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ABSTRACT 

 

THE ECOLOGY OF BAYLISASCARIS PROCYONIS IN ONTARIO, CANADA 

  

Shannon French 
University of Guelph, 2020  
 

Advisor(s): 
Dr. Claire Jardine 
Dr. David Pearl  

Raccoons (Procyon lotor) are a successful urban adapter species that carry numerous pathogens 

of public health and veterinary significance. One such pathogen is the zoonotic roundworm 

Baylisascaris procyonis, the larval stage of which can cause disease in >150 species of birds and 

mammals including humans. This thesis investigated the ecology and epidemiology of B. 

procyonis in Ontario. Knowing that the larval stage of the parasite can cause neurological disease 

in a wide variety of host species, I performed a retrospective analysis of causes of morbidity and 

mortality in Ontario rodents and lagomorphs to determine the impact of this parasite in the 

province. The most common diagnosis across all species was encephalitis consistent with neural 

larval migrans, and the odds of this diagnosis were significantly greater for groundhogs 

(Marmota monax) than other species investigated. After establishing the parasite as a common 

cause of mortality, I performed a literature review to identify knowledge gaps and 

inconsistencies regarding host and environmental risk factors associated with B. procyonis in 

raccoons.  Using a data set of 1539 raccoons submitted to the Canadian Wildlife Health 

Cooperative between 2013 and 2016, I investigated the influence of host factors, human 

population size, and predominate human land use type on B. procyonis infection in raccoons, 

finding previously reported associations and several interactions between variables. I then used 



 

spatial, temporal, and spatio-temporal scan statistics to identify regions and time periods with 

high or low clusters of infection prevalence, identifying a spatial and space-time cluster that 

included a portion of the greater Toronto area. With this knowledge, I performed an additional 

risk factor analysis using raccoons submitted to the Canadian Wildlife Health Cooperative from 

Toronto examining specific environmental factors and their association with infection 

prevalence. Many identified relationships were non-linear or involved interactions with host 

factors, emphasizing the complexity of host-pathogen-environment relationships. This thesis 

adds to the current understanding of the ecology of B. procyonis, particularly with respect to the 

associations between environmental factors and infection. It also demonstrates an approach to 

investigating environmental factors at multiple scales which can be applied to other host 

pathogen systems.
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1 Introduction & Research Objectives 

Wildlife pathogens are important, not only because they have the potential to threaten wildlife 

populations directly, but also because many wildlife-associated pathogens are zoonotic 

(transmitted to humans) or infective to domestic animals (Brearley et al., 2013).  Despite the 

negative global health, economic, and ecological effects of zoonotic pathogens, there is limited 

knowledge about the occurrence and ecology of many wildlife-associated pathogens (Murray 

and Daszak, 2013; Salkeld et al., 2013) and this lack of knowledge restricts our ability to respond 

to and control disease outbreaks when they occur (Murray and Daszak, 2013; Vander Wal et al., 

2014).  For example, in the United Kingdom, culling of wild badgers to control bovine 

tuberculosis actually resulted in an increase in infection prevalence in both badgers and cattle, by 

altering social dynamics and increasing badger relocation (Woodroffe et al., 2006). Improving 

our understanding of these pathogens and their hosts is particularly important given that more 

than 60% of emerging human diseases originate in animals and three quarters of these pathogens 

emerge from wildlife (Morens and Fauci, 2013).  

Human development and landscape alteration has brought people into close proximity with 

natural environments increasing the potential for interactions between humans, domestic 

animals, and wildlife (Polley, 2005; Karesh et al., 2012; Cupertino et al., 2020), and creating new 

opportunities for pathogen spillover (Sokolow et al., 2019). As anthropogenic land use change 

encompasses a wide variety of alterations, such as habitat conversion, construction of impervious 

surfaces like buildings and roads, and agriculture, there is no clear answer on how it influences 

pathogen transmission in wildlife.  Modified and disturbed environments have been associated 

with an increase in disease prevalence in some cases, for example Toxoplasma gondii infection 

in woodchucks (Lane et al., 2011; Brearley et al., 2013; Murray et al., 2019), but a decrease in 

others such as Echinococcus multilocularis in urban foxes (Mackenstedt et al., 2015).   

In addition to altering the human-wildlife interface, anthropogenic landscape change can alter 

wildlife community structure, introduce non-native species, and in some cases decrease overall 

biodiversity (Bradley and Altizer, 2007) Despite this, for a subset of species, these environments 

can provide novel, resource rich habitats resulting in significant population growth (Mackenstedt 

et al., 2015; Haverland and Veech, 2017; El-Sabaawi, 2018). These animals, known as urban 
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adapters (if they utilize anthropogenic resources) or urban exploiters (if they are dependent on 

urban resources), are often found in high densities in human-modified environments, which can 

dramatically increase their contact rates with humans and domestic animals, and thus the 

potential for transmission of pathogens (Rodewald and Gehrt, 2014; Mackenstedt et al., 2015; 

Rothenburger et al., 2017). Moving forward, understanding how disease ecology is affected by 

human-modified environments is especially important in order to mitigate disease risk (Daszak et 

al., 2001; Bradley and Altizer, 2007).  

An example of a very successful urban adapter species is the raccoon (Procyon lotor), a 

dexterous, generalist omnivore, which has successfully extended its geographic distribution to 

include heavily populated cities, and two additional continents (Gross et al., 2012; Kazacos, 

2016; Haverland and Veech, 2017; Lassnig et al., 2020). One of the most abundant carnivores 

(i.e., order Carnivora) in urban North America, raccoons make extensive use of human modified 

environments for food and denning resources, often living in very close proximity to humans, 

such as in urban backyards (Page et al., 2009; Hadidan et al., 2010; Bateman and Fleming, 

2012). In addition to being incredibly resourceful, raccoons are at times considered a nuisance 

animal and harbor many pathogens of public health and veterinary concern, including an 

emerging zoonotic parasite: Baylisascaris procyonis, the raccoon roundworm (Sorvillo et al., 

2002; Prange et al., 2003; Gehrt, 2004).  

1.1 Baylisascaris  

Baylisascaris procyonis is one of ten members of the genus Baylisascaris, first described by 

Sprent (1968) while reclassifying ascarid species. This family of large roundworms primarily 

infect carnivores, such as skunks (Mephitis mephitis), bears (Ursus arctos, U. americanus) and 

badgers (Taxidea taxus; Kazacos, 2016). Hosted by raccoons, B. procyonis is the best understood 

and most well researched of the Baylisascaris species, and is considered the most pathogenic 

species in this genus (Tiner, 1953; Sprent, 1968; Kazacos, 2016; Sapp et al., 2017). Furthermore, 

the larval stage has been implicated in cases of ocular and neurological disease in both humans 

and a diversity of animals, which is of particular concern given the ubiquity of its host, the 

raccoon (Kazacos, 2016).   
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1.1.1 Life Cycle of Baylisascaris procyonis  

Baylisascaris procyonis is a facultatively heteroxenous intestinal helminth that uses the raccoon 

as its definitive host (Kazacos, 2016). Eggs are shed into the environment in raccoon feces, but 

are not immediately infective; they must embryonate, developing to a third stage larva, a process 

that takes a minimum of 11-14 days (Lindquist, 1978; Smyser et al., 2015; Kazacos, 2016). 

These eggs are tolerant to heat and cold and can remain viable for years in most environmental 

conditions (Page et al., 1998; Shafir et al., 2011). 

The adaptive ability of the raccoon means that a wide variety of environments including large 

cities and agricultural areas potentially have infective eggs (Page et al., 2011). Raccoons 

generally defecate into latrines, a preferred site utilized by multiple animals, located in places 

such as the base of trees, fallen logs, and in or on human structures, like sheds (Page et al., 1998; 

Kazacos, 2016; Thornton et al., 2020). Compounding this concentrated contamination, infected 

raccoons are capable of shedding millions of eggs a day; concentrations as high as 256,700 

eggs/g of feces have been reported (Kazacos, 2001). Latrine use allows for accumulation of 

contaminated feces and consequently large numbers of B. procyonis eggs in the environment 

(Smyser et al., 2015). As eggs are incredibly resilient in the environment, latrines can remain 

infective for years even after they are abandoned making them important continuing sources of 

infection for paratenic hosts (Kazacos, 2001; Hirsch et al., 2014; Smyser et al., 2015).  

Raccoons can be infected with B. procyonis through one of two processes (Figure 1.1). Young 

raccoons ingest eggs directly from the environment and develop a patent intestinal infection after 

roughly 60 days (Kazacos, 2001). As they age, raccoons appear to become less susceptible to 

direct infection, and become infected through ingestion of paratenic hosts (Reed et al., 2012; 

Kazacos, 2016). When a rodent or other animal ingests infective eggs, typically while foraging 

for seeds in raccoon latrines, the larvae migrate out of the intestine, throughout the body and 

become encysted in various tissues (Page et al., 1998; Kazacos, 2016). Encysted larvae are 

readily infective to the raccoon. Thus, after ingestion of the paratenic host, larvae mature in the 

raccoon's intestine and the host will begin shedding eggs into the environment in just over a 

month (Kazacos and Boyce, 1989).  
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1.2 Disease in Animals 

Typically, the adult stage of B. procyonis does not produce clinical disease in raccoons (Kazacos, 

2016), but heavy burdens have been associated with intestinal impactions (Stone, 1983; Carlson 

and Nielsen, 1984). In contrast, the larval stage of B. procyonis is known to infect more than 150 

species of birds and mammals (Kazacos, 2016). Historically, rodents and birds were referred to 

as intermediate hosts, but because these hosts are not required for larval development they are 

more accurately classified as paratenic hosts (i.e., those not required for parasite development, 

but capable of maintaining the lifecycle; Kazacos, 2016).  

In paratenic hosts, disease can occur as a result of aggressive larval migration. Visceral larva 

migrans (VLM) typically results in granuloma formation in tissues throughout the body and can 

result in localized inflammation and associated disease depending on the site of migration 

(Graeff-Teixeira et al., 2016). More clinically severe disease results from neural larva migrans 

(NLM), in which the larvae migrate into the nervous system and brain (Kazacos, 2016). Also 

referred to as raccoon roundworm encephalitis, NLM often result in severe neurological 

dysfunction or death, and a single larva can be sufficient to kill a mouse (Tiner, 1953). The 

effects of NLM can extend beyond the individual animal to exert pressure on small and isolated 

populations. One such example is the Alleghany woodrat (Neotoma magister), whose population 

and range decline, first observed in the 1970s, is believed to be associated with B. procyonis 

infection (LoGiudice, 2003; Page et al., 2012). 

Small rodents, particularly Peromyscus spp. mice, are thought to play an important role in 

maintaining infections in adult raccoons (Beasley et al., 2013), but many other animals can fill 

this role (Kazacos, 2016). For example, Weinstein (2017) found that black rats (Rattus rattus) 

carry over 100 times the B. procyonis larvae as mice from the same area after controlling for 

weight. Thus, given that raccoons are known to scavenge, rats may be an additional source of B. 

procyonis infections in raccoons (Hager et al., 2012; Olson et al., 2016; Weinstein, 2017).  

Clinical cases of NLM have been reported in many zoological facilities, contributing to our 

knowledge about the diversity of affected species (e.g., Campbell et al. 1997; Hanley et al. 2006; 

Thompson et al. 2008). Research suggests that rodents, lagomorphs, primates, and birds may be 
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most sensitive to infection with the larval parasite, whereas cases are rare in ungulates. 

Experimental infections have not been successful in cats (Kazacos and Boyce, 1989; Miyashita, 

1993; Kazacos, 2016). Kazacos (2016) provides a current list of all reported paratenic and 

aberrant hosts. 

1.2.1 Dogs as a special case 

Domestic dogs present a unique situation as potential hosts. Dogs with NLM have been reported 

as early as the 1980s, with recent reported cases in puppies resulting in progressive neurological 

disease and subsequent euthanasia (Thomas, 1988; Hazlett et al., 2018; Barnes Heller et al., 

2019). Additionally, there are reports of patent adult B. procyonis infections in dogs from 

multiple states and provinces in North America (Bowman, 2000). Patent infections have also 

been experimentally induced, although success rates are typically low and generally require 

ingestion of larvae in paratenic hosts as opposed to eggs (Miyashita, 1993; Bowman et al., 2005; 

Reinemeyer et al., 2008; Sapp et al., 2020). 

In a nation-wide coprological survey of dogs in the United States looking at over 9 million 

samples, Yabsley and Sapp (2017) identified a B. procyonis infection prevalence of 0.005%. 

Although low, this provides evidence of egg shedding, either through natural infection or 

secondary to coprophagy, in animals with close contact to people (Yabsley and Sapp, 2017). 

Patent infections in dogs provide an additional potential route for human exposure as many 

people live with or near domestic dogs and these animals are indiscriminate defecators (Kazacos, 

2001). 

1.3 Disease in Humans 

Baylisascaris procyonis is a rare zoonosis in humans; however, it can have severe consequences.  

Of the 35 cases of significant neurological disease (NLM) reported in the literature, 89% resulted 

in permanent neurological deficits or death (Kazacos, 2016; Sircar et al., 2016; Clark et al., 2017; 

Kawakami et al., 2017; Zhang et al., 2017; Muganda, 2018; Dunbar et al., 2019). Human cases 

are most common in small children, as well as individuals with developmental disabilities, 

particularly those with a history of pica, and close to 70% of all reported cases come from the 
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Great Lakes region of North America (Graeff-Teixeira et al., 2016; Kazacos, 2016). It is quite 

likely, however, that there are many more cases of NLM than those reported in the literature. 

Baylisascariasis is not a reportable disease and, in some cases, the encephalitis is likely 

misdiagnosed (Pipas et al., 2014; Kazacos, 2016). 

A second manifestation of infection with the larval stage of B. procyonis is ocular larva migrans 

(OLM), a result of larval migration to the eye. There have been at least 30 cases of OLM 

reported in the literature, often resulting in progressive vision loss and/or blindness (Kazacos, 

2016; Sircar et al., 2016; Nash et al., 2017). Similar to NLM, cases were most often identified in 

the Great Lakes region (53%); an additional 16% occurred in California (Kazacos, 2016; Micieli 

et al., 2016; Sircar et al., 2016; Kalevar and Jumper, 2017). Additional cases have been identified 

in Germany, Austria, and the United Kingdom (Kazacos, 2016; Curragh et al., 2018).  

Furthermore, recent evidence lends strong support to the existence of asymptomatic 

seroconversion; multiple studies have demonstrated 7% seroprevalence of B. procyonis in 

various subpopulations (children, wildlife rehabilitators, and healthy adults) all of whom were 

clinically asymptomatic (Brinkman et al., 2003; Sapp et al., 2016; Weinstein et al., 2017). 

However, it is unclear whether these individuals were only exposed to the parasite, representing 

historic or cleared infections, or if ongoing subclinical infections exist.  

1.4 Known Distribution and Prevalence of Baylisascaris procyonis  

Baylisascaris procyonis was first identified in a captive raccoon from a zoo in New York in 1933 

(McClure, 1933). This roundworm is a widespread parasite with near global distribution. 

Considered enzootic throughout North America, the range of B. procyonis extends widely across 

the continent following that of its host, the raccoon (see IUCN; Timm et al., 2016). Additionally, 

the parasite has been introduced to Europe and Asia through the translocation of raccoons for 

trapping and hunting, zoological institutions, and the exotic pet trade (Kazacos, 2016).  

1.4.1 North America  

Currently, B. procyonis is believed to be found throughout North America, with dramatically 

varied prevalence; the highest prevalence found in a raccoon surveillance study was 86% in 
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Illinois and 100% of latrines sampled in California were positive for B. procyonis (Snyder and 

Fitzgerald, 1987; Evans, 2002). Historically, the range was believed to extend only as far south 

as northern Georgia, and to exclude the southwestern United states, however, as Hernandez et 

al., (2013) acknowledge, many of the previous studies that did not detect raccoon roundworm are 

historical and as the range of both raccoons and their parasites grows, may no longer be reliable. 

For example, B. procyonis has recently been identified in Costa Rica and Louisiana (Baldi et al., 

2016; Straif-Bourgeois et al., 2020) and range expansions have also been documented in Texas 

and Florida, areas that were previously considered free of B. procyonis (Kerr et al., 1997; 

Blizzard et al., 2010). This apparent range expansion emphasizes the importance of continued 

surveillance.  

Within Canada, B. procyonis has been reported in British Columbia, Saskatchewan, Manitoba, 

Ontario, Quebec, Nova Scotia, New Brunswick and Prince Edward Island, with the highest 

prevalence (61%) in southwestern British Colombia (Anderson and Mills, 1991; Ching et al., 

2000; Wirsing et al., 2007; Sexsmith et al., 2009; Conboy et al., 2010; Jardine et al., 2014, Scott 

et al., unpublished data in Kazacos, 2016). Within Ontario, the infection prevalence has been 

estimated at roughly 40% in raccoons, and 23% of raccoon latrines in southwestern Ontario 

contained Baylisascaris spp. eggs (Cranfield et al., 1984; Jardine et al., 2014; Thornton et al., 

2020). This established presence of the parasite both in raccoons and in the environment 

warrants further epidemiologic investigation.  

Prevalence of the parasite can range widely within states or provinces. For example, in Texas, 

prevalence can vary significantly; Kresta et al. (2010) found that prevalence varied from 0 to 

24% across different regions of the state, and Kerr et al. (1997) identified a 70% prevalence in 

the south along the Gulf coast. Even in smaller areas such as Ohio, prevalence varies from 25 to 

54% (Dubey, 1982; Ingle et al., 2014). It is probable that this variation in prevalence is based 

upon differences in environmental factors, raccoon population distributions and available food 

sources; however, when comparing studies time period of collection should be considered as 

prevalence of B. procyonis varies seasonally with significantly higher infection prevalence 

consistently identified in the fall  (Kresta et al., 2010; Kazacos, 2016).  
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1.4.2 Europe  

Raccoons were introduced into Germany as early as the 1920s in order to provide additional 

hunting opportunities; later introductions occurred in Russia, Poland, and Belarus (Popiołek et 

al., 2011; Beltrán-Beck et al., 2012). Now successfully established in western Europe, the wild 

population has been growing rapidly since the 1980s and is largest in Germany (Bartoszewicz et 

al., 2008). The introduction and expansion of this North American mammal consequently lead to 

the introduction of its parasites as well. Baylisascaris procyonis was first observed in Poland in 

1951 (Stefański and Žarnowski, 1951 as cited in Kazacos, 2016). Recent studies in Poland 

identified a prevalence between 3 and 4% (Bartoszewicz et al., 2008; Popiołek et al., 2011). The 

parasite has also been identified in the Czech Republic, Denmark, and the Netherlands (Al-Sabi 

et al., 2015; Kazacos, 2016). In Germany, B. procyonis has established as a significant zoonotic 

risk with prevalence in raccoons ranging from 39-80%; this parallels the prevalence found in 

North America (Hohmann et al., 2002; Kazacos, 2016; Rentería-Solís et al., 2018).  

Illegal importations of captive animals have also led to inadvertent introductions of raccoons and 

potentially B. procyonis to previously uncolonized areas. For example, in Norway, two raccoons 

escaped from a farm into an area previously without raccoons or B. procyonis (Davidson et al., 

2013). As the remaining raccoons on the farm were infected with B. procyonis, it is likely that 

the escapees were also infected. These unexpected environmental exposures could potentially 

spread the parasite to other wildlife, as well as to dogs. A similar situation could occur in 

Romania, where 33% of raccoons kept in zoological facilities are positive; release or escape 

could lead to possible introduction of the parasite to the environment (Darabus et al., 2014). It is 

likely that as the range of raccoons continues to spread throughout Europe, the raccoon 

roundworm will be identified in more regions.  

1.4.3 Asia  

Raccoons were brought to Japan for the exotic pet trade and the high demand has resulted in 

more than 20 000 animals being brought into the country since the 1970s (Miyashita, 1993). 

Despite the establishment of free ranging populations following escape or intentional release, B. 

procyonis has never been identified in wild Japanese raccoons (Miyashita, 1993; Matoba et al., 
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2006; Sato and Suzuki, 2006; Kazacos, 2016). The parasite has, however, been identified in 40% 

of raccoons in zoological institutions and 8% of pet raccoons, representing a significant risk for 

human exposure and thus disease (Miyashita, 1993). Additionally, the parasite has been 

identified in 13% of free ranging raccoons within zoological gardens in China. Although not 

wild, these animals have the potential to contaminate the environment and are often in close 

contact with humans (Xie et al., 2014).  

