Charlotte St. Patrick Hwy 127 (E. Bocabec) High 1 62 3 0 65 1 140 18 1 159

Charlotte St. Patrick Hwy 127, (W. Bocabec) High 1 7 36 1 44 -- -- -- -- --

Charlotte St. Stephen Upper Mills High 1 5 8 3 16 1 120 5 1 126

Charlotte Dufferin Ganong Nature Park High 1 33 74 1 108 1 5 5 7 17

Kings Cardwell Portage Pit Rd. High 1 0 1 0 1 0 0 0 0 0

Queens Hampstead Dexter Rd. High 0 0 0 0 0 1 0 0 2 2

Queens Minto Plesant St. Low 0 0 0 0 0 1 1 0 0 1

Saint John Saint John UNBSJ High 1 21 7 7 35 -- -- -- -- --

Saint John Saint John Rockwood Park High 1 0 1 0 1 1 136 22 0 158

Sunbury Gladstone Peltoma Settlement Rd. Low -- -- -- -- -- 1 0 0 1 1

Westmorland Beaubassin Est Ste Anne C ross Rd. Low 1 0 1 0 1 0 0 0 0 0

Westmorland Dieppe Bayview Crt. High 1 1 0 1 2 1 1 0 0 1

Westmorland Salisbury Route 12 High 1 2 0 0 2 0 0 0 0 0

York Kingsclear Mazerolle Sett. Rd. High -- -- -- -- -- 1 27 6 0 33

2017 2018

Total Sampled

Occupied

Mean Range

No. Sites (per CSD) 2.2 1-5

Transect Length (km) 6.0 2.0-18.0

Relative Densities

Larvae (km
2
) 706.0 0-16,756

Nymph (km
2
) 243 0-7182

Adult (km
2
) 41 0-727

CSD

60

17
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Table 2.6. Tick-borne pathogen test results from blacklegged tick nymphs and adults 

collected during active surveillance in New Brunswick, Canada, between June and 

September in 2017 and 2018 reported as probabilities. Only Census subdivisions where 

nymphs and adults were collected are included in the results. All CSDs are in Charlotte 

County except Saint John, which is in Saint John County. 

 

 
 

 

Table 2.7. A comparison of discrepancies between mean TSDD (Thermal Seasonal 

Degree Days) and SADD (Seasonal Accumulated Degree Days) estimates in 2017 and 

2018 at active blacklegged tick surveillance sample sites in New Brunswick, Canada. 

Sample Year is the year in which active surveillance was conducted. Seasons were 

defined as Fall (September-November), Winter (December-February), and Spring 

(March-May) immediately prior to the active surveillance sampling. Change was defined 

as the percent change of mean degree day value estimates in 2018 from 2017. 

 

 
 

 

 

 

 

 

 

 

 

B. burgdorferi Other Borrelia sp. A. phagocytophilum B. microti

CSD

St. Stephen 0.55 0.00 0.00 0.00

Grand Manan 0.50 0.00 0.00 0.00

Saint John 0.25 0.05 0.00 0.05

Dufferin 0.21 0.00 0.00 0.04

St. Patrick 0.15 0.03 0.05 0.00

St. Stephen 0.00 0.17 0.00 0.00

Grand Manan 0.25 0.00 0.00 0.00

Saint John 0.09 0.00 0.05 0.00

Dufferin 0.30 0.00 0.00 0.00

St. Patrick 0.05 0.00 0.05 0.00

Tick-borne Pathogens

2018

2017

Season 2017 2018 2017 2018

Fall 747 805 7.8 2020 1857 -8.1

Winter 0.63 0.35 -44.0 473 514 8.7

Spring 461 396 -14.0 1540 1544 0.3

Thermal DDAccumulated DD

Sample Year Sample Year

Change (%) Change (%)
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Table 2.8. Best models selected in explaining abundance, density, and presence of 

blacklegged tick larvae in 2017 and 2018 at the site and Census subdivision (CSD) scales 

from 2017-2018. Response variables for the CSD scale analysis were mean larval 

abundances (roundest up to nearest integer), larval densities, and cumulative presence of 

larvae in 2017 and 2018. Model strength is depicted as Cox & Snell pseudo-R2. In 2017, 

abundance, density, and presence of larvae were best explained by thermal winter degree 

days, however the abundance model also included leaf litter. In 2018, each of the models 

included Fall AADD, however, presence model included mean shape index, and 

abundance included leaf litter.   

 

 
 

 

 
 

 

 
 

Response Variable Model Df AIC delta AIC pseudo -R²

2017

Presence Thermal Winter DD + Leaf Litter 4 49.7 0.0 0.20

Thermal Winter DD  3 53.4 3.7 0.10

Null 2 57.0 7.3

Abundance Thermal Winter DD 3 119.8 0.0 0.11

Null 2 125.5 5.7

Density Thermal Winter DD 3 -378.2 0.0 0.17

Null 2 -376.8 1.4

2018

Presence Fall AADD + Mean Shape Index 4 38.2 0.0 0.20

Fall AADD 3 44.0 5.8 0.10

Null 2 59.0 20.8

Abundance Fall AADD + Leaf Litter 3 135.4 0 0.19

Fall AADD 2 138.4 3 0.12

Null 1 144.3 8.9

Density Fall AADD 3 -344.6 0.0 0.24

Null 2 -339.8 4.8

CSD (Combined Years) 

Presence Fall AADD + Mean Shape Index 4 49.1 0.0 0.28

Fall AADD 3 54.9 5.7 0.15

Null 2 61.0 11.9

Abundance Thermal Spring DD 2 135.1 0.0 0.13

Null 1 141.1 6.0

Density Thermal Spring DD 3 -317.6 0.0 0.16

Fall AADD 3 -316.7 0.8 0.13

Null 2 -316.3 1.3
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Chapter 3: Ruffed Grouse (Bonasa umbellus) are not Competent Reservoirs of 

Borrelia burgdorferi or Anaplasma phagocytophilum From October to December 

 

Abstract 

Ruffed grouse (Bonasa umbellus) and spruce grouse (Falcipennis canadensis) are 

ground-dwelling forest birds found throughout New Brunswick, and likely act as 

alternative hosts for blacklegged ticks because of their behavior and habitat preferences. 