1.5 Risk Factors for Baylisascaris procyonis Infection in Raccoons 

An understanding of the host and environmental factors associated with B. procyonis infection 

prevalence is important for the development of disease surveillance, management, and 

prevention strategies. Research has identified host age and season of sample collection as 

important factors influencing infection; infection prevalence is highest in juvenile raccoons 

compared to adults (Noce et al., 2007; Kazacos, 2016), and when samples are collected in fall as 

compared to any other season (Page et al., 2016; Weinstein, 2016). Occasionally, other factors 

such as coinfection with additional parasites have been examined as potential risk factors (Smith 

et al., 1985; Ingle et al., 2014). For example, Ingle et al. (2014) found that the presence of 

cestodes was positively associated with the presence of B. procyonis. Investigation into the role 

of anthropogenic land use change (i.e., urban and rural environments) has found inconsistent 

relationships between infection prevalence and various environments, indicating an area that 

would benefit from further research. See chapter 2 for a detailed review of the current 

understanding of risk factors for infection in raccoons. 

1.6 Study Rationale  

Despite many descriptive studies on B. procyonis, work on the ecology of B. procyonis, 

specifically related to the epidemiology of infections in raccoons, as well as the diversity of 

paratenic hosts is incomplete, particularly in Canada. Often research into zoonotic parasites is 

limited since infections with these organisms are associated with far fewer disease outbreaks and 

lower human mortality rates compared to infections with many zoonotic bacteria and viruses 

(Polley, 2005). Given the diverse range of paratenic hosts used by B. procyonis, I investigated 

the contribution of B. procyonis associated NLM to rodent and lagomorph mortality in the 
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province. Further, as the larval stage of B. procyonis is a zoonosis, with two reported cases of 

NLM in Ontario since 2000 (Hajek et al., 2009; Graeff-Teixeira et al., 2016), I also investigated 

the ecology of B. procyonis in raccoons from Ontario. Specifically, I focused on identifying host 

and environmental factors associated with the prevalence and intensity of infections with B. 

procyonis in raccoons. As our understanding of the parasite in Ontario is currently restricted to 

short term studies (Cranfield et al. 1984; Jardine et al. 2014), a data set spanning four years 

allowed me to investigate spatial and temporal trends, in addition to the overall geographic 

distribution and presence of infection clusters. Having a complete understanding of the ecology 

of a pathogen of public health and veterinary significance is crucial for the control and 

management of associated disease. 

1.7 Research Objectives 

1. To quantify the role B. procyonis may play in the mortality of Ontario rodents and 

lagomorphs. (Chapter 2). 

2. To conduct a detailed literature review describing the current understanding of 

environmental and host risk factors for B. procyonis infection in raccoons (Chapter 3). 

3. To determine the overall and seasonal prevalence of B. procyonis infection in wild 

raccoons in Ontario over multiple years as well as to identify significant host and 

environmental risk factors influencing the prevalence and intensity of B. procyonis 

infection in wild raccoons in Ontario (Chapters 4 and 6). 

4. To determine the geographic distribution of, and identify any spatial clusters of, B. 

procyonis infection in wild raccoons in Ontario (Chapter 5).  
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1.8 Figure 

Figure 1.1: Lifecycle of Baylisascaris procyonis. 
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2 Morbidity and mortality in Ontario rodents and lagomorphs: A 
30-year retrospective review 

A version of this chapter was submitted to Journal of Wildlife Diseases on June 12, 2020 as: 

French SK, Pearl DL, Stevens B, Peregrine AS, Jardine CM. Morbidity and mortality in Ontario 

rodents and lagomorphs: A 30-year retrospective review. 

2.1 Abstract  

Passive surveillance is an important component of wildlife health surveillance that allows for the 

identification of emerging pathogens as well as population-level threats. We investigated the 

most common causes of morbidity and mortality in rodents and lagomorphs submitted to the 

Canadian Wildlife Health Cooperative (CWHC) in Ontario and the Ontario Veterinary College 

(OVC) over a 30-year period. Eight hundred and thirty-six cases representing thirteen species of 

rodents and three species of lagomorph were submitted to the CWHC and the OVC wildlife 

pathology service. Infectious/inflammatory diagnoses were most common in our data set (37%), 

followed by trauma (23%) and unknown diagnoses (17%). The most frequently identified 

primary diagnosis was encephalitis with histological lesions consistent with neural larva migrans 

(NLM) including the presence of inflammation and malacia of brain tissue, and in some cases, 

characteristic nematode larvae. Other infectious diagnoses were squirrel pox virus and 

Toxoplasma gondii. Using a mixed multivariable logistic regression model, we identified that the 

odds of receiving an infectious diagnosis were significantly greater for male animals than 

females, for animals submitted by a wildlife rehabilitator compared to those submitted by 

government agencies or members of the public, and for groundhogs (Marmota monax)  

compared to all other species submitted except for porcupines (Erethizon dorsatum). Knowledge 

of common pathogens observed in various species of rodents and lagomorphs can aid in triage 

and treatment decisions at veterinary clinics and wildlife rehabilitation centres, as well as guide 

sample collection and test requisition at post-mortem examination. 
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2.2 Introduction 

Passive surveillance is an important part of assessing and maintaining wildlife health 

(Stallknecht, 2007; Hoinville et al., 2013). Utilizing databases containing information on 

submissions of animals for post-mortem evaluation allows for retrospective analysis of disease 

emergence as well as monitoring for species-specific and ecosystem-health trends (Smith et al., 

2018). Some species, such as birds of prey, are frequently assessed through such approaches 

(Morishita et al., 1998; Wendell et al., 2002; Smith et al., 2018); however, published data on 

causes of morbidity and mortality in wild rodents and lagomorphs are limited. Instead, these 

species are often examined from the perspective of determining prevalence estimates for specific 

pathogens of public health significance (e.g., Francisella tularensis, Yersina pestis, Ehrlichia 

equi; Bunnell et al. 1998; Wobeser et al. 2009).  

Although focusing surveillance on zoonotic pathogens is common (Belant and Deese, 2010; 

Grogan et al., 2014), understanding the suite of infectious agents affecting wildlife is important. 

In addition to identifying new and emerging diseases of medical and veterinary concern, some 

diseases can have significant population-level effects, particularly for isolated or endangered 

species (Morner et al., 2002; Ryser-Degiorgis, 2013). One such pathogen is Baylisascaris 

procyonis; the larval stage of this parasite has been implicated in the extirpation of the Allegheny 

woodrat (Neotoma magister) from portions of its range in the United States (LoGiudice, 2003; 

Page, 2013).  The larval stage of B. procyonis has also been reported to cause neurological 

disease in more than 150 species of birds and mammals, including humans (Kazacos, 2016). This 

parasite, which is highly pathogenic in many small vertebrates (Tiner, 1953b; Sapp et al., 2016), 

undergoes extensive somatic migration after ingestion by paratenic hosts, often migrating to the 

central nervous system and causing significant damage, a condition referred to as neural larva 

migrans (NLM; Kazacos 2016). Rodents, particularly Peromyscus spp. mice, are often 

considered to play an important role in the lifecycle of B. procyonis, acting as paratenic hosts 

(Page et al., 2001; Kazacos, 2016). Investigating infectious causes of morbidity and mortality in 

rodents would allow us to better quantify the role this parasite plays in the mortality of Ontario 

rodents and lagomorphs. 
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We used 30 years of post-mortem surveillance data to identify causes of morbidity and mortality 

in rodents and lagomorphs in Ontario. Through this retrospective analysis, we aimed to 

determine the most common primary diagnoses of rodents and lagomorphs, and to then identify 

specific infectious causes of morbidity and mortality. We also investigated the frequency and 

causes of neurological disease to determine the role NLM plays in rodent and lagomorph 

mortality in Ontario. This information could help inform wildlife rehabilitators, veterinarians, 

and pathologists in making triage and diagnostic decisions, as well as potentially developing 

standard protocols for specific species or clinical signs. 

2.3 Methods 

We reviewed post-mortem diagnostic reports for all rodents and lagomorphs submitted to the 

Ontario-Nunavut node of the Canadian Wildlife Health Cooperative (CWHC) from 1991 to 

2018, as well as the Ontario Veterinary College (OVC) Wildlife Pathology Service from 1989 

and 1990. Carcasses were submitted from a variety of sources including government agencies, 

wildlife rehabilitation centers, private citizens, and veterinary clinics. In addition to necropsy 

reports and ancillary testing as indicated (e.g., histopathology, virus isolation, bacterial culture), 

reports also contained demographic information including age (i.e., adult or juvenile), sex, 

location found, date of death/discovery, and case history when available. All slide preparation 

and ancillary tests were performed at the Animal Health Laboratory, University of Guelph, with 

the exception of some toxicological panels performed at the Michigan State University 

Diagnostic Center for Population and Animal Health. We excluded cases if the species was not 

reported or a complete necropsy was not performed. We specifically noted cases which did not 

have tissues examined histologically as they could not be included in some detailed analyses. 

Within each report, a pathologist provided a primary and, in some cases, additional causes of 

morbidity/mortality on the basis of gross pathology, history, and ancillary testing as appropriate. 

In cases where a postmortem diagnosis could not be determined, the diagnosis was classified as 

“unknown”.  

When available, the following background information was recorded for each case: age, sex, date 

of death, and date of submission. For most necropsy reports, the municipality or township of 

collection was provided; animals were classified by region and district as used by the Ontario 
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Ministry of Natural Resources and Forestry (OMNR; Ministry of Natural Resources and Forestry 

2014). We generated a submitter ID and recorded the general submitter type (wildlife 

rehabilitation, public or government) to allow us to investigate and control for the influence of 

different submission sources. We also recorded whether the animal received treatment prior to 

submission, and whether it was euthanized. Species were classified as small (<150g), medium 

(150g – 1kg), or large (>1kg) based on the average body mass for the species (Reid, 2006) to 

determine any associations between body size and diagnoses. 

Initially we categorized the primary diagnosis, the cause of death or major morbidity, for each 

animal as infectious, non-infectious, or unknown. We then classified the diagnosis as one of 

seven categories: infectious/inflammatory, trauma, emaciation, toxin, other, unknown or normal. 

The specific diagnosis was recorded using consistent terminology. Additionally, we recorded the 

presence or absence of other diagnoses, subdividing infectious/inflammatory lesions into 

bacterial, fungal, viral, parasitic, and suspected infection (infectious etiology not confirmed by 

additional testing). Given our specific interest in neurological disease associated with NLM, for 

all animals with histological reports, we indicated the presence of a lesion consistent with NLM, 

whether ascarid larvae were visualized in brain tissue, and if the primary diagnosis was 

consistent with NLM (i.e., if NLM was the apparent cause of death based on final diagnosis and 

pathologist interpretation. In some cases, these lesions were identified incidentally during 

histological examination of tissues). Consistent lesions include areas of malacia within the 

neuropil, which are often associated with inflammation (typically macrophages and eosinophils) 

and gliosis.  Characteristic nematode larvae are seen in occasional cases. 

We determined the percentage of cases that were assigned each primary diagnosis for the total 

number of animals submitted and by each species individually. Multivariable logistic regression 

models were fitted through backwards elimination using STATA15 (StatCorp, College Station, 

Texas, USA) to evaluate the association between individual demographic and submission factors 

and the infectious etiology diagnosis and of NLM. A variable was retained in the model if it was 

statistically significant or acted as an explanatory antecedent (i.e., a confounding variable). A 

variable was defined as an explanatory antecedent if it was a non-intervening variable and its 

removal resulted in a 30% or greater change of a statistically significant coefficient. We assessed 
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overall model fit using Pearson X2 goodness of fit, and identified potential outliers using Pearson 

residuals and influential observations with the following diagnostics: delta-beta, delta-X2 and 

delta-deviance. We used a significance level of 5% (α = 0.05) for all statistical analyses. Models 

were initially fit with a random intercept for submitter; however, the random intercept was 

removed from the model since the variance component was not significant and was negligible 

(i.e., less than 1x10-10). 

2.4 Results 

2.4.1 Descriptive Statistics 

Our final data set included 836 animals submitted between 1989 and 2018, composed of 700 

rodents and 136 lagomorphs. Rodents and lagomorphs represented less than two percent of all 

submissions to the CWHC between 1991 and 2018. Thirteen species of rodent, and three species 

of lagomorph were included in the database (Table 2.1). The most frequently submitted species 

were eastern grey squirrels (Sciurus carolinensis; 45%, 373/836), eastern cottontails (Sylvilagus 

floridanus; 15%, 128/836) and groundhogs (Marmota monax; 10%, 85/836). Submissions were 

received from throughout Ontario; however, they were not evenly distributed and did not include 

all OMNR districts (Figure 2.1). The age distribution of the cases was roughly equal (adult: 43%, 

juvenile: 42%, unknown: 15%), with more male animals submitted than females (male: 43%, 

female: 33%, unknown: 24%). 

The average number of submissions in a year was 28 (range: 11-81), with the largest number of 

animals being submitted in 2003, and the fewest submitted in 1998. Submissions were most 

frequent in the summer (34%, 284/836) and lowest in the winter (14%, 121/836); spring and fall 

saw similar numbers of submissions (28%, 232/836 and 22%, 183/836, respectively). Thirty-

three percent of the cases were submitted by rehabilitation centres (252/775), and 9% of all 

submissions had received some form of medical treatment prior to submission (78/836). 

Euthanasia was reported in 25% of reviewed cases (211/836); for this reason, we classified 

animals by their primary diagnosis (i.e., the condition that lead to euthanasia) instead of proximal 

cause of death. 



 

28 

 

Infectious and inflammatory conditions were the most frequent type of primary diagnosis 

observed across species (37%, 313/836), with trauma being the second most frequent diagnosis 

(23%, 189/836). In 17% of cases (146/836), no diagnosis could be identified, and these cases 

were classified as unknown (Table 2.2).  

The most frequently identified lesions were parasitic in nature (28%, 195/693), followed by 

lesions associated with bacterial infection (15%, 101/691). Thirty-eight viral-associated lesions 

were documented, as well as three fungal lesions. An additional 52 cases had lesions consistent 

with an infectious process but lacked verification through ancillary testing. Multiple infectious 

lesions caused by different types of pathogens were recorded in 7% of cases (23/313), with the 

most concurrent distinct infectious lesions being three. 

Encephalitis was the most common infectious diagnosis identified, representing 44% (139/313) 

of infectious diagnoses and 17% (139/836) of all cases included in this study.  Ninety percent of 

encephalitis cases had lesions consistent with NLM (125/139), however larvae were only 

identified in 27% of these cases (37/139); the majority of these diagnoses were presumptive 

based on compatible histologic lesions and in some cases the provided history. Other diagnosed 

causes of encephalitis included toxoplasmosis (n=2), and bacterial infection (n=3). Where a 

history was available, neurological signs were reported in 92% of the animals diagnosed with 

encephalitis (109/118). Additionally, lesions consistent with NLM were identified in 64% of 

animals with a parasitic lesion of any kind (presumptive or confirmed; 125/195). 

Other frequently diagnosed infectious pathogens/conditions included: Pasteurella multocida, 

primarily in eastern cottontails (43/313), squirrel fibroma virus in eastern grey squirrels (18/313) 

and toxoplasmosis primarily in eastern grey squirrels (11/313). Additional notable diagnoses 

identified were alveolar echinococcosis associated with Echinococcus multilocularis (n=1), 

Francisella tularensis (n=3), Clostridium piliforme (n=3), and West Nile Virus (n=8). 

2.4.2 Multivariable Models 

For both a primary diagnosis of infectious etiology, and for lesions consistent with NLM, the 

odds of being diagnosed were lower for all species relative to groundhogs; this was statistically 

significant for eastern grey squirrels, eastern cottontails, eastern chipmunks, red squirrels and the 
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other species group in both models (Tables 2.3, 2.4; See Appendix A Tables 1, 2 for univariable 

models). For beavers, the relationship was only significant when looking at the odds of an 

infectious diagnosis (Table 2.3). In both models, male animals had higher odds of a diagnosis of 

an infectious disease or NLM compared to female animals (Tables 2.3, 2.4). We also observed 

that animals were significantly more likely to be diagnosed with an infectious primary diagnosis 

or NLM if they were submitted by a wildlife rehabilitator than if they were submitted by either 

other submission group (Tables 2.3, 2.4). 

2.5 Discussion 

The most frequently recorded primary diagnoses in rodents and lagomorphs submitted to the 

CWHC and the OVC wildlife pathology service between 1989 and 2018 were infectious or 

inflammatory in nature.  Neural larva migrans and the accompanying encephalitis, the most 

frequent specific diagnosis in these species, are typically associated with B. procyonis, and other 

parasites of the same genus (Sheppard and Kazacos, 1997; Kazacos, 2016). Although there are 

few similar studies, NLM, and more specifically B. procyonis, is acknowledged as a frequent 

cause of neurological disease in animals throughout the range of the raccoon definitive host 

(Kazacos et al., 1981; Sheppard and Kazacos, 1997; Tseng, 1997; Furuoka et al., 2003). For 

example, based on examining admission reports for eastern cottontail submission to a wildlife 

rehabilitation center in Minnesota, Santos (2018) suggested that B. procyonis may be a primary 

cause of neurological disease in submitted rabbits.   

The majority of species we identified with NLM lesions have previously been identified as 

potential paratenic hosts for B. procyonis, either from naturally occurring (groundhog, beaver, 

porcupine, eastern cottontail, American red squirrel, eastern grey squirrel, eastern chipmunk) or 

experimental infections (groundhog, laboratory rat [Rattus norvegicus], eastern cottontail, 

eastern grey squirrel, eastern chipmunk; Tiner, 1954; Kazacos, 2016). Additionally, we identified 

lesions in three species for which NLM has not been previously reported: the northern flying 

squirrel, southern flying squirrel, and snowshoe hare (Lepus americanus). 

Reports of NLM in groundhogs appear most frequently in the literature describing this condition 

in rodents and lagomorphs (e.g., Richter and Kradel, 1964; Jacobson et al., 1976; Kazacos et al., 
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1981; Roth et al., 1982), and this was the animal species in our database with the highest number 

of cases and proportional morbidity due to NLM. It is possible that groundhogs are more 

susceptible to Baylisascaris spp. larval migration, but their size and behaviour may contribute to 

the large number of reports: groundhogs are most active during the day and are often found in 

close proximity to humans which may make any abnormal behaviour more likely to be observed 

(Flemming and Caslick, 1978).   

Additionally, controlling for species, we found that male animals had greater odds of being 

diagnosed with both an infectious disease and NLM specifically. Given the known sex-based 

differences in immune function and infection prevalence in mammals, this finding may have a 

biological explanation (Klein and Flanagan, 2016). Alternatively, there may be a behavioural 

component associated with sex that affects the types of mortality events that are most frequently 

found by people. 

Neural larva migrans cases in North America are typically attributed to B. procyonis, but 

histologically the larvae of Baylisascaris spp. cannot be differentiated (Flemming and Caslick, 

1978; McKown et al., 1995; Bugmyrin and Spiridonov, 2019). Diagnosis of the specific species 

is often based on supporting epidemiological evidence, such as the presence of, or history of the 

area being used by, raccoons (Fitzgerald et al., 1991; Kazacos, 2001; Thompson et al., 2008). 

Although B. procyonis is considered the most pathogenic species in rodents (Tiner, 1953a; 

Sprent, 1968; Kazacos, 2016), it is important to recognize that skunks (Mephitis mephitis), 

badgers (Taxidea taxus), and black bears (Ursus americanus) are found in Ontario and their 

associated Baylisascaris spp. (B. columnaris, B. melis, and B. transfuga, respectively) could 

contribute to a subset of these cases. Furthermore, without visualization of individual larvae, 

diagnosis is presumptive based on characteristic histological lesions, so such findings may 

represent infections with other nematode larvae.  