However, their relationship has never been studied. Other Galliformes are parasitized by 

Ixodes spp. and some are competent reservoirs of tick-borne pathogens, but their ability 

to act as a reservoir host is limited by their age. I assessed the infection prevalence of two 

tick-borne pathogens, Borrelia burgdorferi and Anaplasma phagocytophilum, in cardiac 

tissue samples from 215 hunter-harvested ruffed grouse and 11 spruce grouse in New 

Brunswick. None of the samples tested positive for either pathogen. Twenty blood 

samples revealed no evidence of past B. burgdorferi infections. I suggest that ruffed and 

spruce grouse may have superior immune responses to these pathogens, like other 

Galliformes, suggesting they have evolved mechanisms to rid themselves of the 

infections. Nevertheless, they may still act as dispersal agents in the short-distance range 

expansion of blacklegged ticks in New Brunswick.  

 

3.1 Introduction 

The geographic ranges of parasites are primarily limited by their hosts’ geographic 

distributions and the surrounding climatic characteristics which the parasite experiences 

during molting or dormancy (Mohr and Lord 1960). Hard bodied ticks (family: Ixodidae) 

are among the most common, and publicized, arthropod vector (Liu and Bonnet 2014), 
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and perhaps the most notable is the blacklegged tick (Ixodes scapularis) which is the 

primary vector of Borrelia burgdorferi, the causative agent of Lyme disease (Ogden et al. 

2008). Blacklegged ticks, have been expanding northward in their geographic range, 

mainly as a consequence of increased temperatures and greater rates of habitat 

fragmentation (Ogden et al. 2006; Sonenshine 2018, refer to section 2.4).  This is 

particularly true in the Acadian forest ecozone of eastern Canada, a habitat type that is 

undergoing notable changes in climate and is naturally heterogenous (Hurley et al. 2004; 

Loo et al. 2010, refer to section 2.4). Additionally, within the Acadian forest, the 

province of New Brunswick has undergone intensive forestry practices (i.e., commercial 

logging) for the past 200 years and clearcutting for the past 70 years (Etheridge et al. 

2005, Loo et al. 2010). Climate change, heterogenous habitat, and rapid fragmentation 

make New Brunswick an instructive region to study changes in blacklegged tick 

distributions.   

Blacklegged ticks (Ixodes scapularis) were first detected in New Brunswick in 

2008 when an infested Swainson’s thrush (Catharus ustulatus) arrived at a bird banding 

station in Saint Andrews, New Brunswick (Scott et al. 2012). Since then, breeding 

populations of blacklegged ticks have been detected in 8 of 15 counties in New 

Brunswick (refer to section 2.3). The primary limit to their range expansion has been 

climate, particularly the presence of ≥2800 annual accumulated degree days (>0˚C) 

(Ogden et al. 2005, 2006; Gabriele-Rivet et al. 2015, refer to section 2.4). However, 

contrary to winter (Dermacentor albipictus) and rabbit ticks (Haemaphysalis 

leporispalustris), which are abundant host specific tick species in New Brunswick, the 

blacklegged tick is a host generalist that parasitizes mammals, birds, and reptiles (James 
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and Oliver 1990; Kurtenbach et al. 2006; Scott et al. 2012) despite showing some host 

preference.  

The three most influential host groups on blacklegged tick populations are white-

tailed deer (Odocoileus virginianus), rodents, and birds (James and Oliver 1990; Carroll 

et al. 1995).  White-tailed deer play an integral role in blacklegged tick population 

dynamics (Main et al. 1981; Wilson et al. 1985; Elias 2019), but do not serve as a 

competent reservoir for Borrelia burgdorferi (Ginsberg and Ewing 1988; Telford et al. 

1988). Although deer in the northern portion of their geographic range, such as New 

Brunswick, migrate seasonally, they are an unlikely transporter of ticks because of the 

mismatch of timing with blacklegged tick activity (Fieberg et al. 2008). Rodents also play 

a significant role in blacklegged tick ecology throughout the northeast, primarily as 

reservoirs for tick-borne pathogens. White-footed mice (Peromyscus leucopus) 

populations can reach infection probabilities for B. burgdorferi of 100% within a year 

(Bunikis et al. 2004) and remain a competent host (i.e., readily pass B. burgdorferi to 

ticks) for upwards of 6 months (Donahue et al. 1987), however this varies considerably 

and may be much lower (Lindsay et al. 1997). Deer mice (Peromyscus maniculatus), 

which replace the niche of P. leucopus in northern Maine and New Brunswick, are 

equally competent as a reservoir to B. burgdorferi (Rand et al. 1993). Many other rodent 

species host ticks and readily act as reservoirs for tick-borne pathogens as well. 

Nevertheless, none are as competent as the white-footed and deer mouse, and none of the 

rodent hosts travel the distances of white-tailed deer, so are unlikely to aid in their long-

range dispersal. Regardless of their ability to readily pass a pathogen to a feeding 

uninfected tick, no host has played a more significant role in the long-range 
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transportation of blacklegged ticks as migratory birds (Scott et al. 2001, 2012; Morshed 

et al. 2005). It was estimated that upwards of 50 million I. scapularis are transported 

northward each spring by billions of migratory birds (Ogden et al. 2008; Scott et al. 

2012), effectively seeding both suitable and inhospitable areas throughout northeastern 

North America, annually.  

Although it is well known that migratory birds play an integral role in long-range 

transport of blacklegged ticks, substantially less is known about the role of birds in 

shorter-range transport/dispersal of blacklegged ticks (Zikeli and Zohdy 2020). At local 

spatial scales, movement of ticks may be promoted by non-migratory birds, particularly 

ground dwelling forest birds which are also thought to be significant in maintaining a 

reservoir of tick-borne pathogens (Leighton et al. 2012; Scott et al. 2016).  

Galliformes (gamebirds and fowl), many of which are ground-nesting forest birds, 

have proven to be suitable hosts to Ixodes spp. in various parts of the world (Hoodless et 

al. 2002, Mougeot et al. 2008, Scott et al. 2016), although these phenomena are grossly 

understudied and no such relationships have been documented in eastern North America. 

In the Pacific Northwest, Scott et al. (2016) reported the first case of a B. burgdorferi 

infected Ixodes sp. tick parasitizing California quail (Callipepla californica), which 

suggested these birds may act to proliferate B. burgdorferi, that can then be passed to 

uninfected ticks; however, their reservoir competency has still not yet been tested. In 

Scotland, Ixodes rincus parasitize red grouse (Lagopus lagopus) (Barnes 1987) and have 

caused significant population declines by their inoculation of the fatal Louping Ill viral 

pathogen (Mougeot et al. 2008). Furthermore, I. rincus have also been found to parasitize 

ring-necked pheasants (Phasianus colchicus; Hoodless et al. 2003; Kurtenbach et al. 
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2006). Currently, two of the most widely distributed Galliformes in Canada are ruffed 

grouse (Bonasa umbellus L. 1766) and spruce grouse (Falcipennis canadensis L. 1758) 

(Rusch et al. 2000; Schroeder et al. 2018), however, their efficacy for transporting 

blacklegged ticks or maintaining a reservoir of tick-borne pathogens has never been 

studied. 

New Brunswick has well established populations of two, non-migratory, ground 

dwelling forest birds, ruffed grouse (Bonasa umbellus) and spruce grouse (Falcipennis 

canadensis). Ruffed grouse are widespread throughout New Brunswick, and they respond 

well to rotational clearcutting (Gullion 1984; Dessecker and McAuley 2006), a common 

silvicultural practice in the province. Unless treated with herbicide, clearcuts provide an 

abundance of pioneer species, such as aspen (Populus spp.), birch (Betula spp.), and 

Rubus spp., which provide the best food availability and cover that ruffed grouse prefer 

(Rusch and Keith 1971; Gullion 1984; Dessecker and McAuley 2006; Tirpak et al. 2010; 

Mangelinckx et al. 2020). Ruffed grouse are non-migratory, but they perform seasonal 

movements and juvenile dispersal in the fall. Juveniles may disperse up to 12-17 km in 

the fall; however, the distance they travel is likely a function of available forest 

composition (Chambers and Sharp 1958; Hale and Dorney 1963; Small and Rusch 1989). 

Females are often more mobile than males, particularly during dispersal and brood 

rearing (Hale and Dorney 1963; Small and Rusch 1989).  Juvenile females have been 

recorded travelling more than 100km in one year; during a Wisconsin study, when the 

individual was banded in October 1956, and shot by a hunter 114km miles away the 

following year (Hale and Dorney 1963).  Unlike ruffed grouse, spruce grouse presence is 

strongly correlated with coniferous forests, which is also quite abundant in New 
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Brunswick (Pendergast and Boag 1970; Whitcomb et al. 1996). However, spruce grouse 

are thought to be less abundant in the southern portion of New Brunswick and are at risk 

of local extinction in other areas, such as southern Maine (Gilbert and Blomberg 2019). 

In New Brunswick, there is significant overlap in their geographic range with that of 

ruffed grouse (Schroeder et al. 2018) and like ruffed grouse, females are more likely to 

disperse than males in spring and fall and at greater distances (Keppie 1979; 

Barrowclough and Schroeder 2016). Spruce grouse also make seasonal movements that 

range from 0.5-9.5km (Herzog and Keppie 1980).  

I hypothesized that [1] ruffed and spruce grouse act as alternative hosts to 

blacklegged ticks, [2] both species may act to maintain a reservoir of tick-borne 

pathogens, and [3] Borrelia burgdorferi infection, or evidence of past infections, is 

endemic in grouse populations that overlap with established breeding blacklegged tick 

populations,  and may also be present where emerging blacklegged ticks have not yet 

been identified. Further, I expected a greater probability of Borrelia burgdorferi 

infection, or evidence of past infection, in ruffed grouse, specifically juveniles and 

females because their preferred vegetative cover also tends to be suitable blacklegged tick 

habitat.  

3.2 Methods 

Study Area 

My study area was defined by the spatial extent of my sample (discussed below), 

which included 12 of 15 New Brunswick counties (Figure 3.1), however, I advertised for 

donations of grouse hearts from the hunting public through various media outlets and 

wildlife conferences and accepted them from any county. Ruffed and spruce grouse 
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hearts, or entire carcasses, were voluntarily submitted by New Brunswick hunters, from 

various census subdivisions (i.e., townships). All grouse were harvested during the legal 

hunting season between October 1-December 31 in 2017 and 2018. I asked hunters to 

document the species harvested, geographic location, and date of harvest. When 

available, hunters recorded sex, age, and morphometric data.  I stored collections at <0ºC 

prior to processing. I collected cardiac tissue samples from each heart collected in 2017 

(n=226) by removing a ~0.2g cross section of the left and right ventricle from the ventral 

portion of the heart. I then bisected this section prior to placing it in a vial and storing at 

<0ºC before shipment. I packed the samples on ice and sent them to the Public Health 

Agency’s National Microbiology Laboratory (NML; Winnipeg, Manitoba) via overnight 

air. In 2018, I collected approximately 1 mL of blood from ~24% of the submitted hearts 

(n=20) on Nobuto blood filter strips. The subset of hearts was from within counties where 

blacklegged ticks were absent, present without B. burgdorferi infection, and present with 

B. burgdorferi infection (Figure 3.1). Nobuto strips were labelled with heart ID number 

and subsequently frozen until shipment. Strips were sent to the NML via overnight air.  

 

Field Sampling 

I sampled 75 sites distributed throughout New Brunswick in 2017 and 2018 for the 

presence of breeding population of blacklegged ticks (refer to section 2.2).  The NML 

conducted all pathogen sampling of ticks collected during that period using polymerase 

chain reaction techniques, described in Schillberg et al. (2018) (refer to section 2.2).  