Abnormal behaviour, as well as carcasses, are generally more conspicuous with larger mammals, 

and thus are more likely to be noticed by concerned citizens (Kazacos et al., 1981), whereas 

smaller mammals may not be seen in the environment (Stallknecht, 2007) or may rapidly 

decompose  (Wobeser and Wobeser, 1992). Our data support this, with 40% of submissions 

comprised of animals over 1 kg whereas only 9% of submissions were less than 150g.  
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In addition to bias associated with species submissions, the geographic distribution of our 

submissions was not evenly distributed across Ontario, a bias that becomes more dramatic for 

species with fewer submissions. Ninety-five percent of our submissions were from the OMNR’s 

southern region, and 62% of all submissions came from only two districts: Aurora, which 

includes the Greater Toronto Area, and Guelph, where the Ontario-Nunavut node of the CWHC 

is located. The types of cases submitted are dependent on human observation (Stallknecht, 2007), 

thus it is possible that in unrepresented areas the causes of morbidity and mortality may be 

different from those reported here. Due to a lack specific location data (i.e., GPS points or 

addresses of collection) a finer scale control for geographic distribution could not be performed. 

A large proportion of our submissions (32%) were received from wildlife rehabilitation centres 

which likely influenced the distribution of primary diagnoses we identified. Based on our 

regression model, animals were significantly more likely to be given a diagnosis that was 

infectious in origin if they were submitted by a wildlife rehabilitation centre. These facilities 

would likely not submit cases in which the cause of morbidity or mortality is clear (e.g., trauma) 

and would focus on infectious cases which may have consequences for their captive populations, 

and unusual cases with an unclear pathogenesis. After controlling for submitter type, we still 

identified differences in disease diagnoses by species, indicating the importance of controlling 

for submitter type/source in these types of studies. It is also important to note that receiving a 

large number of submissions from a single source may inflate the perceived importance of a 

specific pathogen and influence descriptive statistics. For example, in our data set a large number 

of eastern cottontails were submitted during an outbreak of Pasteurella multocida at one facility, 

making it the second most frequently diagnosed infectious cause of disease in our database. 

Despite these challenges, passive surveillance is an excellent tool for identifying new and 

emerging pathogens (Morner et al., 2002).  For example, CWHC surveillance data identified E. 

multilocularis infection in a new intermediate host species, and for the first time, in Ontario 

(French et al., 2018).  Passive surveillance is also potentially excellent for identifying rare events 

(Morner et al., 2002).  As such, we identified cases of tularemia (F. tularensis) in beavers, 

Tyzzer’s disease (C. piliforme) in muskrats, and toxoplasmosis (T. gondii) and West Nile virus in 

eastern grey squirrels, which, although identified rarely, are caused by pathogens of public health 
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and veterinary significance. Such discoveries can also provide evidence to guide development of 

future investigations and hazard-specific surveillance. 

Knowledge of common pathogens in different animal species can aid in both treatment decisions, 

as well as sample collection and test requisition during post-mortem examination. Since 

abnormally behaving rodents and rabbits may be submitted as rabies suspects, by reporting other 

pathologies associated with abnormal behaviour, these cases may be examined more frequently, 

leading to a diagnosis (Flemming and Caslick, 1978; Kazacos et al., 1981; Roth et al., 1982).  

The assessment of surveillance data provides information about the natural history of various 

pathogens and their potential importance in the population dynamics of specific species. This, in 

turn, can inform detailed research into disease ecology. Continued identification of the 

conditions observed in wildlife populations is also important for developing and prioritizing 

actions to protect human, domestic animal, and wildlife health (Stephen, 2015). Here we 

presented a retrospective investigation into rodent and lagomorph mortality that was not 

pathogen specific. In addition to identifying rare and new pathogens using this data set, we also 

demonstrated that neurological disease is a common cause of wildlife submission in Ontario and 

that neural larva migrans should be a top differential for such cases. Further, we provided 

evidence that submission source can have significant influence on the findings of passive 

surveillance and should be considered in such investigations. 
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2.6 Tables 

Table 2.1: Demographic information for rodents and lagomorphs submitted to the Ontario-Nunavut node of the Canadian Wildlife 

Health Cooperative and the Ontario Veterinary College for post-mortem evaluation between January 1989 and December 2018 (n = 

836). Section a) includes host factors, section b) includes submission information and section c) includes management decisions. 

a)  

 Age Sex 

Speciesd Adult Juvenile Unknown Female Male Unknown Total 

American Beavera 23 (56%) 6 (15%) 12 (29%) 17 (41%) 16 (39%) 8 (20%) 41 

American Red Squirrelb 18 (39%) 19 (41%) 9 (20%) 16 (35%) 26 (57%) 4 (9%) 46 

Peromyscus sp. Mousec 2 (22%) 2 (22%) 5 (56%) 2 (22%) 5 (56%) 2 (22%) 9 

Eastern Chipmunkc 21 (53%) 11 (28%) 8 (20%) 13 (33%) 18 (45%) 9 (23%) 40 

Eastern Cottontaila 44 (34%) 76 (59%) 8 (6%) 35 (27%) 41 (32%) 52 (41%) 128 

Eastern Gray Squirrelb 170 (46%) 165 (44%) 38 (10%) 115 (31%) 187 (50%) 71 (19%) 373 

European Harea 1 (100%) 0 0 0 0 1 (100%) 1 

Groundhoga 26 (31%) 44 (52%) 15 (18%) 29 (34%) 31 (36%) 25 (29%) 85 

Mus sp. Mousec 1 (25%) 2 (50%) 1 (25%) 0 2 (50%) 2 (50%) 4 

Meadow Volec 3 (43%) 0 4 (57%) 2 (29%) 3 (43%) 2 (29%) 7 

Muskrata 16 (42%) 4 (11%) 18 (47%) 11 (29%) 10 (26%) 17 (45%) 38 

Northern Flying Squirrelc 2 (66%) 1 (33%) 0 2 (66%) 1 (33%) 0 3 

Norway Ratb 4 (50%) 2 (25%) 2 (25%) 0 4 (50%) 4 (50%) 8 
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  Porcupinea 16 (46%) 19 (54%) 0 23 (66%) 11 (31%) 1 (3%) 35 

Snowshoe Harea 5 (71%) 0 2 (29%) 3 (43%) 2 (29%) 2 (29%) 7 

Southern Flying Squirrelc 9 (82%) 2 (18%) 0 5 (45%) 3 (27%) 3 (27%) 11 

Total: 
361  

(43%) 

353  

(42%) 

122  

(15%) 

273  

(33%) 

360  

(43%) 

203  

(24%) 

836 
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b) 

 

  

 Submission Source 

Speciesd 

Wildlife 

Rehab 

Government 

Organization Public Unknown Total 

American Beavera 15 (37%) 17 (41%) 5 (13%) 4 (10%) 41 

American Red Squirrelb 8 (17%) 14 (30%) 20 (43%) 4 (9%) 46 

Peromyscus sp. Mousec 0 4 (44%) 5 (56%) 0 9 

Eastern Chipmunkc 5 (13%) 23 (58%) 12 (30%) 0 40 

Eastern Cottontaila 58 (45%) 7 (5%) 62 (48%) 1 (4%) 128 

Eastern Gray Squirrelb 109 (29%) 100 (27%) 133 (36%) 31 (8%) 373 

European Harea 0 0 1 (100%) 0 1 

Groundhoga 30 (35%) 11 (13%) 37 (44%) 7 (8%) 85 

Mus sp. Mousec 0 1 (25%) 3 (75%) 0 4 

Meadow Volec 2 (29%) 2 (29%) 2 (29%) 1 (14%) 7 

Muskrata 3 (8%) 22 (58%) 11 (29%) 2 (5%) 38 

Northern Flying Squirrelc 0 1 (33%) 2 (67%) 0 3 

Norway Ratb 1 (13%) 1 (13%) 6 (75%) 0 8 

Porcupinea 22 (63%) 0 11 (31%) 2 (6%) 35 

Snowshoe Harea 0 6 (86%) 1 (14%) 0 7 

Southern Flying Squirrelc 0 1 (9%) 6 (55%) 4 (36%) 11 

Total: 
253 

(30%) 

210 

(25%) 

317 

(40%) 

56 

(7%) 

836 
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c) 

 Treatment Prior to Submission Euthanasia  

Speciesd Yes  No Unknown Yes  No  Unknown Total 

American Beavera 6 (15%) 34 (83%) 1 (2%) 10 (24%) 29 (71%) 2 (5%) 41 

American Red Squirrelb 8 (17%) 36 (78%) 2 (4%) 7 (15%) 34 (74%) 5 (11%) 46 

Peromyscus sp. Mousec 0 9 (100%) 0 0 9 (100%) 0 9 

Eastern Chipmunkc 0 39 (98%) 1 (3%) 10 (25%) 29 (73%) 1 (3%) 40 

Eastern Cottontaila 12 (9%) 114 (89%) 2 (2%) 31 (24%) 93 (73%) 4 (3%) 128 

Eastern Gray Squirrelb 29 (8%) 316 (85%) 28 (8%) 83 (22%) 251 (67%) 39 (10%) 373 

European Harea 0 1 (100%) 0 0 1 (100%) 0 1 

Groundhoga 10 (12%) 70 (82%) 5 (6%) 45 (53%) 25 (29%) 15 (18%) 85 

Mus sp. Mousec 0 4 (100%) 0 0 4 (100%) 0 4 

Meadow Volec 1 (14%) 5 (71%) 1 (14%) 2 (29%) 4 (57%) 1 (14%) 7 

Muskrata 2 (5%) 31 (82%) 5 (13%) 2 (5%) 35 (92%) 1 (3%) 38 

Northern Flying Squirrelc 0 3 (100%) 0 1 (33%) 2 (66%) 0 3 

Norway Ratb 0 8 (100%) 0 3 (38%) 4 (50%) 1 (13%) 8 

Porcupinea 9 (26%) 26 (74%) 0 14 (40%) 19 (54%) 2 (6%) 35 

Snowshoe Harea 0 7 (100%) 0 1 (14%) 6 (86%) 0 7 

Southern Flying Squirrelc 1 (9%) 10 (91%) 0 2 (18%) 9 (82%) 0 11 

Total: 
78  

(9%) 

713  

(85%) 

45  

(5%) 

211 

(25%) 

554  

(66%) 

71  

(8%) 

836 
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Percentage contribution to species is provided in brackets. 

Body size was categorized as follows: a Large (>1kg), b Medium (150g – 1kg), c Small (<150g). 
d Scientific names: American Beaver (Castor canadensis), American Red Squirrel (Tamiasciurus hudsonicus), Eastern Chipmunk 

(Tamias striatus), Eastern Cottontail (Sylvilagus floridanus), Eastern Gray Squirrel (Sciurus carolinensis,), European Hare (Lepus 

europaeus), Groundhog (Marmota monax), Meadow Vole (Microtus pennsylvanicus), Muskrat (Ondatra zibethicus), Northern Flying 

Squirrel (Glaucomys sabrinus), Norway Rat (Rattus norvegicus), Porcupine (Erethizon dorsatum), Snowshoe Hare (Lepus 

americanus), Southern Flying Squirrel (Glaucomys volans). 
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Table 2.2: Primary diagnosis assigned to all rodents and lagomorphs submitted to the Ontario-Nunavut node of the Canadian Wildlife 

Health Cooperative and the Ontario Veterinary College for post-mortem evaluation between January 1989 and December 2018 (n = 

837). 

 Infectious Non-Infectious Unknown  

Speciesa 

Infectious/ 

Inflammatory Trauma Emaciation Toxin Other Unknown Normal 

American Beaver 22 (54%) 3 (7%) 9 (22%) 0 3 (7%) 3 (7%) 1 (2%) 

American Red Squirrel 6 (13%) 10 (22%) 10 (22%) 1 (2%) 8 (17%) 11 (24%) 0 

Peromyscus sp. Mouse 2 (22%) 0 0 3 (33%) 0 4 (44%) 0 

Eastern Chipmunk 10 (24%) 16 (40%) 0 5 (13%) 1 (3%) 8 (20%) 0 

Eastern Cottontail 67 (52%) 43 (34%) 7 (5%) 0 5 (4%) 6 (5%) 0 

Eastern Gray Squirrel 98 (26%) 75 (20%) 13 (3%) 47 (13%) 37 (10%) 101 (27%) 2 (1%) 

European Hare 0 1 (100%) 0 0 0 0 0 

Groundhog 66 (78%) 11 (13%) 0 0 5 (6%) 3 (4%) 0 

Mus sp. Mouse 1 (25%) 2 (50%) 0 0 0 1 (25%) 0 

Meadow Vole 1 (14%) 2 (29%) 1 (14%) 0 1 (14%) 2 (29%) 0 

Muskrat 10 (26%) 11 (29%) 5 (13%) 3 (8%) 0 4 (11%) 5 (13%) 

Northern Flying Squirrel 1 (33%) 1 (33%) 1 (33%) 0 0 0 0 

Norway Rat 1 (13%) 3 (38%) 0 4 (50%) 0 0 0 

Porcupine 24 (69%) 3 (9%) 4 (11%) 1 (3%) 2 (6%) 1 (3%) 0 

Snowshoe Hare 3 (43%) 2 (29%) 1 (14%) 0 1 (14%) 0 0 
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Southern Flying Squirrel 1 (9%) 6 (55%) 2 (18%) 0 0 2 (18%) 0 

Total: 313 (37%) 189 (23%) 53 (6%) 64 (8%) 63 (8%) 146 (17%) 8 (1%) 

 

Percentage contribution to species is provided in brackets. 
a Scientific names: American Beaver (Castor canadensis), American Red Squirrel (Tamiasciurus hudsonicus), Eastern Chipmunk 

(Tamias striatus), Eastern Cottontail (Sylvilagus floridanus), Eastern Gray Squirrel (Sciurus carolinensis,), European Hare (Lepus 

europaeus), Groundhog (Marmota monax), Meadow Vole (Microtus pennsylvanicus), Muskrat (Ondatra zibethicus), Northern Flying 

Squirrel (Glaucomys sabrinus), Norway Rat (Rattus norvegicus), Porcupine (Erethizon dorsatum), Snowshoe Hare (Lepus 

americanus), Southern Flying Squirrel (Glaucomys volans). 
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Table 2.3: Multivariable logistic regression model examining the association between demographic and submission factors and being 

given a primary diagnosis that was infectious in nature in rodents and lagomorphs submitted to the Ontario-Nunavut node of the 

Canadian Wildlife Health Cooperative and the Ontario Veterinary College between January 1989 and December 2018.  

Variable 

Category 

(Percent Positive) 

Odds 

Ratio  P-Value 

95% Confidence 

Interval 

Wald’s X2 

Testb 

Speciesa Groundhog (80%) Referent Category <0.001 

American Beaver (59%) 0.22 0.005 0.08 - 0.64 

American Red Squirrel (17%) 0.04 <0.001 0.01 - 0.14 

Eastern Chipmunk (31%) 0.07 <0.001 0.02 - 0.25 

Eastern Cottontail (55%) 0.20 <0.001 0.09 - 0.48 

Eastern Gray Squirrel (36%) 0.12 <0.001 0.06 - 0.27 

Muskrat (34%) 0.05 <0.001 0.01 - 0.24 

Porcupine (71%) 0.41 0.101 0.14 - 1.19 

Other Species (24%) 0.11 <0.001 0.03 - 0.34 

Sex Female (39%) Referent Category 
 

Male (45%) 1.54 0.044 1.01 - 2.34 

Submission Type Wildlife Rehabilitation (69%) Referent Category <0.001 

 Government (41%) 0.44 0.003 0.26 - 0.77  

 Public (30%) 0.23 <0.001 0.14 - 0.37  

 



 

41 

 

The percentage of individuals with an infectious diagnosis is included in brackets. 
a Scientific names: American Beaver (Castor canadensis), American Red Squirrel (Tamiasciurus hudsonicus), Eastern Chipmunk 

(Tamias striatus), Eastern Cottontail (Sylvilagus floridanus), Eastern Gray Squirrel (Sciurus carolinensis,), Groundhog (Marmota 

monax), Muskrat (Ondatra zibethicus), Porcupine (Erethizon dorsatum). 
b Used as a global test of significance for variables with >2 categories.  
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Table 2.4: Multivariable logistic regression model examining the association between demographic and submission factors and the 

identification of histological lesions consistent with neural larva migrans (NLM) in rodents and lagomorphs submitted to the Ontario-

Nunavut node of the Canadian Wildlife Health Cooperative and the Ontario Veterinary College between January 1989 and December 

2018. 

Variable 

Category 

Odds Ratio  P-Value 

95% Confidence 

Interval 

Wald’s X2 

Testb (Percent Positive) 

Speciesa,c Groundhog (70%) Referent Category <0.001 

American Beaver (52%) 0.31 0.052 0.10 - 1.01 

American Red Squirrel (6%) 0.01 <0.001 0.001 - 0.09 

Eastern Chipmunk (8%) 0.02 0.001 0.003 - 0.20 

Eastern Cottontail (12%) 0.06 <0.001 0.02 - 0.16 

Eastern Gray Squirrel (11%) 0.04 <0.001 0.02 - 0.08 

Porcupine (67%) 0.44 0.134 0.15 - 1.28 

Other Species (13%) 0.06 <0.001 0.01 - 0.25 

Sex Female (23%) Referent Category 
 

Male (23%) 1.95 0.032 1.06 - 3.59 

Submission Type Wildlife Rehabilitation (39%) Referent Category <0.001 

Government (11%) 0.28 0.002 0.13 - 0.62 

Public (19%) 0.37 0.002 0.20 - 0.70 

 

The percentage of individuals with lesions consistent with NLM is included in brackets. 
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a Scientific names: American Beaver (Castor canadensis), American Red Squirrel (Tamiasciurus hudsonicus), Eastern Chipmunk 

(Tamias striatus), Eastern Cottontail (Sylvilagus floridanus), Eastern Gray Squirrel (Sciurus carolinensis,), Groundhog (Marmota 

monax), Muskrat (Ondatra zibethicus), Porcupine (Erethizon dorsatum). 
b Used as a global test of significance for variables with >2 categories. 
c Muskrat was omitted from species analysis as no animals submitted had lesions consistent with NLM.                                  
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2.7 Figure 

Figure 2.1: Number of rodent and lagomorph case submissions received by the Canadian Wildlife Health Cooperative and the Ontario 

Veterinary College between 1989 and 2018 classified by Ontario Ministry of Natural Resources district. Guelph, the location of the 

Canadian Wildlife Health Cooperative Ontario-Nunavut node, is indicated by the white diamond. 
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3 Baylisascaris procyonis infection in raccoons: A review of 
demographic and environmental factors influencing parasite 

carriage 

A version of this chapter was previously published as: French, S. K., Pearl, D. L., Peregrine, A. 

S., Jardine, C. M. (2019) Baylisascaris procyonis infection in raccoons: a review of demographic 

and environmental factors influencing parasite carriage, Veterinary Parasitology: Regional 

Studies and Reports. 16:100275. https://doi.org/10.1016/j.vprsr.2019.100275 

3.1 Abstract 

Baylisascaris procyonis, the roundworm of raccoons (Procyon lotor), is an emerging helminthic 

zoonosis in North America. Since the larval form is capable of causing neurological disease in 

more than 150 species of birds and mammals including humans, understanding factors that 

influence carriage of the parasite by raccoons is important for mitigating risk. This review 

examines the current literature to identify major demographic and environmental risk factors 

associated with B. procyonis carriage in wild raccoons. Raccoon age and season of sample 

collection were most commonly identified as risk factors, with increased prevalence found in 

juvenile animals and when sample collection occurred in the fall. Human urbanization and 

agricultural land use were also observed as potential risk factors; however, there are 

inconsistencies in the direction of influence these risk factors have on the prevalence of 

infection. Further investigation into the role of environmental risk factors is required to better 

understand how human activities influence parasite carriage in raccoons. Additionally, future 

research using multivariable statistical models guided by epidemiological principles to control 

for confounding variables and identify interaction effects will help clarify the effect of these 

demographic and environmental factors. Developing a better understanding of the primary risk 

factors for parasite carriage in raccoons will help identify areas of higher risk for environmental 

contamination and will aid in the development and refinement of education and management 

programs to reduce the risk of human exposure. 
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3.2 Introduction 

The raccoon (Procyon lotor) is a common mesopredator native throughout much of North and 

Central America and has been introduced into parts of Europe and Asia (Gehrt, 2003). These 

effective urban invaders are often found in close proximity to humans, making use of readily 

available habitat and food sources (Rosatte, 2000). In addition to causing significant destruction 

of property, raccoons are carriers of multiple pathogens that are transmittable to humans and 

domestic animals (Rosatte et al., 2010). 