 

Laboratory Sampling 
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In 2017, the NML tested 215 ruffed and 11 spruce grouse hearts for active B. 

burgdorferi and A. phagocytophilum infection via polymerase chain reaction techniques 

described in Wang et al. (1999). In 2018, the NML tested each of the blood samples 

(Table 3.2, Figure 3.2) for seroprevalence of exposure to B. burgdorferi using methods 

described in Johnson et al. (1996). This method had a two-step process that included and 

initial Flagella-based enzyme-linked immunosorbent assay (FLA-ELISA) and used 

immunoblotting to confirm results from the FLA-ELISA.  

 

3.3 Results 

 Most of the hearts that I collected were ruffed grouse (Table 3.1). I collected 

hearts from 11 counties in 2017, and 7 counties in 2018 (Table 3.1). In 2017, 30% of my 

ruffed grouse and 18% of my spruce grouse hearts came from counties where breeding 

populations of blacklegged ticks had previously been identified (Figures 3.1). In 2018, 

my sample size decreased but the proportion of hearts from those counties increased to 

73% and 100% for ruffed and spruce grouse, respectively (Table 3.1). In 2017, the NML 

did not detect active B. burgdorferi or A. phagocytophilum infection in any of the 226 

hearts tested. In 2018, the NML received four weakly reactive assays from the FLA-

ELISAs, each from grouse harvested in Charlotte County (Figure 3.2), which had high 

blacklegged tick abundance (Table 2.5) and prevalent B. burgdorferi infection with the 

tick population (Table 2.6), however these were not confirmed with the secondary 

immunoblotting. 
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3.4 Discussion 

My study showed that neither ruffed nor spruce grouse, at the time of harvest, acted 

as a reservoir of B. burgdorferi or A. phagocytophilum. However, I can not disprove that 

either grouse species act as alternative hosts to blacklegged ticks; it is highly possible that 

these birds can be parasitized by blacklegged ticks and thus may disperse ticks at a local-

scale. Furthermore, proximity to areas where breeding blacklegged tick populations are 

present did not influence the infection probability of grouse by B. burgdorferi as no 

active or past infections were detected, and so infection would not serve as a suitable 

indicator of emerging tick populations where active tick surveillance data are lacking.  

In 2018, I detected four weakly reactive signals FLA-ELISAs conducted on blood 

samples that came from ruffed grouse that were harvested in Bocabec and Tower Hill, in 

Charlotte County, New Brunswick, but the secondary immunoblotting to confirm the 

initial results were negative. This area has the oldest known breeding population of 

blacklegged ticks in the province and is where the greatest number of ticks have been 

collected during active tick surveillance (refer to sections 2.1, 2.3). Although the 

significance of the weakly reactive signals is unclear, it does indicate the physiological 

interaction between grouse and B. burgdorferi is worth further investigation. Failure to 

detect pathogenic bacteria in cardiac tissue of grouse raised the question of their reservoir 

competency (i.e., the probability of passing a tick-borne pathogen to an uninfected 

feeding tick) and the seasonality of infection. Few studies have been conducted on 

reservoir competency of Galliformes, except for studies of chickens and quail. Juvenile 

chickens (Gallus gallus L., 1758) displayed a mean B. burgdorferi reservoir competency 

of 0.87 during week 3 of their lives, thereafter reservoir competency dropped to <0.05, 
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and eventually to 0.00 in the following two weeks (Piesman et al. 1996). Likewise, 

northern bobwhite (Colinus virginianus L., 1758) inoculated with B. burgdorferi 

demonstrated infection 4 and 6 weeks after inoculation but detection diminished beyond 

this point (Bishop et al. 1994).  

There were some limitations inherent in sampling that may have led to the negative 

results. The timing of my tissue collection, October-December, may have influenced the 

probability that grouse were actively infected with B. burgdorferi if older individuals’ 

immune systems are better equipped to deal with infections by emerging fall-time nymph 

and adult blacklegged ticks. Ruffed grouse hatch dates range from mid-May to mid-June 

and incubation takes 23-24 days, however if their nest is depredated, they may breed 

again and renest (Rusch et al. 2000). If an individual constructed a second nest in mid-

June, chicks would hatch no later than mid-July, which means a harvested grouse could 

not be younger than 8-10 weeks of age but are likely up to 16 weeks old. If their immune 

systems function like that of bobwhites or chickens, then it is likely I would not detect 

active infection in fall harvested grouse. However, blacklegged tick nymphs and adults 

are active from September-November, so grouse would still be susceptible to parasitism. 

Furthermore, if grouse chicks were susceptible to infection, it would likely occur within 

the first few weeks of hatching, as nymph and adult abundances diminish as the year 

progresses, before increasing again during fall months. Lastly, the methods for blood 

collection were not ideal for the tests conducted. Blood samples have been used in 

previous studies to detect seroprevalence of B. burgdorferi (Curry et al. 2014), but I 

collected residual blood from previously frozen hearts on Nobuto strips to obtain a small 

amount of serum, which was not as effective as collecting fresh blood from the chest 
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cavity of harvested birds at the time of harvest. Also, since the samples from endemic 

areas yielded no positive results I did not attempt to test the rest of the sample, however, 

the increase in sample size could have yielded positive results. 

Ruffed and spruce grouse were found to be unsuitable reservoirs for these tick-

borne pathogens between October and December, thus, it appears they are not a 

significant contributor to blacklegged tick pathogenicity in the fall. However, they may 

serve to disperse ticks at small spatial scales as both species are known to make seasonal 

movements up to 10km and disperse 12-17km (Chambers and Sharp 1958; Hale and 

Dorney 1963; Herzog and Keppie 1980), although mean dispersal is 1.3km-2.1km for 

spruce grouse (Barrowclough and Schroeder 2016) and 4.8km-2.1km for ruffed grouse 

(Small and Rusch 1989), males and females, respectively. Some individuals have been 

documented dispersing exceptionally long distances though, such as one female ruffed 

grouse that dispersed >100km and several spruce grouse that dispersed >20km 

(Barrowclough and Schroeder 2016). 