The raccoon roundworm, Baylisascaris procyonis, is an emerging helminthic zoonosis and is 

common in raccoons throughout most of their North American range (Sorvillo et al., 2002; 

Graeff-Teixeira et al., 2016). The genus Baylisascaris, first described in 1968 by Sprent in his 

assessment and reclassification of ascarid species, consists of 10 species, of which B. procyonis 

appears to be the most pathogenic in aberrant hosts (Tiner, 1953; Sprent, 1968; Kazacos, 2016). 

Baylisascaris procyonis can cause significant neurological and ocular disease in many animals, 

including humans, as a result of aggressive larval migration (Tiner, 1953; Page et al., 2001b). 

Raccoons are the primary host for the adult stage of B. procyonis and become infected through 

one of two routes: direct ingestion of infective eggs, or ingestion of larvae encysted in a 

paratenic host. Adult B. procyonis reside in the small intestine of raccoons and do not typically 

produce clinical disease (Kazacos, 2001); however, heavy burdens have been associated with 

intestinal impaction (Stone, 1983; Carlson and Nielsen, 1984). Typically, paratenic and aberrant 

hosts (primarily small mammals and birds) become infected through incidental ingestion of 

infective eggs while foraging for seeds and other food items in raccoon latrines (Page et al., 

1998). As eggs are very resistant in the environment, latrines can contain infective eggs years 

after they are no longer used by raccoons, making them important persistent sources of infection 

(Kazacos, 2001; Hirsch et al., 2014; Smyser et al., 2015). 

The significant disease potential of B. procyonis, and its role in human disease, has prompted 

much ecological and epidemiological research into this parasite (Graeff-Teixeira et al., 2016). 

One approach to disease management includes the control of factors known to be associated with 

infection, and a major intention of epidemiological studies is to identify such risk factors 
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(Lanfranchi, 2003; Stallknecht, 2007; Ryser-Degiorgis, 2013). Risk factors can be very diverse 

and can be related to host level factors such as age and sex, as well as environmental factors, 

including host population density and anthropogenic land use differences (Ryser-Degiorgis, 

2013; Mcdonald et al., 2018). Additionally, both behavioural and climatic changes, often jointly 

represented by season, can have significant influences on disease transmission and persistence 

within a population (Ryser-Degiorgis, 2013). Understanding the factors influencing the 

likelihood of individual animals or populations being infected with a zoonotic pathogen is 

important for developing surveillance and prevention protocols, as well as appropriate education 

plans. 

In this review, we examine the current understanding of demographic and environmental factors 

that influence B. procyonis carriage in raccoons. We also aim to identify potential risk factors 

that warrant further investigation to determine their role in parasite carriage by raccoons. 

3.3 Methodology for literature review 

Based on the focus of this review, we developed the following search string (Raccoon* OR 

Procyon lotor) AND (Baylisascaris procyonis OR Roundworm*) AND (Prevalence OR “Risk 

Factor*” OR Ecology). We examined the current literature in Medline, Web of Science and 

CABdirect on March 14, 2017, producing 88 unique results. The string was then repeated 

substituting Ascaris procyonis for B. procyonis in order to capture earlier records; this added 2 

additional articles. We did not include any limits based on publication date. Papers were 

excluded if they were not written in English or French, were human or paratenic case reports or, 

in a small number of cases, if the document could not be obtained. Seventy-five unique results 

were retained. To supplement these papers, a citation search of the initial 75 papers was 

performed, as well as consultation with experts, and an additional 94 relevant, obtainable 

documents were also reviewed. Reviewed material included peer-reviewed papers, theses, 

conference proceedings, book chapters and technical reports. Of the total 196 documents 

reviewed, 92 were research papers that reported either the presence of, or risk factors associated 

with, B. procyonis infection in raccoons. 
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3.4 Known distribution and prevalence of Baylisascaris procyonis 

First identified in 1933 in a captive raccoon from a New York zoo (McClure, 1933), B. procyonis 

is believed to be distributed throughout Canada and the majority of the United States where 

raccoons are found, with surveillance studies finding the prevalence as high as 86% and latrine 

contamination as high as 100% (Snyder and Fitzgerald, 1987; Evans, 2002; Figure 3.1). In 

general, the average local prevalence of B. procyonis in raccoons in the United States declines 

from north to south, although the second highest prevalence currently reported is in California 

(Kazacos, 2001; Moore et al., 2004). Baylisascaris procyonis has also been introduced into 

Europe, and identified in captive raccoons in Japan and China (Miyashita, 1993; Hohmann et al., 

2002; Matoba et al., 2006; Bartoszewicz et al., 2008; Popiołek et al., 2011; Davidson et al., 2013; 

Karamon et al., 2014; Xie et al., 2014; Appendix B). 

3.5 Risk factors for carriage of Baylisascaris procyonis in raccoons 

In early studies, evaluation of B. procyonis was limited to prevalence studies and range 

expansion in the definitive host; however, more recently there has been increased reporting of 

risk factors associated with B. procyonis infection in raccoons. Most frequently, host age and sex, 

as well as season of sampling have been examined (e.g., Snyder and Fitzgerald, 1985; Kidder et 

al., 1989; Robel et al., 1989; Ching et al., 2000; Page et al., 2009; Yeitz et al., 2009; Weinstein, 

2016). Additionally, assessment of environmental factors, focusing on the effects of human land 

use, has become a significant area of study to provide a more holistic understanding of the 

driving factors behind the prevalence and intensity of infection in raccoons. A summary of host 

and environmental risk factors associated with Baylisascaris procyonis carriage in raccoons with 

suggestions for areas that would benefit from further research is provided in Figure 3.2. 

3.5.1 Age 

Raccoon age is generally considered one of the major risk factors for B. procyonis infection, with 

juvenile animals being more likely to be infected. Many studies that have evaluated risk factors 

support this conclusion (Snyder and Fitzgerald, 1985, 1987; Kidder et al., 1989; Robel et al., 

1989; Evans, 2001; Page et al., 2009; Yeitz et al., 2009; Blizzard et al., 2010; Cottrell et al., 

2014). Juvenile raccoons are believed to be susceptible to infection through ingestion of eggs, 



 

53 

 

whereas it is thought that adults must ingest larvae found in paratenic hosts (Kazacos, 2001). 

Additionally, it is believed that immunity to larvae is developed following primary exposure in 

young animals, which decreases burdens of parasites in future infections (Reed et al., 2012). 

Supportive of this, Weinstein (2016) found that in California, 100% of the raccoons between 4 

and 7 months of age were infected with B. procyonis (n = 64); additionally, both prevalence and 

intensity of infection were lower in adult animals. This is consistent with the work of Snyder and 

Fitzgerald (1985) and Jardine et al. (2014) who found higher prevalence and intensity of 

infection in juvenile raccoons in Illinois and Ontario. In contrast, a single study from Manitoba 

found that the prevalence of infection was close to four times higher in adult animals as 

compared to juveniles; this relationship became more pronounced when evaluating heavier vs 

lighter animals (Sexsmith et al., 2009). 

Nevertheless, some researchers have noted no statistical differences in infection prevalence 

between raccoon age categories (MacKay et al., 1995; Souza et al., 2009; Chavez et al., 2012; 

Samson et al., 2012; Hernandez et al., 2013; Pipas et al., 2014; Page et al., 2016; Al-Warid et al., 

2017). In many of these studies, the authors describe limitations, such as subjective classification 

of age or small sample sizes, that may explain the lack of detected difference. For example, 

MacKay et al. (1995) noted that although they identified a 29% difference in prevalence between 

juveniles and adults, this was not statistically significant, likely due to their small sample size. 

Souza et al. (2009) also suggested that collection of animals late in the year may have played a 

role as the distinction between age classes becomes more ambiguous at this time. Nevertheless, 

the lack of differences may be real. For example, two studies performed in Tennessee and three 

studies performed in Texas were consistent in their findings that there was no difference in 

infection prevalence between juveniles and adults (Smith et al., 1985; Kerr et al., 1997; Long et 

al., 2006; Souza et al., 2009; Kresta et al., 2010). Kresta et al. (2010) proposed that recent range 

expansion could explain the lack of difference between age groups, through insufficient 

environmental contamination to infect juvenile animals. 

The differences in routes of parasite acquisition as well as behavioural changes are likely the 

major drivers for the often significant differences in prevalence of B. procyonis infections in 

adult and juvenile raccoons. Given that juvenile animals are the individuals who disperse to new 
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areas, it is likely that they may play a major role in the maintenance and spread of B. procyonis 

in the environment (Gehrt, 2003; Kresta et al., 2010). 

3.5.2 Sex 

Males are often identified as being at higher risk of parasitism for a number of reasons including 

increased exposure to parasites through their propensity for roaming and the theorized 

testosterone-induced immune suppression (Wirsing et al., 2007). The idea of male-biased 

parasitism is supported by several studies including one in Kentucky, which found that male 

raccoons had a significantly higher prevalence of infection as compared to females (Cole and 

Shoop, 1987). The authors suggested that transmammary/transplacental transmission of the 

parasite in raccoons may reduce the prevalence and intensity of intestinal infection in adult 

females as larvae remain in the tissues prior to transmission to the offspring rather than maturing 

in the small intestine; however, the aforementioned routes of transmission of B. procyonis are not 

currently supported in the literature (Kazacos, 2001, 2016). Similar results were obtained by 

Page et al. (2009) who offered a different explanation; they suggested that given their large home 

ranges, male raccoons were more likely to encounter infected rodents. Further support for male-

biased parasitism has been found in Illinois, California, and North Carolina (Snyder and 

Fitzgerald, 1985; Evans, 2001; Hernandez et al., 2013). 

Despite these examples, most studies on B. procyonis in raccoons have found no differences in 

infection prevalence between sexes regardless of sampling methodology (Smith et al., 1985; 

Snyder and Fitzgerald, 1987; Robel et al., 1989; Ching et al., 2000; Gompper and Wright, 2005; 

Wirsing et al., 2007; Souza et al., 2009; Yeitz et al., 2009; Sexsmith et al., 2009; Blizzard et al., 

2010; Chavez et al., 2012; Samson et al., 2012; Xie et al., 2014; Pipas et al., 2014; Page et al., 

2016). Cottrell et al. (2014) examined fecal samples collected from trapped and road-killed 

animals and found only a 1.5% difference in prevalence between males and females. Similar 

results were obtained by Kresta et al. (2010) when examining carcasses; they noted that this was 

unsurprising given the lack of differences in environmental exposure between sexes. 

Interestingly, there are two studies that demonstrate interactions between sex and other variables. 

Jardine et al. (2014) found interactions between sex and season as well as sex and urbanization. 
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The authors identified that urban male raccoons had a higher odds of infection than urban 

females in the spring (March – June), however in the summer/fall (July – October), this 

relationship reversed and urban females were more likely to carry the parasite. For rural animals, 

female raccoons were more likely to be infected than males in the summer/fall, and although 

there was no difference in the odds of infection between males and females in the spring, females 

had higher intensities of infection (Jardine et al., 2014). Kidder et al. (1989) observed a 

relationship between age, sex and season, noticing that in the fall juvenile males were four times 

more likely than juvenile females to be infected, and that in all other seasons, adult males were 

less likely to be infected than would be expected. Although the relationships between sex and 

season are opposite for these two studies, they both highlight an important concept; as Kidder et 

al. (1989) point out, making conclusions about the relationship between sex and infection rates 

without considering the strong seasonality of this parasite may result in misleading conclusions. 

This emphasizes the importance of considering how risk factors interact with each other to obtain 

a more holistic understanding of parasite ecology. 

3.5.3 Season 

Evidence exists to support the idea that there is strong seasonality in recruitment and retention of 

B. procyonis infection in raccoons in temperate regions (Kidder et al., 1989; Jardine et al., 2014). 

The parasite typically experiences an increase in prevalence as well as intensity of infection in 

raccoon hosts in the fall, followed by a decline through the winter months (Page et al., 2009; 

Page et al., 2016). Multiple theories have been offered to explain the fluctuations, both to explain 

the rise in the fall as well as the decline in the winter. The leading explanation for the winter 

decline is that raccoons undergo a “self-cure” in northern environments, when decreased food 

intake and reduced body mass do not support continued worm survival (LoGiudice, 1995; 

Kazacos, 2001; Page et al., 2009). Northern raccoons have been observed to lose 50% of their 

body mass over the winter (Mech et al., 1968; Gehrt, 2003). The higher B. procyonis prevalence 

observed in the fall is thought to be associated with raccoon development (Rosatte, 2000). Given 

the 2-month pre-patent period in young animals, there is an increase in prevalence and egg 

shedding in the late summer and fall (Kidder et al., 1989). Additionally, the spike in the fall 

correlates with weaning and dispersal of juvenile raccoons, a period of time when they are 

actively foraging and exploring, increasing their risk of infection (Page et al., 2016). It has also 
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been suggested that seasonal changes in food preferences may alter exposure to eggs and larvae 

(Page et al., 2016). 

Numerous studies of the Northeastern and Midwestern United States as well as Ontario have 

demonstrated the aforementioned seasonal trend of infection in raccoons (e.g., Page et al., 2009; 

Cottrell et al., 2014; Sarkissian et al., 2015). In a study of raccoon fecal samples in upstate New 

York, Kidder et al. (1989) noted that despite collecting for 11 months, 80% of the positive 

samples were collected in the fall. Similarly, a study carried out on carcasses from 7 Midwestern 

states found that 61% of positive animals were collected in October and November (Page et al., 

2005). In an evaluation of parasite populations within raccoon hosts in the Midwestern United 

States, Page et al. (2016) found that the intensity of B. procyonis infection peaked in the fall. 

Interestingly, they noted that the worm burden increased from July to December, then declined 

steadily in the first half of the year. 

There are two northern studies that did not find seasonal differences in prevalence; however, 

both are limited in their findings. The first is a study from Winnipeg, Canada, in which samples 

were collected from both trapped raccoons and latrines between May and August, representing 

only one season; the authors noted that in this northern environment, raccoon activity is 

extremely limited between October and March (Sexsmith et al., 2009). The second was 

performed in Oregon; as the authors identify, statistical power was limited due to the very small 

number of winter samples (Yeitz et al., 2009). Nevertheless, the lack of seasonal differences may 

have been related to other factors including habitat differences and localized raccoon behaviour 

that have not yet been examined. 

It has been argued that seasonal trends may not be present in southern regions of the United 

States (Blizzard et al., 2010; Page et al., 2016). This is often explained by the more constant 

climate, and less dramatic shifts in resource availability observed in the south (Blizzard et al., 

2010). Nevertheless, most studies in the southern states that have examined seasonality of 

prevalence have found the same increase in prevalence in the fall and subsequent decline in the 

winter (Smith et al., 1985; Evans, 2001, 2002; Weinstein, 2016). This finding is consistent 

regardless of sample type; Smith et al. (1985) performed necropsies on raccoons in Kentucky 

and Tennessee and found the prevalence of adult B. procyonis peaked in the fall, and was lowest 
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in the winter and summer. Similarly, using both individual fecal samples as well as those from 

raccoon latrines in Orange County, California, Evans (2001, 2002) found the number of eggs/g 

of feces increased in the fall with a significant winter decline. The occurrence of this temporal 

pattern in both northern regions and milder southern climates helps support the theory that 

fluctuations in infection prevalence and intensity are based on raccoon age structure and the 

significance of juvenile animals in transmission dynamics (Page et al., 2009; Kazacos, 2016; 

Page et al., 2016). 

3.5.4 Environmental factors 

In seeking to understand the epidemiology of B. procyonis, environmental factors have been 

evaluated in many different ways. Most frequently, researchers have examined the impact of 

urbanization, (i.e., human density), or human land use, (e.g., agricultural, developed, or forested), 

on the prevalence of B. procyonis infection in raccoons. To a lesser extent, soil type, habitat 

fragmentation and other environmental components, such as road density, have been assessed as 

risk factors for infection. In central and eastern Texas, Kresta et al. (2010) evaluated soil ecotype 

in order to determine which habitats best facilitated B. procyonis infection in raccoons. They 

determined that clay-based soils were associated with a higher prevalence of infection in 

raccoons as compared to loam soils, and suggested this was related to environmental moisture 

retention and small particle size of the soil; both of which would increase the likelihood of 

transmission to paratenic hosts by improving viability and keeping eggs at or near the surface 

(Kresta et al., 2010). 

3.5.4.1 Urbanization 

Given that humans and raccoons often live in close proximity in urban areas, assessment of the 

relationship between urbanization and B. procyonis prevalence in raccoons is common. 

Generally, raccoon population densities are highest in residential areas, likely related to 

increased anthropogenic resources (Prange et al., 2003; Wright and Gompper, 2005). There is 

mixed support for the relationship between urbanization and B. procyonis infection in raccoons; 

the direction of the relationship varies between studies. It has been demonstrated in Georgia that 

both prevalence and intensity of B. procyonis infection are highest in urban/suburban raccoons 

when compared to their rural counterparts (Blizzard et al., 2010). By comparison, two studies in 
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the Midwestern US found a lower prevalence of infection in animals from urban areas (Page et 

al., 2005, 2008). To further confuse the issue, other studies carried out in the United States have 

found no difference in the prevalence of infection between animals collected from urban and 

rural environments (Jacobson et al., 1982; Cottrell et al., 2014; Pipas et al., 2014). 

It has been proposed that rural environments, specifically agricultural areas, frequently have 

clustered or aggregated resources, potentially increasing animal contact rates and leading to 

increased parasite transmission (Gompper and Wright, 2005). Additionally, lower prevalence in 

urban environments may be due to differences in dietary sources for raccoons based on their 

habitat; raccoons in urban environments tend to rely more on anthropogenic food sources as 

compared to their non-urban counterparts (Page et al., 2008; Hirsch et al., 2014). On the other 

hand, the significant increase in raccoon density and contact rates in urban settings may result in 

high parasite loads in the environment, leading to higher prevalence of infection (Kellner et al., 

2012; Graeff-Teixeira et al., 2016). 

3.5.4.2 Agricultural land use 

Many studies have focused on the relationship between B. procyonis infection in raccoons and 

agricultural land use. This is significant given that the primary paratenic hosts, Peromyscus spp. 

mice, thrive in fragmented environments (Beasley et al., 2013). There is general agreement 

among studies that agricultural land use is related to an increase in the prevalence of B. procyonis 

infection in raccoons. However, there is a lack of consistency regarding the type of land usage 

that may be associated with a reduced risk of infection. 

As early as 1987, Cole and Shoop (1987) observed that although only 30% of assessed raccoons 

were infected with B. procyonis, 81% of these infected individuals came from an agricultural 

area in Kentucky. In Ohio, researchers found that the prevalence of infection in raccoons was 

positively associated with increased agricultural land use, and negatively associated with 

increased urbanization (Ingle et al., 2014). Robel et al. (1989) examined animals from a rural 

community and an unexploited forested area in Kansas; the prevalence of B. procyonis infection 

was higher in raccoons from the rural area compared to animals collected from the forest. 

Samson et al., (2012) examined multiple environmental factors, including distance to an urban 
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area, road density, and human population, which were used as proxies for urbanization, as well 

as classifying surrounding areas by land use. The authors found no association with the markers 

of urbanization; they did find, however, that the prevalence of infection increased as the amount 

of agricultural land increased and forested land decreased within a raccoon's habitat. Given the 

suspected importance of Peromyscus spp. mice in the lifecycle of B. procyonis, a small number 

of studies have examined the prevalence of larvae in rodents in relation to environmental 

characteristics (Kellner et al., 2012). Based on studies in Illinois and Indiana, researchers have 

suggested that the prevalence and intensity of infection in paratenic hosts increases with 

increased agricultural fragmentation of forested areas (Page et al., 2001a; Beasley et al., 2013) as 

well as with increased human density, a marker for urbanization (Kellner et al., 2012). It has 

been suggested that the parasite is more common in mice from agricultural settings because of 

increased exposure to eggs as a result of changes in raccoon behaviour and distribution in 

agricultural environments (Page et al., 2001a; Beasley et al., 2013). Alternatively, it is possible 

that increased densities of mice in such environments could drive the greater prevalence by 

increasing transmission of the parasite to its definitive host (Samson et al., 2012). These findings 

provide further support for the idea that agricultural environments are more effective for the 

maintenance of the B. procyonis lifecycle. 