Nevertheless, the most influential characteristic of these movements, in relation to 

tick dispersal, is their seasonality. Spruce grouse adults migrate from winter habitats to 

breeding territory from mid-February to mid-May and migrate to winter habitat from 

mid-August to December (Herzog and Keppie 1980); juvenile dispersal occurs in fall 

(Keppie 1979), beginning in early to mid-September (Schroeder 1986). Ruffed grouse 

natal dispersal occurs most frequently in early October (Chambers and Sharp 1958) and 

greatest distances moved occur from mid-September to late-October (Small and Rusch 

1989). Both species make seasonal movements and dispersal in fall or spring, when 

nymph and adult blacklegged ticks are most active and prior to their dormancy (Daniels 
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et al. 1989; Schulze and Jordan 1996; Kollars et al. 1999). If these movements occurred 

later in the fall or spring, as is the case with white-tailed deer that begin southward 

migration in December and return to their summer range by May (Sabine et al. 2002), 

they would not exhibit such significant potential for dispersal. 

Other species of Galliformes around the world have demonstrated their suitability 

as hosts to Ixodes spp. ticks, such as California quail (Callipepla californica) in the 

Pacific Northwest to I. pacificus (Scott et al. 2016), red grouse (Lagopus lagopus) in 

Scotland to I. rincus (Barnes 1987; Mougeot et al. 2008), and ring-necked pheasants 

(Phasianus colchicus L., 1785) in Eurasia to I. rincus (Hoodless et al. 2003; Kurtenbach 

et al. 2006). As such, future studies should focus on tick loads of ruffed and spruce 

grouse during periods of greatest blacklegged tick activity (e.g., spring or fall) and 

instead of collecting hearts from harvested grouse, birds should be captured and surveyed 

for tick abundance. If blacklegged ticks were detected, they could be removed from the 

birds to estimate engorgement and tested for infection by tick-borne pathogens. 

Furthermore, tissue biopsies collected from the parasitized individuals could be tested for 

B. burgdorferi infection and would be especially useful in understanding the role of 

juvenile grouse in seasonal pathogen reservoir maintenance.  
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3.5 Appendix 

 

Figure 3.1. Grouse hunters submitted hearts in 2017 and 2018 in counties unoccupied and 

occupied by blacklegged ticks. Some tick populations displayed no pathogen presence, or 

nymphs and adults were not collected there, so pathogen prevalence is unknown and 

subsequently labeled as not assessed.  
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Figure 3.2. Blood samples were taken from a subset of grouse hearts submitted in 2018, 

which were within counties unoccupied and occupied by blacklegged ticks in 2018. Some 

tick populations displayed no pathogen presence, or nymphs and adults were not detected 

there, so pathogen prevalence is unknown and subsequently labeled as not assessed.  
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Figure 3.3. Cardiac tissue samples were taken from each grouse hearts submitted in 2017, 

which were within counties unoccupied and occupied by blacklegged ticks (at the time of 

collection) in 2017. Some tick populations displayed no pathogen presence, or nymphs 

and adults were not detected there, so pathogen prevalence is unknown and subsequently 

labeled as not assessed.  
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Table 3.1. County distribution of ruffed (RUGR) and spruce grouse (SPGR) hearts 

collected from hunters in New Brunswick, Canada in 2017 and 2018.  

 

 

 

 

 

Table 3.2. County distribution of blood samples collected from hunter-harvested ruffed 

grouse in New Brunswick, Canada in 2018.  

County Blood Samples 

Carleton 4 

Charlotte 8 

Saint John 3 

Sunbury 1 

York 4 

Total 20 

 

 

 

 

County SPGR RUGR SPGR RUGR

Carleton 0 28 0 23 51

Charlotte 2 9 0 20 31

Kent 3 9 0 0 12

Kings 0 25 0 6 31

Northumberland 2 36 0 0 38

Queens 0 21 0 6 27

Restigouche 1 0 0 0 1

Saint John 0 0 0 11 11

Sunbury 3 22 2 3 30

Victoria 0 23 0 0 23

Westmorland 0 10 0 0 10

York 0 32 0 14 46

Total 11 215 2 83 311

2017 2018

Total Hearts Collected
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Chapter 4: General Discussion 

 

4.1 Overview of Thesis 

 

My most important findings were the identification of newly formed breeding 

populations of blacklegged ticks in New Brunswick and variables that increased their 

probability of presence, relative abundance, and density. I also found that my sample of 

ruffed and spruce grouse in New Brunswick were not actively infected with B. 

burgdorferi or A. phagocytophilum, and that a subset of ruffed grouse showed no 

evidence of past B. burgdorferi infection either. I offer some explanations as to how the 

two are related, and future research that should be undertaken to close knowledge gaps.  

When my study began, in June 2017, there were only three counties in New 

Brunswick with known breeding populations of blacklegged ticks. Three months later, I 

had confirmed breeding populations existed in two other counties in eastern New 

Brunswick. At the end of the following year, I confirmed three additional counties 

presented breeding populations of blacklegged ticks, in the central interior and western 

portion of the province. By doing so, I reaffirmed that blacklegged tick populations have 

been expanding since the last known study investigating this, which was conducted in 

New Brunswick in 2014 by Gabriele-Rivet et al. (2015). 

I investigated the geographic range expansion of blacklegged ticks in New 

Brunswick by collecting ticks during active surveillance and modelling their relative 

densities, abundances, and presence. I found that warming fall, winter, and spring 

temperatures had the greatest positive effect on these three metrics, although previous 

studies found annual accumulated degree days (AADD) to be the best indicator of 
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blacklegged tick presence (Ogden et al. 2005, 2006; Gabriele-Rivet et al. 2015). 

Nevertheless, AADD were not included in any of my highest-ranking models. This 

relationship could happen if most of the province experienced a suitable number of 

AADD (i.e., ≥2800 AADD) but was simply unoccupied by the ticks. After modelling was 

complete, I questioned this observation and used Welch two sample t-test to compare 

AADD between sites with larvae and sites without larvae in 2017 and 2018. I also 

compared AADD between sites where larvae were present in 2017 and sites where they 

were present in 2018. In each of the tests, there was no difference between the means. 

The only significant relationship I found, was that the minimum of 2800 AADD ± 100, 

was achieved where blacklegged tick larvae were present.  

Aside from climatic metrics, only one forest patch metric (i.e., mean shape index) 

was included as a predictor in some of the best models. Mean shape index (MSI) is a 

measure of patch shape complexity and when MSI = 1, it indicates a simple (e.g., circle, 

square) patch; as MSI increases it represents more complexly shaped patches (McGarigal 

and Marks 1995). Low MSI values in any study are generally due to residential and 

commercial development, agriculture, and timber harvesting blocks, each of which result 

in non-complex patches (often squares). Because I calculated patch metrics on forests, 

not non-forest, the low MSI values in my study were likely caused primarily by clear-

cuts, which attract important tick hosts, such as white-tailed deer and other alternative 

hosts. However, clear-cuts may also have a positive effect on ruffed grouse populations, 

as 10-year rotational clearcutting is a productive method for managing ruffed grouse 

habitat by increasing aspen and birch abundance, dense cover, and abundance of 

herbaceous foods (Berner and Gysel 1969; Gullion 1984; Scott et al. 1998). Nevertheless, 
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this would only be true if regenerating clear-cut blocks could reach maturity, when aspen 

and birch would provide the greatest abundance of buds and therefore the most food for 

the birds during winter months; absence of these mature trees has resulted in declines in 

local ruffed grouse populations (Gullion 1966; Svoboda and Gullion 1972). If clear-cuts 

in New Brunswick were sprayed with glyphosate (a commonly used herbicide that 

suppresses hardwood growth), aspen and birch would essentially be eliminated in those 

areas (Perala 1985), and I suspect that ruffed grouse abundance would decrease in those 

areas as food and other habitat would be less abundant. 

There are two critical ecological requirements for blacklegged ticks that must be 

met to sustain populations in northern latitudes: a suitable climate and appropriate host 

communities (Ogden et al. 2006). A suitable climate (i.e., ≥2800 AADD) allows 

blacklegged tick populations to become established by positively influencing individual 

activity, development, and survival; however, they also require hosts to feed upon 

(Ogden et al. 2005, 2006; Brunner et al. 2012). To expand their geographic range and 

pioneer unoccupied areas, they rely on hosts that travel. Rodents, white-tailed deer, and 

migratory birds are imperative to meeting blacklegged tick ecological requirements and 

the tick’s role in transmitting diseases to humans (Randolph and Storey 1999; Scott et al. 

2012; Elias 2019). Without rodents, fewer ticks would be infected with pathogens, 

namely B. burgdorferi (Randolph and Storey 1999). Without migratory birds, they could 

not travel long distances into unoccupied habitat (Scott et al. 2012). And, without white-

tailed deer, they would not be as abundant (Elias 2019). Nevertheless, all three 

components occur in New Brunswick to some degree, but it is generally at the 

northernmost extent of the white-tailed deer’s geographic range (Dawe and Boutin 2016).  
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Although blacklegged tick population growth, and the amplification of B. burgdorferi, 

rely on these three groups, blacklegged ticks are host generalists and parasitize a variety 

of animals, and I suspected that some animals were more susceptible to parasitization and 

thus, likely to influence short-range dispersal more than others because of the host’s 

behaviors and habitat preference, such as ground nesting forest birds, like ruffed and 

spruce grouse.   

I expected ruffed and spruce grouse blood samples, within areas where blacklegged 

tick populations were established, to reveal evidence of past infection. If I were able to 

detect past B. burgdorferi infection in grouse, I expected these detections outside 

endemic areas which would show: 1) locally established breeding population of 

blacklegged ticks existed where I had not detected them through active surveillance, 2) 

infected nymphs or adults immigrated from an established population on a wildlife host 

in the same, or previous year and parasitized local grouse populations, or 3) grouse were 

inadvertently redistributing the ticks on the landscape during short-range movement 

events such as juvenile dispersal or seasonal movements. My negative infection results 

are somewhat consistent with past Galliformes studies, however; if I had detected 

infection, it would have been the first of its kind as ruffed and spruce grouse and their 

susceptibility to tick-borne pathogens have never been studied.  

However, I found that neither ruffed nor spruce grouse were actively infected with 

B. burgdorferi or A. phagocytophilum at time of collection, which occurred from 

October-December. I suspected that, like other members of the order Galliformes, they 

develop an immune response to the pathogens, particularly B. burgdorferi, in the first two 

months of age (Bishop et al. 1994; Piesman et al. 1996). This would render them an 
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incompetent reservoir by October if hatched anytime between May and July. This does 

not explain why my subset of ruffed grouse hearts, collected in 2018 from areas with 

well-established blacklegged tick populations and prevalent B. burgdorferi infection 

probabilities, lacked B. burgdorferi antibodies. Only 20 individuals were tested for past 

infection and, initially, four showed weak reactivity to the primary test. Later, a second 

test nullified the results and thus past infection was not confirmed. It is possible the 

methods I chose for blood collection were not suitable. Nevertheless, I suspect that 

juvenile ruffed grouse, in areas where relative abundance of blacklegged ticks is high, 

may be parasitized and test positive for tick-borne pathogens up to 6 weeks after 

hatching.  

 

4.2 Future Study Recommendations 

Though I began by simply seeking to understand the rate at which ruffed and 

spruce grouse are exposed to blacklegged ticks, further research into potential adverse 

effects of parasite loads should be considered. Parasite loads may influence the 

movement of their hosts, effectively reducing home range size, and increasing movement 

in smaller, concentrated areas (Gaitan and Millien 2016). This may result in localized 

patches with higher concentrations of both uninfected and infected blacklegged ticks, 

depending on their reservoir competency. Positive correlations have been drawn between 

adrenal weights and population density in grouse because of stress (Neave and Wright 

1968), which could serve as an indicator of parasite load, suggesting that adrenal gland 

mass is another means by which to evaluate this potential phenomenon in ruffed and 

spruce grouse.   
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Additionally, I propose that future studies should undertake ruffed grouse trapping 

in spring and summer. In spring, ruffed grouse males defend territories and begin 

courtship displays, while females move about their home ranges seeking males. I suspect 

that the increased movement of females makes them more susceptible to parasitization. 