3.6 Limitations 

3.6.1 Potential limitations with reported data 

When comparing reports of prevalence, it is crucial to consider the method of sample collection 

as this can bias the reported data. Generally, the prevalence of B. procyonis is measured in one of 

three ways: necropsy, fecal collection from live animals, or fecal samples collected from raccoon 

latrines. These varied methods, in addition to season of collection, can result in dramatically 

different estimates (Page et al., 2012). Necropsy with intestinal incision and visualization of 

individual parasites is considered the gold standard, and provides individual-level infection rates 

(Page et al., 2005; Sexsmith et al., 2009; Samson et al., 2012). This approach allows for 

inclusion of pre-patent and male only infections which would not otherwise be identified (Page 

et al., 2005). 
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Fecal samples from individual raccoons allow one to identify patent infections as well as the 

dynamics of egg shedding (Page et al., 2005; Graeff-Teixeira et al., 2016). However, in such 

studies, the overall prevalence of infection in the population can be underestimated by as much 

as 30%, missing pre-patent and male only infections (Evans, 2001; Page et al., 2005; Cottrell et 

al., 2014). This is further exacerbated by the irregular egg production of female B. procyonis, 

leading to intermittent shedding (Reed et al., 2012). Examination of fecal samples has merit in 

situations where researchers want to study B. procyonis without permanent removal of 

individuals from the population (Page et al., 2005), and is useful if researchers are interested in 

identifying when eggs are being shed into the environment. Fecal collection is also often a 

simpler way to collect samples when volunteers are involved in the surveillance process (Samson 

et al., 2012). 

By comparison, latrine samples are most useful for identifying environmental contamination and 

associated human risk, as latrines are the point source for environmental spread of eggs (Page et 

al., 2005; Smyser et al., 2010). Furthermore, this sample collection method is often less labour 

intensive, given the lack of raccoon capture, allowing efficient surveillance of a population 

(Smyser et al., 2010). Nevertheless, this type of sampling does not provide insight on animal-

level prevalence as multiple infected individuals may have defecated at the same site, or a single 

infected raccoon may have contaminated multiple latrines (Page et al., 2005; Hirsch et al., 2014). 

Additionally, since eggs can remain present and viable for many years following deposition 

(Kazacos and Boyce, 1989), seasonal or annual trends may be masked. 

3.6.2 Potential limitations with reported risk factors 

Similar to the potential biases associated with reporting and interpreting prevalence data, bias 

can be introduced in the evaluation of individual risk factors associated with parasite infection. 

In the case of B. procyonis, it is important to consider the season and duration of the sample 

collection period used in the study. As indicated above, there is evidence of strong seasonality 

related to risk of infection in raccoons (Kidder et al., 1989; Kazacos, 2001). Thus, sample 

collection limited to only a portion of the year has the potential to alter the observed associations 

between host, environmental factors, and prevalence and intensity of infection. 
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In wildlife studies, particularly those which rely on submissions or other forms of opportunistic 

sampling, unequal sample distribution among groups and subsequent small sample sizes are 

difficult to avoid; variations in sample size among comparison groups may limit the statistical 

power of risk factor analyses and, as a result, fail to identify differences (Stallknecht, 2007). 

An additional difficulty is associated with the evaluation of the influence of environmental 

factors. The lack of consistent definitions for urban and rural environments as well as differences 

in land use classifications can make direct comparisons between studies difficult. Finally, as 

discussed above, investigating risk factors without consideration of interactions between 

variables, as well as the influence of confounding variables, may result in incorrect interpretation 

of the risk factors' true effect (Kidder et al., 1989). 

3.7 Conclusions and future directions 

As a zoonotic pathogen, the raccoon roundworm poses a potential health risk to humans, as well 

as both wild and domestic animals. The broad range of species that can be infected by the larval 

stage of the parasite, as well as the severity of clinical disease, makes this parasite an important 

focus of study (Graeff-Teixeira et al., 2016). Despite many descriptive studies on B. procyonis, 

consensus regarding predominant risk factors for carriage in raccoons is limited. At this time, the 

role of urbanization and human land use modification, and their relationship to B. procyonis 

prevalence in raccoons is unclear. Gaps in the literature and conflicting findings limit the extent 

to which the influence of environmental factors on parasite carriage is understood. Consequently, 

further examination of varied land use classifications and environmental factors that influence 

habitat composition may help identify the habitats most suited to transmission of B. procyonis. 

Investigation into interactions between various risk factors is also an important area of further 

research, as identified by a limited number of studies (Kidder et al., 1989; Jardine et al., 

2014).The presence of these unaccounted for interactions could potentially explain the variation 

in importance of risk factors found in different studies. For example, if there is a true interaction 

between sex and season, then results of investigations into seasonality may depend on the 

distribution of sexes sampled. 
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As both B. procyonis and its definitive host spread to new environments and continents, 

becoming increasingly global in distribution, surveillance is of utmost importance; continued 

monitoring and detailed investigations into the epidemiology of this parasite are crucial to 

develop, focus and refine management protocols and public education programs in high risk 

areas to minimize the risk of human exposure (Graeff-Teixeira et al., 2016). 
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3.8 Figures 

Figure 3.1: Map demonstrating the highest prevalence of Baylisascaris procyonis reported in the 

literature for each state and province in the United States and Canada. Case reports refer to 

identification of B. procyonis in individual raccoons. Latrine studies were excluded given that 

they better represent environmental contamination than true prevalence. (Generated using 

additional data from Kazacos, 2016). 
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Figure 3.2: Host and environmental risk factors associated with Baylisascaris procyonis carriage 
in raccoons with suggestions for areas that would benefit from further research. 
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4 Demographic and environmental factors associated with 
Baylisascaris procyonis infection of raccoons (Procyon lotor) in 

Ontario, Canada 

A version of this chapter was previously published as: French, S. K., Pearl, D. L., Shirose, L., 

Peregrine, A. S., Jardine, C. M. (2020). Demographic and environmental factors associated with 

Baylisascaris procyonis infection of raccoons (Procyon lotor) in Ontario, Canada. Journal of 

Wildlife Diseases. 56(2):328-337. doi.org/10.7589/2019-06-153. Permission was obtained for 

inclusion in this thesis. 

4.1 Abstract 

The raccoon (Procyon lotor) roundworm, Baylisascaris procyonis, is an emerging wildlife 

zoonosis of public health significance in North America. Although the adult stage typically 

causes no disease in raccoons, the larval stage can cause significant disease in a variety of 

species, including humans. Raccoons often use human environments, which may increase the 

risk of B. procyonis exposure in people, particularly in urban settings. Because of this, our 

objectives were to identify host and environmental risk factors associated with the prevalence 

and intensity of B. procyonis infection in raccoons in Ontario, Canada. Between 2013 and 2016, 

1,539 raccoons were collected and examined for the presence of B. procyonis. Thereafter, we 

analyzed our data for the influence of age, sex, fat stores, human population size, land use 

classification, season, and year of collection on the prevalence and intensity of infection. With 

multilevel logistic regression models, we identified that the odds of infection were greatest for 

juvenile raccoons compared to adults, animals submitted in the predenning-dispersal period 

compared to other seasons and animals with larger amounts of fat stores compared to smaller 

categories; a significant two-way interaction was also identified between host sex and land use 

classification. Additionally, by using multilevel negative binomial regression models, we 

identified that the intensity of parasite infection was greatest for animals submitted in the 

predenning-dispersal period.  We also identified three significant two-way interactions: host sex 

and land use classification, host age and land use classification, and host sex and amount of fat 

stores. These findings help provide a more complete understanding of B. procyonis ecology in 
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raccoons, including identifying associations between different environments and B. procyonis, 

which may assist in the development of future risk management strategies. 
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4.2 Introduction 

Baylisascaris procyonis, a large roundworm, is a parasite of emerging zoonotic importance 

(Fong, 2017). The adult stage of the parasite infects raccoons (Procyon lotor) in North America, 

generally causing no clinical disease (Graeff-Teixeira et al., 2016; Kazacos, 2016). Infection 

with the larval stage of this parasite can result in neurologic disease and has been reported in 

more than 150 species of birds and mammals, including 25 reported cases of neural larva 

migrans in humans (Kazacos, 2016). Raccoons can become infected with B. procyonis in two 

distinct ways: ingesting infective eggs directly from the environment or ingesting a small 

mammal or bird that is infected with the larval stage of the parasite (Kazacos, 2016). Because 

raccoons are often found in proximity to humans, potentially increasing the risk of human 

exposure to B. procyonis (Rosatte, 2000; Ogdee et al., 2017), there has been increased interest in 

identifying risk factors that influence the carriage and intensity of this parasite in raccoons. 

The influence of demographic factors, such as host age and season, on parasite prevalence are 

well established in the literature (French et al., 2019). Typically, juvenile animals and those 

sampled in the fall are more likely to be infected than others (Kazacos, 2016). However, other 

risk factors, especially environmental factors, such as urbanization, lack the same consistency of 

results across studies (Kazacos, 2001; Page et al., 2009; Cottrell et al., 2014; Jardine et al., 2014). 

For example, Blizzard et al. (2010) found a higher prevalence of B. procyonis in urban raccoons, 

whereas Page et al. (2008) found that prevalence was higher in rural animals. Additional studies 

have investigated the impact of land use on B. procyonis carriage, comparing agricultural sites to 

other environmental types, and have consistently identified increased risk of infection in animals 

from agricultural areas compared with animals from other land use types (e.g., forests or urban 

parks; (Robel et al., 1989; Samson et al., 2012; Ingle et al., 2014). When classifying individual 

animals as urban or rural, researchers use a variety of measures, including road density, human 

population size (i.e., the number of individuals within a jurisdiction), the amount and type of 

human structures at the collection site, or whether collection of the carcass was within designated 

city limits (Kresta et al., 2010; Samson et al., 2012; Pipas et al., 2014). The lack of consistent 

definitions for urban and rural environments, as well as differences in land use classifications, 
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may contribute to the inconsistencies in study results and can make direct comparisons between 

studies difficult. 

To better understand the ecology of B. procyonis in Ontario, Canada, our objective was to 

identify factors influencing the prevalence of infection in raccoons. Specifically, we were 

interested in assessing the impact of host factors (i.e., age, sex, and amount of fat stores) and 

season of collection and environmental factors (i.e., human population size and predominant 

human land use type) on the prevalence and intensity of B. procyonis infections in raccoons. 

4.3 Materials and Methods 

We studied raccoon carcasses submitted to the Canadian Wildlife Health Cooperative in Ontario, 

Canada, from a variety of sources, including government agencies and pest control companies, 

between January 2013 and December 2016. Carcasses were kept frozen until the time of 

necropsy. Age was recorded as adult (>1 yr old) or juvenile (<1 yr old) on the basis of tooth 

eruption and wear (Grau et al., 1970; Jardine et al., 2014). Host sex and internal fat stores were 

also recorded. We classified the amount of fat stores for each animal as follows: small, if 

subcutaneous fat stores were absent; moderate, if moderate subcutaneous and visceral fat was 

present; or high, if there was a significant layer of subcutaneous and visceral fat. 

During necropsy, we removed the intestinal tract, including the stomach, and incised the intestine 

longitudinally, at which point all grossly visible B. procyonis were removed and counted. A 

raccoon was considered positive if at least one roundworm was present; B. procyonis was 

identified on the basis of gross morphologic features, including color and length (Yeitz et al., 

2009). A voucher specimen was deposited in the Canadian Museum of Nature (Ottawa, Ontario) 

Parasite Collection (CMNPA 2019-0236). 

For all animals, the season of collection was classified by the date of death or collection. Three 

biologically relevant seasons were used on the basis of Rosatte et al. (2010): rearing (1 April to 

31 July); predenning dispersal (1 August to 30 November); and winter breeding (1 December to 

31 March). Two variables were used to represent different aspects of urbanization: human 

population size and human land use type. Human population size was generated by using the 

population size of each census subdivision (CSD) in the 2016 census and the delineations 
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provided by Statistics Canada (2011). By using this information, we classified animals on the 

basis of their location of collection, as originating from a small or rural (≤29,999 people), 

medium (30,000–99,999 people), or large urban population (≥100,000 people) center (Statistics 

Canada, 2011). We classified land use type by using a land cover layer, which provides a visual 

representation of areas of human settlement and agricultural land use, as well as natural habitats, 

including forests, grasslands, marshes, and water. A 1-km radius buffer was used to represent the 

average home range of a raccoon, and each home range buffer was classified by predominant 

land use type, excluding water (Rosatte et al., 2010; Ontario Ministry of Natural Resources and 

Forestry, 2016). Animals were identified as originating from an agricultural, natural (forested or 

marshland), or developed (residential, commercial, or industrial) area, on the basis of the land 

use type that occupied the largest proportion of the individual home range buffer, by using the 

categories provided by Southern Ontario Land Resource Information System, version 2.0 

(Ontario Ministry of Natural Resources and Forestry, 2016). Spatial data were classified to land 

use type by using QGIS version 2.18 (QGIS Development Team, Zurich, Switzerland). We 

obtained the vector layers concerning land use type by using the Scholars GeoPortal at the 

University of Guelph (Ontario Council of University Libraries, Toronto, Ontario, Canada) and 

the Land Information Ontario Metadata Management Tool (Peterborough, Ontario, Canada). 

Because we were specifically interested in the importance of environmental factors on B. 

procyonis carriage, a second land use variable was generated (land use 2). To do this, we 

removed the 59 individuals originating from natural habitats, creating a binary variable 

comparing agricultural and developed habitats improving statistical power and allowing us to 

have sufficient power to investigate interactions with land use type. 

We used α=0.05 to determine significance in all statistical comparisons. All statistical model 

building was performed in STATA version 15.0 (STATACorp, College Station, Texas, USA). 

To investigate the influence of individual risk factors, specifically age, sex, fat stores, human 

population size, land use classification, season, and year of collection, on prevalence and 

intensity of infection, we initially fitted univariable logistic and negative binomial regression 

models. 
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To avoid issues with collinearity, we assessed whether any of the independent variables were 

highly correlated by using a phi correlation coefficient. If the correlation was ≥|0.8| between two 

variables, we only considered one for inclusion in the model. In the case of high correlation, we 

selected the variable that had the most observations. 

Mixed logistic and negative binomial models were fitted that included random intercepts for 

submission group and CSD. Submission group was defined as animals that were collected from 

the same location on the same day. Models were initially fitted by using a backwards stepwise 

process, including all variables tested, except for the categorical land use variable. Variables 

were retained in the final model if they were statistically significant, a confounding variable, or 

part of a significant interaction term. A confounding variable was identified as any variable 

whose removal resulted in a ≥20% change in the coefficient of any statistically significant 

variable and that was not considered an intervening variable on the basis of a causal diagram. 

Interactions between age, sex, and season were examined. In addition, we examined if other 

main effects in the model interacted with the previously mentioned variables; however, only 

interactions in which a covariate pattern had a minimum of 10 individuals (e.g., adult and male) 

were examined to avoid small sample sizes. 

To assess the overall model fit, we evaluated the Pearson residuals of the models to identify 

outliers, and we examined the best linear unbiased predictions (BLUPs) for each random effect 

for normality and homoscedasticity. If the BLUPs did not meet these assumptions, we used 

Akaike information criteria and Bayesian information criteria to assess whether the model fit was 

improved by the inclusion of these random effects. 

4.4 Results 

We collected data from 1,539 raccoon carcasses submitted to the Canadian Wildlife Health 

Cooperative between January 2013 and December 2016 (Figure 4.1). The overall prevalence of 

B. procyonis infection in raccoons was 35% (531/1,539; 95% Confidence Interval: 32–37%), and 

the median number of worms found in an infected animal was six (range: 1–326; interquartile 

range: 2–15). On the basis of mixed univariable logistic regression models, the occurrence of B. 

procyonis infection in raccoons was significantly associated with age, fat stores, season of 
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collection, and year of collection (see Appendix C Table 1). On the basis of mixed univariable 

negative binomial models, the intensity of B. procyonis infection was associated with age and 

season (see Appendix C Table 2). There were no strong correlations between any of the 

independent variables on the basis of the phi coefficient. 

On the basis of our multivariable mixed logistic regression model, informed by our causal 

diagram (Figure 4.2), the odds of infection with B. procyonis were greater in juvenile animals, 

those collected in the predenning-dispersal period compared with both other time periods, and 

those with moderate or large fat stores compared with small fat stores (Table 4.1). There was a 

significant interaction between host sex and land use type (Table 4.1). When comparing sexes 

within land use categories, there was no statistical difference between male and female raccoons 

from developed areas, but male raccoons were significantly more likely to be infected than 

female raccoons collected from agriculture areas (Table 4.2). 

On the basis of the multivariable mixed negative binomial model, juvenile animals and those 

collected in the predenning-dispersal period had a significantly higher intensity of infection 

(Table 4.3). Additionally, significant interaction terms were identified between age and land use 

type, sex and land use type, and sex and fat stores (Table 4.3). Intensity of infection was 

significantly higher in adult animals collected from a developed area as compared with those 

from an agricultural area (Table 4.4). There was no significant difference in worm burden for 

juvenile animals on the basis of land use type (Table 4.4). Comparing within land use types, 

juveniles carried significantly more worms than adults (Table 4.4). For male raccoons, no 

significant differences in parasite intensity were noted for land use type of origin; however, for 

females, intensity was significantly higher in animals from a developed area than those from an 

agricultural area (Table 4.4). There were no significant differences in the burden between male 

and female raccoons from the same land use type (Table 4.4). For male raccoons, animals with 

large fat stores carried significantly higher numbers of worms than animals with moderate or 

small fat stores, and animals with moderate fat stores carried more worms than those with small 

fat stores (Table 4.4). For female raccoons, there were no statistical differences in parasite 

intensity between fat store classifications (Table 4.4). Intensity of infection was significantly 

higher for males with large fat stores than equivalent females and for males with moderate fat 
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stores compared with equivalent females (Table 4.4). No significant difference in intensity of 

infection was identified for animals with small fat stores, regardless of host sex (Table 4.4). 

When we investigated the BLUPs of our two random effects for both the logistic and negative 

binomial models, we found that the BLUPs for CSD of collection met the assumptions of both 

normality and homogeneity of variance. For our random effect for submission group, the BLUPs 

did not meet these assumptions, but the overall model fit for each model was improved by the 

inclusion of this random effect. 

4.5 Discussion 

Our estimated prevalence (35%) is similar to the infection prevalences observed by Cranfield et 

al. (1984) and Jardine et al. (2014) in southern Ontario. In agreement with most other work done 

in North America, the odds of infection with B. procyonis was highest in juvenile animals (Page 

et al., 2009; Cottrell et al., 2014; Weinstein, 2016). Page et al. (2009) suggest that this may be 

explained by the development of immunity to the worms in adult raccoons, as well as a change in 

the primary route of exposure, leading to decreased frequency of reinfection as adults. Consistent 

with the North American literature, individuals collected in the predenning-dispersal season 

(August through November) were significantly more likely to be infected with B. procyonis as 

compared with other seasons (Page et al., 2009; Jardine et al., 2014; Weinstein, 2016). We also 

found a higher intensity of infection in the predenning-dispersal season. The higher infection 

prevalence of B. procyonis in raccoons observed in the fall is often attributed to the prepatent 

period following infection with B. procyonis eggs, primarily in juvenile raccoons, leading to 

increased identification of infections once the parasites have matured (Kazacos, 2016). 

Animals with moderate or large fat stores were significantly more likely to be infected with B. 

procyonis than animals with small fat stores. Increased prevalence of infection in animals with 

larger fat stores may be associated with the quality of food being ingested. Raccoons often 

exploit human garbage (Prange and Gehrt, 2004), which, although a reliable source of energy, 

may be low in protein and other essential nutrients; this has been linked to increased risk of 

gastrointestinal parasitism in other species (Ezenwa, 2004; Budischak et al., 2018; Hwang et al., 

2018). The amount of fat stores also predicted the intensity of B. procyonis infection in male 
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raccoons; individuals with larger amounts of fat stores (large compared with moderate or small; 

moderate compared with small) carried larger worm burdens. Interestingly, there was no 

significant difference in intensity for female raccoons, regardless of the amount of fat stores. The 

reason for the differences in the relationship between fat stores and infection intensity between 

sexes is unclear. Although raccoons are not sexually dimorphic, there may be differences in 

habitat selection or behavior that result in differential use of food resources, altering exposure to 

parasites. Alternatively, increased parasite burdens may be a result of sex-biased immunologic 

differences, resulting in increased susceptibility to parasitism in males, as has been described for 

Baylisascaris columnaris in skunks (Mephitis mephitis), and for Heligmosomoides polygyrus in 

yellow-necked mice (Apodemus flavicollis; Ferrari et al., 2004; Wirsing et al., 2007). 

Infection prevalence was significantly higher for males from agricultural environments than 

females collected from the same environment; there was no significant difference in prevalence 

between sexes for animals collected from developed environments. Additionally, intensity of 

infection was higher for females collected from areas that were classified as developed, as 

compared with those from agricultural areas; there were no differences in intensity of infection 

for male raccoons, regardless of the environment of origin. Some researchers have found animals 

in rural or agricultural environments to have a higher prevalence or intensity of infection 

compared with animals in urban environments, while others have found no association (Page et 

al., 2008; Blizzard et al., 2010; Ingle et al., 2014). However, definitions of urbanization vary 

among these studies, ranging from measures of human population size to measures of land use, 

which may lead to these disparate findings. In our study, we used two different variables to 

represent the effects of humans on the environment in an attempt to differentiate the presence of 

humans (human population size) from how humans are using the environment (agriculture and 

development). Looking at the predominant land use type allowed a more detailed classification 

in this case, as most CSDs were not homogenous and often consisted of developed, agricultural, 

and forested areas. 

A relationship between land use and raccoon age was identified for the intensity of B. procyonis 

infection; adult animals from developed areas carried more worms than adults collected in 

agricultural areas. Regardless of environment, juvenile animals carried significantly more worms 
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than adults. Access to reliable food sources can improve juvenile survival in many species 

(Becker et al., 2015; Mackenstedt et al., 2015; Civitello et al., 2018). As juvenile animals are 

believed to play an important role in maintenance and transmission of B. procyonis (Gehrt, 2003; 

Kresta et al., 2010), increased numbers of juvenile raccoons in the population, and thus increased 

contact between juveniles and adults, could contribute to the significantly higher parasite 

intensities observed in urban adults. 

It is possible that the relationships with land use are due to the presence of clumped food 

resources in developed areas. As urban exploiters, raccoon populations are estimated to reach 

densities as high as 53 raccoons/km2 in some parts of Toronto, Canada, which is 4 to 15 times 

higher than densities found in other areas of Ontario (Rosatte et al., 2010). Aggregation around 

clumped resources increases contact rates and local densities, which can increase the risk of 

infection from direct and fecal orally transmitted pathogens (Becker et al., 2015; Altizer et al., 

2018; Budischak and Cressler, 2018). When clustered food sources were provided to a 

population of raccoons in New York, US, the prevalence of B. procyonis infection increased 

from 0% to 54% over a 1-yr period, which was attributed to higher intraspecific contact rates 

(Gompper and Wright, 2005). 

The interactions between sex and land use for both infection prevalence and intensity could 

potentially be explained by behavioral differences between sexes. Female raccoons are typically 

less social than their male conspecifics; in some areas, males have been observed forming social 

groups with other adult males; however, females traditionally associate only with their offspring 

(Gehrt et al., 2008; Hirsch et al., 2013). Furthermore, urban raccoons living at high population 

densities show more tolerance to other individuals (Riley et al., 1998; Prange and Gehrt, 2004), 

so contact with infected latrines or between individuals may increase disproportionately for 

female raccoons in these environments as compared with males. 

In our land use classification system, residential, industrial, and commercial environments were 

all classified as developed, but work examining habitat selection by raccoons suggests that they 

may differentially select these developed environments, avoiding more industrial areas, and in 

some cases selecting residential areas (Anthony et al., 1990; Broadfoot et al., 2001; Bozek et al., 

2007). Additionally, we had to exclude the limited number of animals from natural areas due to 
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low statistical power, but it is possible that important associations with such habitats exist. A 

more detailed understanding of the nuances of habitat selection may help managers target 

specific areas for parasite management. 

Using a large sample, examined over multiple years, our findings suggest that although juvenile 

animals may play an important role in maintaining B. procyonis in the environment, the 

interconnection of sex and other host factors, as well as the influence of urbanization on 

raccoons, are likely of significant importance as well. The presence of B. procyonis in a highly 

urban adapted host species may have serious implications for public health. Using an approach 

that considers a more complete view of host and environmental risk factors will allow for better 

understanding of the epidemiology of B. procyonis in its definitive host and thus guide the 

development of effective management and risk mitigation strategies for public health. 
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4.6 Tables 

Table 4.1: Mixed logistic regression modela evaluating the effect of host and environmental factors on the carriage of Baylisascaris 

procyonis in raccoons (Procyon lotor) from southern and eastern Ontario, Canada, submitted between January 2013 and December 

2016, including random interceptsb for census subdivision of collection and submission group. 

Variable Category Odds Ratio P-Value 95% Confidence Interval 

Age  Adult Referent   

Juvenile 3.40 <0.001 1.80 – 6.40 

Sexc Female Referent   

Male 3.18 0.003 1.50 – 6.77 

Season Predenning – dispersal Referent   

Winter - Breeding 0.21 0.001 0.08 – 0.51 

Rearing 0.18 <0.001 0.09 – 0.36 

Fat Stores Small Referent   

Moderate 2.86 0.001 1.55 – 5.27 

Large 4.20 <0.001 1.98 – 8.90 

Land Use Typec Agriculture Referent   

Developed 2.13 0.050 1.00 – 4.55 

Interaction termc 

Sex*Land Use Type 

Male/Developed 0.35 0.018 0.14 – 0.84 

a Intercept = -2.09. 
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b Random intercept for census subdivision: variance = 0.57 (95% Confidence Interval [CI]: 0.15–2.13); intraclass correlation 

coefficient = 0.08 (95% CI: 0.03–0.23). Random intercept for submission group: variance = 2.29 (95% CI: 0.84–10.14); intraclass 

correlation coefficient = 0.52 (95% CI: 0.25–0.77). 
c The interaction term and its main effects are exponentiated coefficients and not true odds ratios. Please see Table 4.2 for the 

interpretation of interaction effects with contrasts.  
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Table 4.2: Contrast statementsb describing the odds of Baylisascaris procyonis infection in male and female animals submitted from 

different land use categories between January 2013 and December 2016. 

Contrast Odds Ratio P-Value 95% Confidence Interval 

Sex Land Use Type    

Male Developed v Agriculture 0.74 0.322 0.40 – 1.35 

Female Developed v Agriculture 2.13 0.050 1.00 – 4.55 

Land Use Type Sex    

Developed Male v Female 1.10 0.689 0.68 – 1.78 

Agriculture Male v Female 3.18 0.003 1.50 – 6.77 

b Contrast statements based on the multivariable mixed logistic regression presented in Table 4.1. 
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Table 4.3: Mixed negative binomial regression modela evaluating the effect of host and environmental factors on the intensity of 

Baylisascaris procyonis infection in raccoons (Procyon lotor) from southern and eastern Ontario, Canada, submitted between January 

2013 and December 2016, including random interceptsb for census subdivision of collection and submission group. 

Variable Category Count Ratio P-Value 95% Confidence Interval 

Agec  Adult Referent   

Juvenile 6.52 <0.001 3.00 – 14.15 

Sexc Female Referent   

Male 2.03 0.155 0.77 – 5.37 

Season Predenning – Dispersal Referent   

Winter - Breeding 0.24 <0.001 0.12 – 0.50 

Rearing 0.19 <0.001 0.12 – 0.30 

Fat Storesc Small Referent   

Moderate 1.86 0.108 0.87 – 3.95 

Large 0.97 0.940 0.40 – 2.31 

Land Use Type Agriculture Referent   

Developed 3.60 0.001 1.72 – 7.52 

Year 2013 Referent   

2014 0.95 0.921 0.34 – 2.62 

2015 0.65 0.408 0.23 – 1.82 

2016 0.62 0.340 0.23 – 1.66 

Interaction termc Sex*Land Use Type Male/Developed 0.30 0.003 0.14 – 0.67 
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Interaction termc Age*Land Use Type Juvenile/Developed 0.35 0.025 0.14 – 0.88 

Interaction termc Sex*Fat Stores Male/Large 5.96 0.001 1.99 – 17.87 

Male/Moderate 1.31 0.593 0.49 – 3.47 

a Intercept = -0.219. 
b Random intercept for census subdivision: variance = 0.44 (95% Confidence Interval [CI]: 0.12–1.55); random intercept for 

submission group: variance = 2.10 (95% CI: 1.00–4.43). 
c The interaction term and its main effects are exponentiated coefficients and not true incident rate ratios. Please see Table 4.4 for the 

interpretation of interaction effects with contrasts.  
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Table 4.4: Contrast statementsb describing the influence of identified interaction terms on the intensity of Baylisascaris procyonis 

infection in raccoons submitted between January 2013 and December 2016. 

Contrast Count Ratio P-Value 95% Confidence Interval 

Age Land Use Type    

Adult Developed v Agriculture 3.60 0.001 1.72 – 7.52 

Juvenile Developed v Agriculture 1.27 0.617 0.50 – 3.23 

Land Use Type Age    

Developed Juvenile v Adult 2.30 0.003 1.32 – 4.00 

Agriculture Juvenile v Adult 6.52 <0.001 3.01 – 14.75 

Sex Land Use Type    

Male Developed v Agriculture 1.09 0.770 0.60 – 1.97 

Female Developed v Agriculture 3.60 0.001 1.72 – 7.52 

Land Use Type Sex    

Developed Male v Female 0.62 0.289 0.25 – 1.51 

Agriculture Male v Female 2.03 0.155 0.77 – 5.37 

Sex Fat Stores    

Male Large v Moderate  2.38 0.001 1.39 – 4.06 

Large v Small  5.76 <0.001 2.80 – 11.88 

Moderate v Small  2.42 0.009 1.24 – 4.72 

Female Large v Moderate  0.52 0.073 0.26 – 1.06 

Large v Small  0.97 0.940 0.40 – 2.31 
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Moderate v Small  1.86 0.108 0.87 – 3.95 

Fat Stores Sex    

Large Male v Female 12.09 <0.001 4.94 – 29.58 

Moderate Male v Female 2.65 0.008 1.29 – 5.41 

Small Male v Female 2.03 0.155 0.77 – 5.37 

b Contrast statements based on the multivariable mixed logistic regression presented in Table 4.3. 
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4.7 Figures 

Figure 4.1: The point of origin for 1539 raccoons that were submitted from across southern and eastern Ontario between January 

2013 and December 2016 and used in this study. 
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Figure 4.2: Causal diagram demonstrating expected a priori associations between the risk factors investigated in this study and 

infection of raccoons with Baylisascaris procyonis. Double arrows indicate suspected interactions between factors. 
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5 Spatio-temporal clustering of Baylisascaris procyonis, a zoonotic 
parasite, in raccoons across different landscapes in southern 

Ontario 

A version of this chapter was previously published as:  French, S. K., Pearl, D. L., Peregrine, A. 

S., Jardine, C. M. 2020. Spatio-temporal clustering of Baylisascaris procyonis, a zoonotic 

parasite, in raccoons across different landscapes in southern Ontario. Spatial and Spatio-

temporal Epidemiology. In Press. https://doi.org/10.1016/j.sste.2020.100371 

5.1 Abstract 

Baylisascaris procyonis, the raccoon roundworm, is a parasite found throughout North America 

and parts of Europe. More than 150 species of mammals and birds including humans can develop 

neurological disease following infection with the larval stage of this parasite. To investigate 

whether B. procyonis infections in raccoons cluster in space, time, or space-time, we used data 

from 1353 Ontario raccoons submitted to the Canadian Wildlife Health Cooperative between 

2013 and 2016. We identified a significant spatial cluster of increased infection prevalence in 

southern Ontario centered over the greater Toronto area, as well as a significant cluster of 

decreased infection prevalence in a primarily agricultural region in southwestern Ontario. 

Furthermore, we identified statistically significant temporal clusters in the fall in annual scans of 

data from 2014, 2015 and 2016. Examination of both Bernoulli and space-time permutation 

models for space-time analysis suggested that the purely spatial and temporal clusters were not 

explained by relatively short and spatially discrete events in space-time. The identified annual 

temporal clusters are consistent with previous research on the seasonality of B. procyonis 

infection in raccoons. Recognition of the spatial infection clusters will help identify potential 

geographic and anthropogenic factors associated with the occurrence of B. procyonis infection in 

raccoons. Given the zoonotic potential of this parasite, identification of a cluster of high infection 

prevalence in a major metropolitan area has implications for public education and risk 

management strategies. 
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5.2 Introduction 

Raccoons (Procyon lotor) are found throughout southern Ontario and, in addition to other 

pathogens of concern for humans and animals, are commonly infected with the raccoon 

roundworm, Baylisascaris procyonis. In Ontario, the prevalence of this parasite in raccoons is 

estimated to be 35% (95% Confidence Interval: 32% - 37%; French et al. 2020).  This large 

ascarid generally causes no disease in raccoons; however, infection with the larval stage can 

cause potentially fatal neurological disease in a wide range of animals including humans 

(Sorvillo et al., 2002; Graeff-Teixeira et al., 2016; Kazacos, 2016). Raccoons shed eggs into the 

environment, which become infective to both raccoons and other animals after approximately 

two weeks, depending on environmental conditions (Kazacos, 2016). Additionally, raccoons can 

develop patent infections after ingesting animals, such as deer mice, that are infected with the 

larval stage of the parasite (Kazacos, 2001). As successful urban exploiters, raccoons are often 

found in human dominated environments; this increases the risk of zoonotic transmission of B. 

procyonis as a result of environmental contamination (Kellner et al., 2012; Graeff-Teixeira et al., 

2016). 

Many studies have investigated factors that are associated with B. procyonis infection in 

raccoons, the definitive host (Snyder and Fitzgerald, 1985; Page et al., 2009; Yeitz et al., 2009; 

Hernandez et al., 2013; Cottrell et al., 2014; Jardine et al., 2014; Weinstein, 2016; French et al., 

2020), but little is known about the distribution and potential spatial and temporal clustering of 

the infection in raccoons. One approach for identifying clusters of disease is to use spatial and 

temporal scan statistics. These methods are typically limited to a circular scanning window that 

is flexible in size to identify and evaluate clusters of data in space, time, and/or space-time 

(Kulldorff, 1998). This allows for analyses even where the population at risk is unevenly 

distributed across the study area (Kulldorff, 1997). Identifying spatial and temporal clusters can 

help generate hypotheses related to environmental variables that may contribute to variation in 

infection prevalence and intensity.  

In this study, we aimed to determine whether there were clusters of both high and low B. 

procyonis infection prevalence in space, time and space-time, as well as examine whether these 

clusters are consistent with the currently known ecology of the parasite in Ontario. We 
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performed annual scans to determine if the spatial clusters we observed were stable between 

years and if the temporal clusters captured seasonal effects. Given the zoonotic potential of B. 

procyonis, a greater understanding of the distribution and ecology of this parasite in southern 

Ontario will assist in the development of evidence-based public health strategies and policies by 

identifying locations or times of year to best target public health efforts. 

5.3 Material and Methods 

Data were collected from 1539 Ontario raccoons submitted to the Canadian Wildlife Health 

Cooperative (CWHC) between 2013 and 2016, as described in French et al. (2020). Briefly, 

raccoons were submitted from a variety of sources including the Ontario Ministry of Natural 

Resources and other government organizations, pest control companies, and the public. In some 

cases the animals were found dead or acting unusually resulting in reports and submissions, 

some animals were removed as part of hazard-specific rabies surveillance, and others were 

intentionally removed from buildings and facilities in which they were posing a potential hazard. 

During diagnostic necropsies, we determined the number of B. procyonis present in the intestine 

of each raccoon. In addition, we recorded the age and sex of each raccoon on a standardized data 

collection form. At the time of submission, the date and location of carcass collection was 

provided by the submitter; location was given as either an exact GPS point or the nearest 

intersection of roads to the collection site.  Given an average raccoon home range has a 1 km 

radius (Rosatte et al., 2010), we believe any errors resulting from the various ways location data 

were recorded would be small. One thousand, four hundred and ninety-seven animals had 

sufficiently detailed demographic information to be used in further analyses; location 

information was available for 1401 of the raccoons which were included in spatial analyses, 

temporal data were available for 1422 animals used in purely temporal analyses and 1326 

individuals had complete submission information and could be used for space-time analyses  

(Table 5.1; Figure 5.1). 

We performed retrospective scan statistics using SatScan 9.4.4 (Martin Kulldorff and 

Information Management Services Inc., Boston, MA, USA) to identify statistically significant 

temporal, spatial and space-time clusters of B. procyonis infection; clusters were identified using 

a Bernoulli model since raccoons were classified as infected or not infected with the parasite 
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(Kulldorff, 1997). After completion of these scans, we repeated the analysis annually to 

determine if spatial clusters were stable among years and to identify if temporal clusters within 

years captured seasonal effects. Using a space-time permutation model, which controls for purely 

spatial or temporal clusters, we performed additional space-time scans of our data by each 

individual year (Kulldorff et al., 2005). We did not examine longer time periods using this model 

since it is prone to population shift bias over long periods; given that raccoon populations are not 

regularly quantified, and the animals are susceptible to major disease outbreaks such as rabies 

and canine distemper we could not be confident that background population changes did not 

occur. Animals were stratified by age and sex using the multiple datasets option in SatScan in 

order to control for confounding, as both animal level factors have been demonstrated to 

influence the odds of infection with B. procyonis in Ontario raccoons (Jardine et al., 2014; 

French et al., 2020). For all analyses, we used 999 Monte-Carlo replications and a scanning 

window size limited to 50% of the study population and/or study period depending on the type of 

cluster being explored. This maximum scanning window does not preclude the identification of 

smaller geographical clusters; however, it limits the measures of association to reflecting what 

occurs inside the cluster relative to the remaining study area. 

A circular search window was used in both spatial and space-time analyses. For all temporal 

analyses, we used a temporal precision of one month, to ensure animals were submitted within 

each temporal window scanned. Although there were days in which no animals were submitted, 

this does not indicate an absence of infected animals on those days.  In all cases, infection status 

was not related to submission, as the parasite does not cause clinical disease in raccoons 

(Kazacos, 2016).  

For all statistical analyses, two-tailed tests were performed with a significance level of 5% (i.e., 

α= 0.05). In addition to the primary cluster from each scan, we reported any secondary clusters 

that did not overlap with the primary cluster. For space-time cluster analyses, we relaxed the no 

spatial overlap reporting criteria and allowed the reporting of secondary clusters if they did not 

contain the centroid of a more likely cluster. The secondary clusters were reviewed and only 

reported if they did not overlap with a more likely cluster in both space and time. In order to 
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visualize clusters both in space and space-time, maps were generated using QGIS 2.18.9 (QGIS 

Development Team, Zurich, Switzerland). 

5.4 Results 

5.4.1 Purely spatial analyses 

When data for the entire study period were examined, a statistically significant spatial cluster of 

high B. procyonis infection prevalence in raccoons was identified centering over the Greater 

Toronto Area before and after the dataset was stratified by age and sex (Figure 5.2; Appendix D 

Figure 1, Tables 1, 2). A statistically significant spatial cluster of low infection prevalence was 

also identified, centering over southwestern Ontario. When the data were stratified by age and 

sex, the location of the low infection cluster shifted northward, but was still identified in the 

same region of Ontario (Figure 5.2; Appendix D Figure 1, Tables 1, 2).   