Furthermore, displaying males can be easily captured on drumming logs with mirror 

traps. In summer months, once clutches have hatched, broods could be captured, and their 

blood sampled for tick-borne pathogens. Juveniles would be easily detected if hens were 

radio-marked and tracked during the spring capture efforts. When handling the birds, 

researchers could conduct tick surveys and if detected, remove and assess them for level 

of engorgement (i.e., number of days engorged), prior to testing for pathogens. They 

could then compare the pathogen test results with grouse blood sample results.  

Furthermore, to enhance our knowledge of blacklegged tick range expansion, 

annual active surveillance in New Brunswick should continue as the population continues 

to become established in new areas. My study exemplified the speed at which they have 

pioneered the landscape in recent years and given the current trends in climate change, I 

expect this to continue. In future studies, I suggest increasing the number of sample sites 

and the frequency at which they are sampled. As witnessed in my study, there was no 

clear distinction of a single continuous blacklegged tick population in New Brunswick, 

apart from those occurring in Charlotte County. In other words, blacklegged tick 

populations were concentrated in some areas, but were patchy overall. Increasing the 

number of sample sites would provide a better resolution of their true spatial distribution 

and researchers could assess range expansion at finer spatial scales. In Europe, I. rincus 

emigrate from source populations in woodlands to sink populations in meadows (Hoch et 
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al. 2010). I suspect that northeastern I. scapularis populations are likely displaying 

similar behavior as they expand northward. Source populations are probably becoming 

established in areas with an abundant and diverse host community and a warmer climate, 

and then being transported to habitat of lesser quality, where populations cannot persist, 

or persist at only a low abundance until the quality improves. Monitoring these areas of 

lesser quality and detecting the presence of breeding populations of ticks in subsequent 

years would reinforce knowledge of climate and landscape change on range expansion.  

Sampling sites at a greater frequency, such as three times per summer, is also an 

important consideration, as it would allow for stronger statistical inference regarding the 

use of larval abundance, presence, and densities as indicators of reproductive success and 

fitness of the local tick population. It is possible that by sampling only once annually, I 

missed a delayed or advanced hatch. During an advanced hatch, larvae may begin 

questing earlier and may be effectively removed from the sample site, as they are 

parasitizing a wildlife host at the time of sampling. Without coupling active surveillance 

with small mammal trapping, it is impossible to tell what the true larval abundance is 

each year. If a delayed hatch were to occur, it might appear that abundance was low at the 

time of sampling, where in fact it just has not happened yet, therefore a representative 

metric for reproductive success would be better if sites were sampled more often each 

year. Lastly, to improve knowledge of blacklegged tick ecology along their invasion front 

in New Brunswick, future studies should involve small mammal trapping. For the reasons 

mentioned above, at the time of drag sampling, ticks may be parasitizing a host. If host 

abundance is greater in a particular year, and it is not measured, we might incorrectly 

assume that tick abundance is low.  
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In conclusion, all variables I have considered, whether biotic or abiotic, are 

influenced directly or indirectly by human activities and climate. As Earth’s climate 

changes, it is important to understand the driving forces behind the spread of pathogenic 

vectors. Changing climate may redistribute dominant vegetative cover in many areas, if 

not impeded by land management practices. In New Brunswick, current forestry practices 

are shifting the Acadian forest composition from mixed-wood forest to conifer dominant 

through logging, conifer plantations, and hardwood herbicide application (Noseworthy 

and Beckley 2020). These practices that so strongly favor conifers, although problematic 

from many ecological points of view, would decrease the rate at which blacklegged ticks 

pioneer the New Brunswick landscape.  

If the current silvicultural management practices change in the future, I would then 

suspect forest composition to shift from conifer-dominant to mixed-wood, and result in a 

retraction of the geographic ranges of spruce grouse and other boreal species northward, 

while expanding the preferred habitat and distribution of ruffed grouse and other 

temperate forest wildlife, such as white-tailed deer, effectively increasing the rate of 

blacklegged tick population expansion and increased abundance of wildlife hosts acting 

as reservoirs of tick-borne pathogens. If it happens, it could negatively affect seasonal 

movements of hosts (Ostfeld et al. 1996, Hudson and Dobson 1992) and have a 

compounding effect on the distribution of blacklegged ticks in the province. For these 

reasons, future explanatory models associated with blacklegged tick distribution in the 

province should include both biotic and abiotic factors, such as silvicultural practices. 

Then models can be used to better predict their distribution under various scenarios.  

 



108 
 

4.3 References  

 

Berner A, Gysel LW. 1969. Habitat analysis and management considerations for ruffed 

grouse for a multiple use area in Michigan.  J Wildl Mgmt 33:769–778. 

Bishop KL, Khan MI, Nielsen SW. 1994. Experimental infection of Northern bobwhite 

quail with Borrelia burgdorferi. J Wildlife Dis 30:506–513. 

Brunner JL, Killilea M, Ostfeld RS. 2012. Overwintering survival of nymphal Ixodes 

scapularis (Acari: Ixodidae) under natural conditions. J Med Entomol 49:981–

987. 

Dawe KL, Boutin S. 2016. Climate change is the primary driver of white-tailed deer 

(Odocoileus virginianus) range expansion at the northern extent of its range; land 

use is secondary. Ecol Evol 6:6435–6451. 

Elias SP. 2019. Blacklegged tick (Ixodes scapularis) distribution in Maine, USA, as 

related to climate change, white-tailed deer, and the landscape. University of 

Maine, 208 pp. 

Gabriele-Rivet V, Arsenault J, Badcock J, Cheng A, Edsall J, Goltz J, Kennedy J, 

Lindsay LR, Pelcat Y, Ogden NH. 2015. Different ecological niches for ticks of 

public health significance in Canada. PLoS ONE 10:e0131282. 

Gullion GW. 1966. A viewpoint concerning the significance of studies of game bird food 

habits. Condor 68:372–376. 

———. 1984. Managing Northern forests for wildlife. The Ruffed Grouse Society, 72 

pp. 

McGarigal K, Marks BJ. 1995. Fragstats: spatial patterns analysis program for 

quantifying landscape structure. Gen. Tech. Rep., Portland, Oregon. p. 122. 



109 
 

Noseworthy J, Beckley TM. 2020. Borealization of the New England-Acadian Forest: A 

Review of the evidence. Environ Rev. 

https://www.nrcresearchpress.com/doi/abs/10.1139/er-2019-0068. Accessed 

March 2020. 