When spatial scans were performed for each individual study year, high infection clusters were 

identified in the same region as the overall scan in both 2014 and 2016, whether the data were 

stratified or unstratified (Figure 5.2; Appendix D Figure 1, Tables 1, 2). Additionally, a large 

cluster of high infection prevalence was identified extending into eastern Ontario, but still 

including the city of Toronto, in the unstratified analysis of 2015; no high infection cluster was 

present when the data were stratified by age and sex (Figure 5.2; Appendix D Figure 1, Tables 1, 

2). The cluster of low infection prevalence over southwestern Ontario that was identified in the 

scan of the full study period was also identified in 2015 in both stratified and unstratified 

analyses, and in the stratified analysis of 2014 (Figure 5.2; Appendix D Figure 1, Tables 1, 2). A 

cluster of low infection prevalence over south central Ontario was identified in 2016 when the 

data were unstratified but was not present when the data were stratified by age and sex (Figure 

5.2; Appendix D Figure 1, Tables 1, 2). 

5.4.2 Purely temporal analyses 

When assessing the full dataset for temporal infection clusters, a statistically significant low 

infection cluster was identified from December 2014 to July 2016; the same cluster was 

identified when the data were stratified by age and sex (Table 5.2; Appendix D Table 3). Each 

year was then analyzed individually; on a scan of the unstratified data a high infection cluster 
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was identified in the late summer-fall of 2014, 2015 and 2016 (Appendix D Table 3). When the 

data were stratified by age and sex, a late summer-fall high infection cluster was identified in 

2015 and 2016; a statistically significant cluster of low infection prevalence was identified in the 

winter-spring of 2014 (Table 5.2). 

5.4.3 Space-time analyses 

5.4.3.1 Bernoulli models  

When the entire study period was assessed, a statistically significant cluster of low infection 

prevalence was identified in space-time located in southwestern Ontario from December of 2014 

to July of 2016 (Appendix D Figure 2, Table 4). A secondary cluster of high infection prevalence 

was identified in the Greater Toronto Area from August to December of 2016. When the data 

were stratified by age and sex, a cluster of low infection prevalence was found in southwestern 

Ontario from January of 2015 to July of 2016 (Figure 5.3; Appendix D Table 5). Furthermore, a 

cluster of high infection prevalence was identified in the Niagara region from August to 

December 2016, as well as a second high infection cluster from August to November 2014, 

located in northern Ontario (Figure 5.3; Appendix D Table 5). 

When the dataset was assessed annually, a cluster of high infection prevalence was identified in 

the Greater Toronto Area between April and November 2014 (Appendix D Figure 2, Table 4). 

The location of this cluster did not change when the data were stratified by age and sex, however 

the time period was smaller, ranging from August to November (Figure 5.3; Appendix D Table 

5). In 2015, a statistically significant high infection cluster was identified from August to 

December located in eastern Ontario; this cluster was also identified when the data were 

stratified by age and sex (Figure 5.3; Appendix D Figure 2, Tables 4, 5). Analysis of the data 

from 2016 identified a statistically significant high infection cluster from July to December 

centered on the Greater Toronto Area (Appendix D Figure 2, Table 4). When the data were 

stratified by age and sex, a low infection cluster was found in southern central Ontario between 

February and July 2016 and a high infection cluster was identified in the Greater Toronto Area 

from August to December 2016 (Figure 5.3; Appendix D Figure 2, Tables 4, 5). 
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5.4.3.2 Space-time permutation models  

Investigating 2014, a statistically significant cluster of high infection prevalence was found 

during the month of May in southwestern Ontario (Appendix D Figure 3, Table 6). The same 

statistically significant cluster was found when the data were stratified by age and sex (Figure 

5.4; Appendix D Table 7).  A cluster of low infection prevalence was identified in 2015 centered 

on western Ontario from July to October, and a second cluster of low infection prevalence was 

identified from January to June of the same year, just east of Toronto (Appendix D Figure 

3,Table 6). No statistically significant clusters were found in the stratified analysis of 2015 

(Figure 5.4; Appendix D Table 7). Two statistically significant clusters of high infection 

prevalence were identified in 2016; the first located in central Ontario from March to June, and 

the second in eastern Ontario in July (Appendix D Figure 3, Table 6). A cluster of low infection 

prevalence was also identified south of Georgian Bay from July to October 2016 (Appendix D 

Figure 3, Table 6). Stratification of the 2016 data by age and sex resulted in two clusters of low 

infection prevalence (Figure 5.4; Appendix D Table 7). The primary cluster was located in the 

Greater Toronto Area, from March to July, the secondary cluster was in central Ontario from 

September to December (Figure 5.4; Appendix D Table 7). Additionally, a single high infection 

cluster was identified in eastern Ontario, encompassing the months of June and July (Figure 5.4; 

Appendix D Table 7). 

No statistically significant clusters were identified for the year 2013 in space, time or space-time 

using Bernoulli or space time permutation models. 

5.5 Discussion 

In this study we were interested in the presence of an overall temporal cluster of infection in 

Ontario raccoons, we then used annual scans to see if there were consistent seasonal effects that 

would correlate with our current understanding of this parasite. Additionally, after doing overall 

spatial scans, we used the annual scans to evaluate the stability of the spatial clusters.  Assessing 

space-time in addition to spatial and temporal scans allowed us to evaluate whether spatial 

clusters were driven by small space-time events, or if the findings were consistent over longer 

periods of time. We then used triangulation to interpret the results of the different scans together 

to create a more complete picture of the spatial and temporal trends.  
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Several statistically significant clusters of B. procyonis infection were identified in raccoons in 

southern Ontario. Although the location of the centroid and the radius varied slightly, a 

significant spatial and space-time cluster of high infection prevalence was consistently identified 

in raccoons centering on the Greater Toronto Area, using Bernoulli models, based on both annual 

scans and scans of the entire study period. Previous research in Ontario has identified that the 

population density of raccoons in Toronto is four to fifteen-fold greater than densities found in 

the rest of the province (Rosatte et al., 2010). As such, this cluster may be a consequence of 

increased contact between individual raccoons as well as with contaminated latrines. 

Furthermore, in the presence of abundant anthropogenic resources, raccoons, animals that are 

often solitary or function in small social groups, have been shown to relax territorial behaviour 

and tolerate increased conspecific interactions (Prange and Gehrt, 2004; Gompper and Wright, 

2005; Francis and Chadwick, 2012). High population densities are often associated with 

increased prevalence of fecal-oral transmitted pathogens (Civitello et al., 2018), one of the two 

routes of infection for B. procyonis (Kazacos, 2016). It is interesting to note that although there 

are other major cities in Ontario, such as Hamilton and Ottawa, significant high infection clusters 

were not identified in these areas. Further research could investigate factors associated with 

infection in Toronto raccoons, as well as compare the Greater Toronto Area with other urban 

centres in southern Ontario, using more targeted surveillance to better understand what 

specifically makes Toronto an area of high infection risk. 

We identified a spatial cluster of low infection prevalence in southwestern Ontario, however 

different portions of the region were captured depending on whether the data were stratified or 

not. Even so, regardless of the scan being investigated, the areas encompassed by the clusters 

were primarily agricultural, based on the Southern Ontario Land Resource Information System 

(Ontario Ministry of Natural Resources and Forestry, 2016). Difference(s) in human land use in 

this area as compared to the region in which the cluster of high infection prevalence was 

identified may help to explain the existence of these different clusters of infection prevalence. As 

access to resources and den sites varies between developed, agricultural, and forested 

environments (Rosatte et al., 2010), both contact rates between raccoons and exposure to 

contaminated latrines may be lower within the identified clusters in southwestern Ontario as 

compared to those in the Greater Toronto Area (Prange and Gehrt, 2004). Additionally, dietary 
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differences between populations (Prange and Gehrt, 2004) may result in variations in the relative 

importance of the two transmission routes of the parasite. 

When examining the significant temporal clusters, the annually identified cluster of high 

infection prevalence occurring from August to November or December corresponds well with 

the seasons of biological relevance proposed by Rosatte et al. (2010), in which the “predenning-

dispersal period” encompasses August 1 to November 30. In a previous risk factor analysis using 

the same seasonal delineations, the “predenning-dispersal period” was found to be associated 

with a significantly higher odds of B. procyonis infection in raccoons when compared to other 

biological seasons (French et al., 2020). This is also consistent with many other studies 

performed throughout North America, which identified the fall as the season with highest 

infection prevalence in raccoons (Smith et al., 1985; Evans, 2001; Page et al., 2016; Weinstein, 

2016).  

The large cluster of low infection prevalence ranging from December 2014 to July 2016 captures 

the substantially lower prevalence of infection in our 2015 samples, in combination with research 

that has indicated the odds of B. procyonis infection are lowest in the winter and spring 

(Kazacos, 2016; Page et al., 2016). It is unclear as to why the prevalence of B. procyonis 

infection was lower in 2015 than other years, it is possible this reflects differences in temperature 

and weather patterns; regardless, this suggests there are factors beyond season that influence 

infection dynamics. 

It is likely that our Bernoulli space-time models captured the previously discussed spatial and 

temporal clusters as all the space-time clusters are within or overlap the findings from either the 

purely spatial or temporal scans. Examining the space-time permutation models, there were small 

clusters that did not appear to be driving the space-time distribution of B. procyonis positive 

raccoons identified by the Bernoulli models. For instance, within the spatial cluster of low 

infection prevalence, we found small events in space-time where the number of cases were 

higher than expected. Although the identified clusters could not have a temporal component less 

than a month based on our settings, they were often composed of a small number of animals 

collected over only a few days, which could be detected as we controlled for purely spatial and 

temporal cluster using the space-time permutation model.  
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While there may be geographic differences in raccoon submission rates and rigor across the 

province, we do not believe this influenced our analysis. Bernoulli models utilize proportions of 

cases and controls instead of overall case counts (Kulldorff, 1997). As such, the rate of 

submissions does not influence the clusters. It is possible, however, that there may be more 

statistical power to detect clusters in some areas than in others. Additionally, space-time 

permutation models inherently adjust for areas with more or less submissions by controlling for 

purely spatial and purely temporal clusters (Kulldorff et al., 2005).   

Using a temporal precision of one month limited our ability to identify small clusters that 

consisted of short time intervals but identifying small outbreaks may have been misleading given 

that neither infection status nor a clinical disease manifestation drove submission. By using a 

larger temporal window, this allowed us to look for large changes at the population level and 

provide further evidence for established seasonal trends (Kazacos, 2016; French et al., 2020).  

Although cases of neurological disease in humans are rare, there have been two documented 

cases in children in Ontario since 2000 (Hajek et al., 2009; Graeff-Teixeira et al., 2016) and as 

the disease is not reportable, more cases may have occurred. As this is a rare zoonosis, 

individuals living in close proximity to raccoons may not be aware of the potential risks 

(Kazacos, 2016). Identifying areas of higher infection prevalence will allow public health 

authorities to emphasize education and messaging in the right locations. Further, medical 

professionals may find the knowledge that their patient comes from an infection cluster valuable 

for formulating differential diagnoses. 

5.5.1  Conclusions  

Future work should focus on identifying specific environmental and sociodemographic 

differences between urban areas as well as between the high prevalence spatial cluster centered 

on Toronto and the identified clusters of low infection prevalence elsewhere in southern Ontario. 

This will provide a better understanding of the ecology of the parasite in the province and 

identify potential areas on which to focus implementation of public health risk mitigation 

programs.  



 

107 

 

5.6 Tables 

Table 5.1: Demographic information for raccoons submitted to the Ontario-Nunavut node of the Canadian Wildlife Health 

Cooperative between January 2013 and December 2016*. 

Year 

Age Sex Total Number 

Submitted 

Percent 

Positive Adult Juvenile Male Female 

2013 50 19 39 30 69 39% 

2014 299 105 219 185 404 41% 

2015 359 81 291 149 440 26% 

2016 451 133 326 258 584 36% 

*Animals were required to have geographic and temporal information concerning where and when they were found to be included in 

further analyses. 171 animals were excluded from either purely spatial or purely temporal scans as well as all space-time analyses. 
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Table 5.2: Statistically significant clusters of high and low Baylisascaris procyonis infection prevalence in raccoons identified by 

retrospective temporal scans using Bernoulli models when host demographic data were stratified by host age and sex. Raccoons were 

submitted in Ontario from January 2013 to December 2016. 

Year 

Cluster 

Type Stratification 

Population 

in Cluster 

Start 

(y/m/d)+ 

End 

(y/m/d)+ 

Observed 

(O) 

Expected 

(E) O/E 

Risk 

Ratio 

P - 

Value 

2013 - 

2016 

LOW Adult Female 243 2014/12/01 2016/07/31 41 61.6 0.67 0.47 0.001 

Adult Male 402 109 134.0 0.81 0.63 

Juvenile 

Female 
52 18 28.0 0.64 0.55 

Juvenile Male 73 18 34.4 0.52 0.39 

2014 LOW Adult Female 50 2014/02/01 2014/06/30 16 17.9 0.90 0.84 0.001 

Adult Male 69 - - - - 

Juvenile 

Female 
17 3 9.2 0.33 0.24 

Juvenile Male 14 2 7.1 0.28 0.22 

2015 HIGH Adult Female 35 2015/08/01 2015/12/31 13 7.9 1.64 2.40 0.001 

Adult Male 39 16 10.4 1.54 1.75 

Juvenile 

Female 
12 8 3.3 2.42 Infinity 

Juvenile Male 23 13 6.6 1.98 14.70 
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* High clusters indicate periods in time with a higher proportion of cases than would be expected based on a random distribution of 

cases. Low clusters indicate periods with a lower proportion of cases than would be expected.  

+ Temporal precision was held at the month level.

2016 HIGH Adult Female 55 2016/08/01 2016/12/31 24 12.0 2.01 3.52 0.001 

Adult Male 82 39 27.9 1.40 1.72 

Juvenile 

Female 
47 36 30.7 1.17 1.87 

Juvenile Male 38 32 22.1 1.45 5.05 
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5.7 Figures 

Figure 5.1: A map of the study area, with major cities indicated for orientation. Raccoons were submitted from throughout southern 

and eastern Ontario between 2013 and 2016. Animals positive for Baylisascaris procyonis infection are represented by black triangles, 

and negative animals are indicated with grey circles. 
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Figure 5.2: Most likely non-overlapping statistically significant spatial clusters of high and low 

Baylisascaris procyonis infection prevalence as identified using retrospective spatial scan 

statistics with a Bernoulli model when data were stratified by host age and sex based on scans of 

the following periods: a) 2013-2016, b) 2014, c) 2015, d) 2016. O/E = Observed number of 

cases/Expected number of cases. O/E listed in the following order: adult female, adult male, 

juvenile female, juvenile male. 
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Figure 5.3: Most likely non-overlapping statistically significant clusters of high and low 

Baylisascaris procyonis infection prevalence as identified using retrospective space-time scan 

statistics with a Bernoulli model when data were stratified by host age and sex based on scans of 

the following periods: a) 2013-2016, b) 2014, c) 2015, d) 2016. O/E = Observed number of 

cases/Expected number of cases. O/E listed in the following order: adult female, adult male, 

juvenile female, juvenile male. 
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Figure 5.4: Most likely non-overlapping statistically significant clusters of high and low 

Baylisascaris procyonis infection prevalence as identified using retrospective space-time scan 

statistics with a space-time permutation model when data were stratified by host age and sex, 

based on scans of the following periods: a) 2014, b) 2016. O/E = Observed number of 

cases/Expected number of cases. O/E listed in the following order: adult female, adult male, 

juvenile female, juvenile male. 
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6 Environmental factors associated with Baylisascaris procyonis 
infection in an urban population of raccoons in Toronto, 

Ontario, Canada 

A version of this chapter has been prepared for submission to International Journal for 

Parasitology: Parasites and Wildlife as: French, S. K., Pearl, D. L., Sutton, W. B., Peregrine, A. 

S., Jardine, C. M. Environmental factors associated with Baylisascaris procyonis infection in an 

urban population of raccoons in Toronto, Ontario, Canada. 

6.1 Abstract 

Although researchers often investigate the differences in pathogen prevalence and transmission 

between urban and non-urban environments, little work has been done to look at factors 

associated with variation observed within an urban population. Many wildlife species that are 

successful in urban environments carry zoonotic pathogens, and their proximity to human 

populations can increase the risk of human exposure. One such pathogen is Baylisascaris 

procyonis, the raccoon roundworm, the larval stage of which can cause severe neurological 

disease in humans, and many other bird and mammal species. We investigated the relationships 

between environmental factors, human land use and land cover types, and raccoon and human 

demographic factors, and the prevalence of B. procyonis infection in 391 raccoons submitted to 

the Canadian Wildlife Health Cooperative from Toronto, Ontario, Canada, between 2013 and 

2016. Using mixed multivariable logistic regression models, we identified five variables that 

were significantly associated with B. procyonis infection in the raccoons, after controlling for 

host age, host sex, and season of collection. Total green space was negatively associated with the 

odds of infection. Residential zoning demonstrated a quadratic relationship, with the greatest 

odds of infection seen with moderate levels of residential zoning. We identified significant two-

way interactions between sex and the presence of a ravine, age and the building land cover 

classification, and age and the amount of grass/shrub coverage. That most of these relationships 

were non-linear or involved interactions with host factors emphasizes the complexity of host-

pathogen relationships in human-altered environments. Thus, developing risk mitigation 

strategies may not be straightforward as landscape modification could have unexpected 

outcomes on infection prevalence in some populations.  
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6.2 Introduction 

Urbanization, associated with dramatic environmental change and land development is 

increasing worldwide, with the majority of the global human population now classified as urban 

residents (Bateman and Fleming, 2012). Urban landscapes are associated with declines in species 

richness, as many species are not tolerant of human activity and habitat alteration (Bradley and 

Altizer, 2007). However, abundant and reliable anthropogenic food sources and altered 

environments provide novel habitats that allow some species to thrive and reach greater 

population densities than would be seen in non-urban habitats (Bradley and Altizer, 2007; 

Rodewald and Gehrt, 2014; Šálek et al., 2015). These changes, both to the environment and 

population dynamics, can alter host-parasite interactions resulting in both elevated and depressed 

pathogen spread as a function of specific transmission pathways (Page et al., 2008; Cable et al., 

2017; Becker et al., 2018). Understanding how the environment impacts the ecology of zoonotic 

pathogens is important for developing effective pathogen mitigation strategies. 

Raccoons (Procyon lotor) are successful urban adapters whose presence is positively associated 

with urban environments (Gehrt, 2004; Randa and Yunger, 2006). Their ability to efficiently 

exploit anthropogenic food sources, and utilize sewers, houses and other structures as denning 

sites allow them to reach greater population densities than their rural counterparts (Prange et al., 

2003; Bateman and Fleming, 2012; Demeny et al., 2019).  The success of raccoons in urban 

environments often brings them into close contact with humans, providing opportunities for 

pathogens to spill over into new hosts (Sokolow et al., 2019). This is of concern as raccoons 

carry several zoonotic pathogens including the raccoon roundworm, Baylisascaris procyonis 

(Kazacos, 2016).  

Baylisascaris procyonis is a zoonotic parasite; the larval stage is known to cause neurological 

disease in more than 150 species of birds and mammals including humans following the 

ingestion of infective eggs (Kazacos, 2016). The eggs, shed in raccoon feces, can remain 

infective for several years after larval development within the egg (Shafir et al., 2011; Ogdee et 

al., 2016). Raccoons utilize common latrines, which have the potential to create point sources of 

contamination in the environment (Smyser et al., 2010); contaminated latrines have been 
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identified in urban residential areas in backyards and on rooves, emphasizing the risk of human 

exposure (Roussere et al., 2003; Page et al., 2009a).  

The relationship between urbanization and B. procyonis infection in raccoons is unclear. Some 

studies have identified greater infection prevalence in urban environments (Blizzard et al., 2010), 

other studies have found increased prevalence in rural environments (Page et al., 2005, 2008; 

Ingle et al., 2014), whereas others have found no association (Jacobson et al., 1982; Kerr et al., 

1997; Cottrell et al., 2014). Work in Ontario has found that urbanization and human land use can 

be involved in significant interactions with host demographic factors influencing the prevalence 

and intensity of B. procyonis infection in raccoons (Jardine et al., 2014; French et al., 2020). 