Ogden NH, Bigras-Poulin M, O’Callaghan CJ, Barker IK, Lindsay LR, Maarouf A, 

Smoyer-Tomic KE, Waltner-Toews D, Charron D. 2005. A dynamic population 

model to investigate effects of climate on geographic range and seasonality of the 

tick Ixodes scapularis. Int J Parasitol 35:375–389. 

Ogden NH, Maarouf A, Barker IK, Bigras-Poulin M, Lindsay LR, Morshed MG, 

O’Callaghan CJ, Ramay F, Waltner-Toews D, Charron DF. 2006. Climate change 

and the potential for range expansion of the Lyme disease vector Ixodes 

scapularis in Canada. Int J Parasitol 36:63–70. 

Perala DA. 1985. Using glyphosate herbicide in converting aspen to conifers. Research 

Paper, US Dept. of Agriculture, Forest Service, North Central Forest Experiment 

Station, St. Paul, MN. 

Piesman J, Dolan MC, Schriefer ME, Burkot TR. 1996. Ability of experimentally 

infected chickens to infect ticks with the Lyme disease spirochete, Borrelia 

burgdorferi. Am J Trop Med Hyg 54:294–298. 

Randolph SE, Storey K. 1999. Impact of microclimate on immature tick-rodent host 

interactions (Acari: Ixodidae): Implications for parasite transmission. J Med 

Entomol 36:741–748. 

Scott JD, Anderson JF, Durden LA. 2012. Widespread dispersal of Borrelia burgdorferi-

infected ticks collected from songbirds across Canada. J Parasitol 98:49–59. 



110 
 

Scott JG, Lovallo MJ, Storm GL, Tzilkowski WM. 1998. Summer habitat use by ruffed 

grouse with broods in central Pennsylvania. J Field Ornithol 69:474–485. 

Svoboda FJ, Gullion GW. 1972. Preferential use of aspen by ruffed grouse in northern 

Minnesota. J Wildl Mgmt 36:1166–1180. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Curriculum Vitae  

Douglas T. Munn, AWB® 

Associate Wildlife Biologist® 

Education 

 2020 MSc in Environmental Management University of New Brunswick  

 2017  BSc in Wildlife Ecology University of Maine  

 2014  A.A.S. in Nat. Res. Cons.  Morrisville State College 

 

Publications 

2020 

Guillot, C., J. Badcock, C. Bouchard, J. Cram, K, Clow, S. Dergousoff, A., … P. 

Leighton. 2020. Sentinel surveillance of Lyme disease risk in Canada, 2020: results 

from the first year of the Canadian Lyme Sentinel Network (CLSN).  

Conference Presentations 

2019 

Munn, D. T., J. Badcock, L. R. Lindsay, J. J. Nocera. Pathogenic ticks are becoming 

established in New Brunswick and ruffed grouse refuse to take blame. Atlantic 

Society of Fisheries and Wildlife Biologists Annual General Meeting, Western 

Shore, Nova Scotia, CA 

Munn, D. T., J. J. Nocera. Quantifying the effects of vector-borne pathogens on 

movement patterns in avian host communities in New Brunswick, Canada. 

Graduate Research Seminar, University of New Brunswick, Fredericton, New 

Brunswick, CA 

2018  

Munn, D. T., J. Badcock, L. R. Lindsay, J. J. Nocera. Ruffed and spruce grouse as 

potential intermediaries in recent localized range expansion of pathogenic 

blacklegged ticks in New Brunswick, Canada. Atlantic Society of Fisheries and 

Wildlife Biologists Annual General Meeting, Corner Brook, Newfoundland, CA 

Munn, D. T., J. Badcock, L. R. Lindsay, J. J. Nocera. Assessing blacklegged tick (Ixodes 

scapularis) range expansion in New Brunswick, Canada. 3rd Biennial Maritime 

Tick and Tick Vectored Disease Research Conference, Sackville, New 

Brunswick, CA 

Munn, D. T., J. Badcock, L. R. Lindsay, J. J. Nocera. Evaluating the Range Expansion of 

Blacklegged Ticks and Risk of Tick Borne Pathogen Exposure in New 

Brunswick, Canada. University of New Brunswick Graduate Research 

Conference, Fredericton, New Brunswick, CA (Poster) 



 
 

2017  

Munn, D. T., J. Badcock, L. R. Lindsay, J. J. Nocera. Ruffed and Spruce Grouse as 

potential intermediaries in recent localized range expansion of blacklegged ticks 

in New Brunswick, Canada. Atlantic Society of Fisheries and Wildlife Biologists 

Annual General Meeting, Moncton, New Brunswick, CA 

Academic Scholarships, Grants, and Awards 

2020 G. R. Underwood Graduate Scholarship in Forest Entomology  

2020  Fraser Inc. Paper Presentation Prize in Forestry  

2020 University of New Brunswick Graduate Bursary  

2019  Fraser Inc. Paper Presentation Prize in Forestry   

2019  George and Ellen MacGillivray Scholarship in Entomology and Forest 

Improvement 

2018 G. R. Underwood Graduate Scholarship in Forest Entomology  

2018  George and Ellen MacGillivray Scholarship in Entomology and Forest 

Improvement 

2017  G. R. Underwood Graduate Scholarship in Forest Entomology  

2017  George and Ellen MacGillivray Scholarship in Entomology and Forest 

Improvement 

2017 Atlantic Society of Fisheries and Wildlife Biologists – 2nd Place Best Oral 

Presentation 

2016  New England Outdoor Writers Association Scholarship  

2016 Department of Wildlife, Fisheries, and Conservation Biology – Distinguished 

Student Award  

2016 Next Generation Foundation Non-Traditional Student  

2016 Frederick and Marianne Hill Scholarship  

2016  Penobscot County Conservation Association Scholarship  

2015 University of Maine Grant Scholarship  

2015 Taverner Non-Traditional Student Scholarship  

2015 Marcus L. Urann Fund Scholarship  

2014 University of Maine General Scholarship  

2014 University of Maine Grant  

 