Investigation of the spatial and temporal distribution of B. procyonis infection in Ontario 

raccoons by French et al. (Chapter 5) identified a cluster of high infection prevalence that 

included the city of Toronto, which highlights the opportunity for further exploration. Examining 

associations between B. procyonis infection prevalence and environmental characteristics at a 

finer scale within an urban environment may improve our understanding of the epidemiology of 

this parasite in Toronto. Although studies examining the influence of specific urban-associated 

environmental factors on wildlife disease ecology are limited, the exploration of these factors 

may help explain the varied relationships observed when using general land use categories 

(Brearley et al., 2013).    

Given evidence that urban raccoons will select for residential areas and other locations that 

provide access to food, den sites and water (Broadfoot et al., 2001; Randa and Yunger, 2006; 

Bozek et al., 2007; Gross et al., 2012), and that the raccoon population in Toronto has been 

estimated as predominately juvenile (Rosatte, 2000), we focused on environmental variables that 

could increase clustering of animals and thus fecal-oral parasite transmission. Specifically, we 

were interested in factors that may influence the prevalence of parasite carriage through their 

impact on local animal density. Thus we focused on variables that could influence food 

availability, including total green space and residential zoning, those associated with denning 

sites including tree canopy and ravine access, and factors that could encourage clustering of 

individuals like trash can density. 
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Our objective was to investigate the enviornmental factors associated with B. procyonis infection 

in raccoons within the city of Toronto, Ontario. Specifically, we aimed to identify risk factors 

associated with natural habitat, human-modified environments, and human demographics, in 

addition to host level factors, which may influence infection prevalence in raccoons. Based on 

previous associations between developed land and B. procyonis infection in raccoons (French et 

al., 2020), we predicted that infection prevalence in Toronto raccoons would be negatively 

associated with environmental factors related to natural habitat (e.g., green space, tree canopy, 

ravines). 

6.3 Methods 

As part of a larger study investigating the prevalence of B. procyonis infection in Ontario 

raccoons, 415 raccoons were submitted to the Canadian Wildlife Health Cooperative (CWHC) 

from within the boundaries of the city of Toronto in Ontario, Canada between 2013 and 2016. 

Animals were submitted from a variety of sources including government agencies and nuisance 

animal control companies. Animals were subjected to a diagnostic necropsy where the number of 

adult B. procyonis in the intestine were recorded. A location, as GPS coordinates of the 

collection site or the nearest intersection, and date of collection were provided in the submission 

information. Additionally, we recorded demographic information (i.e., age, sex) during the 

necropsy. Full collection methods are described in French et al. (2020).  

We generated a 0.42 km2 buffer around the collection point of each raccoon to represent the 

average home range of an urban raccoon in Toronto (Rosatte et al., 1991). We used this home 

range shapefile as the primary data mask to evaluate and extract a variety of land use and 

landcover data layers from the city of Toronto in ArcGIS 10.1 (City of Toronto, 2008, 2014, 

2018a, 2018b, 2019; ESRI, Redlands, California, USA). Any animal whose entire buffer was not 

contained within Toronto city limits was removed from the analysis, which resulted in a final 

sample size of 391 (Figure 6.1).  

All polygon layers were converted to raster images before analysis, with a minimum data grain 

of 0.6 m. The neighbourhood socioeconomic status (SES) for each collection point was 

determined using National Household Survey data and classified as low, middle, and high based 
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on the low-income measure after taxes (LIM-AT) and income information from Statistics 

Canada (Statistics Canada, 2016, 2017, 2018).  In addition, we used the litter receptacle shapefile 

from the city of Toronto (City of Toronto, 2019) to create a density raster using the Point Density 

function in ArcGIS v.10.5, which was based on the geographic location of each public trash 

receptacle. Raccoons were assigned the mean trash receptacle density value for their home range. 

In total, 18 environmental variables were considered for our analysis. We used the Geospatial 

Modeling Environment 0.6.0.0 (Hawthorne L. Beyer and Spatial Ecology LLC, Queensland, 

Australia) to extract the thematic proportion of each land-use and zoning data layer (e.g., zoning 

type, land cover and land use, total greenspace, ravine and natural feature protection area) within 

each raccoon home range.  

We assessed variables for linearity with the log odds of B. procyonis infection status by 

generating locally weighted regression curves on the log odds scale. For non-linear variables, if 

the linearity assumption could not be met by transforming the independent variable (i.e., natural 

log, log10, square root or inverse transformations), we examined if the variable could be 

modelled as a quadratic relationship. If a quadratic relationship was not suitable, (i.e., a non-

linear relationship based on the lowess curve that did not have a quadratic relationship over the 

range of the independent variable), the variable was dichotomized or categorized into three equal 

quantiles depending on the range of values.  

Mixed logistic regression models were fitted to assess the association between B. procyonis 

infection status and each environmental variable, following appropriate transformations. Given 

the known importance of animal level and seasonal factors on the odds of B. procyonis infection 

in raccoons, host age and sex as well as the season of collection were included in each model as 

fixed effects. The significance of categorical variables was assessed using a Wald’s X2 to 

determine inclusion in the model. We included a random intercept for submission group to 

account for animals collected from the same location on the same day. As many environmental 

variables were subsets or constructs of each other, we did not fit any multivariable models that 

included more than one environmental variable. We evaluated interactions among age, sex, 

season and the environmental variable in each model. A variable was included in a model if it 

was statistically significant, or part of a statistically significant interaction term or was one of the 
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animal level or temporal factors forced into each model. We assessed Pearson residuals to 

identify outliers and assessed model fit using best linear unbiased predictors (BLUPs) to look at 

the distribution of the random effects. If the BLUPs did not meet the assumptions of normality 

and homoscedasticity of variance, we examined Bayesian information criteria to determine if the 

inclusion of the random effect improved model fit. All model building was completed using a 

significance level of 5% (α = 0.05) in STATA15 (STATACorp, College Station, Texas, USA). 

6.4 Results 

Over the four-year study period, the estimated prevalence of B. procyonis infection in Toronto 

raccoons was 46% (181/391; 95% Confidence Interval: 41% – 51%). Descriptive statistics are 

presented for continuous variables in Table 6.1, and categorical variables in Table 6.2. Our 

sample consisted primarily of adult raccoons (72%) and included more male raccoons (60%).  

In the mixed univariable logistic regression models, including a random intercept for raccoon 

submission group, the proportion of the home range consisting of building cover, residential 

zoning, and roads were positively associated with B.procyonis infection status; the proportion 

consisting of green space, open space zoning, and grass/shrub cover were negatively associated 

with the odds of B. procyonis infection in Toronto raccoons (Appendix E Table 1). Additionally, 

the host-level variables age and season of collection were statistically significant.  

Based on the mixed multivariable logistic regression models, which included the same random 

intercept as well as the three animal-level variables of interest (i.e., age, sex, season of 

collection), there were statistically significant relationships between the odds of infection and the 

proportion of building cover, residential zoning, green space, the level of grass/shrub cover, and 

presence of a ravine. 

We identified a statistically significant interaction between host age and the percentage of a 

raccoon’s home range that consisted of the building land cover classification (Table 6.3). For 

adult raccoons, the odds of infection with B. procyonis increased as the percentage of building 

cover increased (Figure 6.2). For juvenile raccoons, a decrease in the odds of infection was 

observed as the percentage of building cover increased (Figure 6.2). 
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The relationship between residential zoning and infection prevalence was quadratic in nature 

(Table 6.4). The odds of B. procyonis infection in Toronto raccoons were greatest when a 

moderate percentage of their home range was zoned as residential (Figure 6.3). The odds of 

infection decreased as the percentage moved towards either extreme (Figure 6.3). 

Total green space had a statistically significant sparing effect on the odds of infection; as the 

amount of green space in the home range increased, the odds of infection with B. procyonis 

significantly decreased (Table 6.5). 

We also identified a statistically significant interaction between host sex and the presence of a 

ravine in the animal’s home range (Table 6.6). Female raccoons with access to a ravine had a 

significantly lower odds of infection as compared to females without access to a ravine; there 

was no difference for male animals (Table 6.7). Additionally, male raccoons with access to a 

ravine had significantly greater odds of infection than females with access to a ravine, but when 

comparing males and females with no access to a ravine, there was no significant difference 

(Table 6.7). 

A significant interaction existed between host age and the level of home range grass/shrub cover 

(Table 6.8). For adult animals, the odds of infection were significantly lower for raccoons with a 

home range that contained high grass/shrub cover or medium grass/shrub cover compared to a 

home range with low cover (Table 6.9). Juvenile animals with high grass/shrub cover in their 

home range had significantly greater odds of infection with B. procyonis than individuals with 

medium cover; no significant differences were identified when high cover or medium cover was 

compared with low grass/shrub cover (Table 6.9). For animals with a home range with high 

grass/shrub cover, the odds of infection were significantly greater for juvenile animals as 

compared to adults (Table 6.9). There was no relationship between age and the odds of infection 

when the lower coverage groups (within medium cover or within low cover) were compared 

(Table 6.9). 

Assessing the residuals for all five models, we identified no major outliers and based on the 

BLUPs, none of the models showed indications of heteroscedasticity. The BLUPs did not meet 



 

124 

 

the assumption of normality for any of the models; however, all had relatively large variance 

components (2.89 – 5.63) and improved the fit of the model, so the random effect was retained. 

6.5 Discussion 

The estimated prevalence of B. procyonis infection in Toronto raccoons of 46% is higher than 

overall prevalence that were previously estimated for Ontario (Cranfield et al., 1984; Jardine et 

al., 2014; French et al., 2020). This is consistent with the identification of a cluster of high 

infection prevalence that included the city of Toronto (Chapter 5). An association between 

elevated prevalence of B. procyonis and highly urbanized areas has previously been suggested by 

Becker et al., (2018) and Prange et al., (2003) and is supported by our data.  

We identified five environmental variables that were significantly associated with the odds of B. 

procyonis infection in raccoons after controlling for the influence of host age, host sex, and 

season of collection. Age and season are well documented to be associated with the odds of 

infection with B. procyonis in raccoons (e.g., Snyder and Fitzgerald 1987; Cottrell et al. 2014; 

Jardine et al. 2014; Pipas et al. 2014), and sex has been shown to be important either alone or as 

part of interaction effects (Page et al., 2009b; Hernandez et al., 2013; Jardine et al., 2014; French 

et al., 2020).  These associations were more complex than we initially predicted and were often 

involved in interactions with animal-level variables. 

We observed the highest odds of infection in animals that had a moderate percentage of their 

home range zoned as residential. Residential zones are designated as neighbourhoods in Toronto 

and in addition to single-occupancy housing, these zones also contain parks and institutions (City 

of Toronto, 2020), environments actively selected for by raccoons (Anthony et al., 1990; Randa 

and Yunger, 2006; Šálek et al., 2015). The quadratic trend we observed may be explained by the 

availability of resources associated with residential areas, with moderate numbers of focal 

resources maximizing contact rates and pathogen transmission (Benavides et al., 2012). In their 

model of disease transmission in red colobus monkeys, Bonnell et al. (2010) found that contact 

rates decreased between groups when greater numbers of resource sources were available. 

Similarly, areas that were predominantly residential zoning in our study may have provided 
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sufficient food and denning resources so that raccoons were not required to cluster at an 

individual site.  

The proportion of total green space in a raccoon home range was negatively associated with B. 

procyonis infection prevalence in raccoons. In Toronto, green space refers to parks and other 

public green areas, which have been demonstrated to support larger densities of raccoons (Šálek 

et al., 2015). Inhabiting a public green space may allow more opportunities for natural foraging 

and decrease the intense clustering of raccoons around focal and abundant resources expected in 

cities, thereby reducing exposure to B. procyonis in the environment (Ditchkoff et al., 2006; 

Gortázar et al., 2016).  

The extensive ravine system is a unique characteristic of Toronto and covers 17% of the city’s 

land area (City of Toronto, 2017). Ravine access within the home range of a female raccoon 

decreased the odds of infection when compared to a female without access. Similar to increased 

green space, ravine access may allow for more dispersion of individuals and reduced reliance on 

anthropogenic resources. Interestingly, for animals with ravine access, the odds of infection were 

greater for males compared to females. This may indicate behavioural differences between sexes. 

Male raccoons may focus foraging efforts on anthropogenic food sources (Ditchkoff et al., 2006; 

Bozek et al., 2007) and limit ravine use, which may increase their environmental exposure to B. 

procyonis eggs, or they may range farther, which may increase the odds of contact with an 

infected paratenic host or latrine.  

Interestingly, the influence of building cover on infection prevalence varied for adult and 

juvenile raccoons, with increased building cover being associated with a decrease in the odds of 

B. procyonis infection for juveniles and an increase in the odds for adults. Similarly, host age 

changed the relationship between the level of grass/shrub cover and the odds of infection, with 

high grass/shrub cover being associated with an increase in the odds of infection in juvenile 

raccoons, but a decrease in adults. These findings may provide evidence for different routes of 

infection between age classes or suggest that the two groups utilize the same habitat in different 

ways. Although natural foraging may be expected to increase the exposure of raccoons to 

infected paratenic hosts (Page et al., 2008), the relationship we observed for adult raccoons does 
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not support this. Populations of paratenic hosts in this system may be equally or more accessible 

within the built environment (Pickett et al., 2001). 

It is important to recognize that the maximum percent of building cover and grass/shrub cover 

was 43% and 54% of a raccoon home range, respectively. It is possible that the relationships 

between these variables and B. procyonis infection captured environmental factors that were not 

directly measured in this study. Given that what is high risk for one age group may be associated 

with decreased odds of infection in the other demonstrates the complexity of host-pathogen-

environment relationships. This emphasizes the importance of investigating interactions as most 

of the risk factors examined do not function independent of the animal’s demographic 

characteristics (French et al., 2019). Multivariable analysis including multiple environmental 

variables would also help further characterize environments and their associations with B. 

procyonis infection prevalence in future research.  

Previous experimental work has demonstrated that access to focally concentrated food resources 

increased the infection prevalence of B. procyonis in raccoons (Wright and Gompper, 2005). In 

this study, we examined trash can density as a potential clustered resource but did not identify a 

significant association between infection prevalence and trash can density. Publicly owned waste 

receptacles may not act as a heavily used resource for raccoons (information regarding private 

receptacles was not available), or it is possible that there are sufficient numbers that they do not 

function as a limited resource for raccoons to cluster around in Toronto.   

Interestingly, Magle et al. (2016) identified associations between raccoon colonization and local 

extinction rates and socioeconomic status in Chicago. Raccoons were more likely to colonize and 

remain in areas with higher per capita income (Magle et al., 2016). Although we expected to find 

a relationship between B. procyonis infection prevalence and SES due to the associated 

environmental differences (Iverson and Cook, 2000; Hope et al., 2003), we did not identify a 

relationship between the two. However, in our study, only 1% of animals were submitted from a 

neighbourhood with a high average SES (>$98,582), which limited our ability to identify 

differences. 
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Our study was performed at the level of second-order habitat selection (the level of the home 

range; Johnson, 1980). As such, it was assumed that all components of the home range were used 

equally. Future work using radiotelemetry could be performed to investigate association between 

environmental factors and B. procyonis infection with consideration to how various habitat 

components are used within the home range (third-order; Johnson, 1980). Such investigations 

may help to explain the non-linear relationships and interactions observed in this study. 

6.6 Conclusions  

We provide evidence that infection with B. procyonis in raccoons varies based on 

environmental factors within an urban environment, and that these factors influence demographic 

groups in different ways. The presence of relationships between host and environmental factors, 

as well as non-linear relationships suggest that identification of high and low-risk areas will be 

challenging. Further, approaching risk mitigation strategies from an environmental perspective 

may not be straightforward; landscape modification could have unexpected outcomes on 

infection prevalence in some populations. Given that many species exist and thrive in urban 

environments, and these urban animals often have a higher prevalence of infection than their 

rural counterparts, further investigation of disease ecology at a finer scale within these 

environments is imperative (Bradley and Altizer, 2007).  
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6.7 Tables 

Table 6.1: Descriptive statistics of independent continuous variables used in our multivariable model describing the relationship 

between environmental variables and odds of B. procyonis infection in raccoons in Toronto, Ontario, Canada.  

Variablea 

Mean Percentage 

Home Range Cover 

Standard 

Deviation 

Minimum Percentage 

Home Range Cover 

Maximum Percentage 

Home Range Cover 

Tree Canopy 20.9 12.8 0.6 64.6 

Total Green Space 14.9 22.0 0 100.0 

Open Space Zone 14.1 23.9 0 100.0 

Residential apartment zone 3.5 8.3 0 43.8 

Buildings 18.4 8.4 0.8 42.2 

Residential 36.9 26.0 0 99.2 

Roads 15.3 5.9 0 36.5 

a Sample size for all variables was 391. 
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Table 6.2: Descriptive statistics of independent categorical variables used in our multivariable 

model describing the relationship between environmental variables and odds of B. procyonis 

infection in raccoons in Toronto, Ontario, Canada. 

Variable Na Category Frequency Percent Positive 

Age 386 Adult 279 42 

Juvenile 107 57 

Season 369 Predenning-Dispersal 166 65 

Rearing 174 33 

Winter-Breeding 29 28 

Sex 377 Male 224 46 

Female 153 46 

Grass/Shrub 391 High 130 41 

Medium 124 40 

Low 137 58 

Bare Earth 391 Present 192 44 

Absent 199 48 

Water 391 Present 175 43 

Absent 216 50 

Ravine 391 Present 176 42 

Absent 215 50 

Other Paved 391 High 130 48 

Medium 130 47 

Low 131 44 

Employment 

Industrial Zone 

391 High 130 55 

Medium 130 44 

Low 131 40 

Institutional Zone 391 Present 72 40 

Absent 319 48 

Commercial 

Residential Zone 

391 High 130 42 

Medium 127 55 
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Low 134 42 

Average 

Neighbourhood SES 

391 High 5 60 

Medium 311 44 

Low 75 53 

Mean Trash Can 

Density 

385 High 124 48 

Medium 127 46 

Low 126 46 

Population Density 

by Neighbourhood 

398 High 81 52 

Medium 178 51 

Low 132 36 

a N is the number of observations.
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Table 6.3: Mixed multivariable logistic regression model evaluating the effect of the percentage of building cover present within an 

animal’s home range on the odds of Baylisascaris procyonis in raccoons (Procyon lotor) from Toronto, Ontario, Canada, submitted 

between January 2013 and December 2016. 

Variable Odds Ratio 95% Confidence Interval P-Value Wald’s X2 Testa 

Ageb Juvenile 28.4 1.70 – 473.92 0.020  

Adult Referent Category  

Sex Male 1.18 0.56 – 2.50 0.664  

Female Referent Category  

Season Rearing 0.13 0.03 – 0.52 0.004 0.012 

Winter-Breeding 0.08 0.01 – 0.60 0.014 

Predenning Dispersal Referent Category 

Buildingb,c 2.75 1.26 – 5.99 0.011  

Interaction term: Age X Buildingb,c 0.24 0.07 – 0.87 0.030   

The model includes a random intercept for submission groupd, as well as three animal level fixed effects: host age, host sex and season 

of collection. 
a Used as a global test of significance for variables with >2 categories. 
b The interaction term and its main effects are exponentiated coefficients and not true odds ratios. Please see Figure 6.2 for the 

interpretation of interaction effects with a predicted probability plot. 
c This variable was modeled as a 10% change for the purpose of interpretation. 
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d Random intercept for submission group: variance = 4.14 (95% Confidence Interval [CI]: 0.72–23.94); intraclass correlation 

coefficient = 0.56 (95% CI: 0.18–0.88). 
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Table 6.4: Mixed multivariable logistic regression model evaluating the effect of the percentage of residential zoning present within 

an animal’s home range on the odds of Baylisascaris procyonis in raccoons (Procyon lotor) from Toronto, Ontario, Canada, submitted 

between January 2013 and December 2016. 

Variable Odds Ratio 95% Confidence Interval P-Value Wald’s X2 Testa 

Age Juvenile 2.13 0.86 – 5.30 0.104  

Adult Referent Category  

Sex Male 1.12 0.56 – 2.26 0.75  

Female Referent Category  

Season Rearing 0.15 0.05 – 0.49 0.002 0.006 

Winter-Breeding 0.13 0.02 – 0.70 0.018 

Predenning Dispersal Referent Category 

Residentialb 1.72 1.05 – 2.83 0.032  

Residential Squared 0.94 0.89 – 0.999 0.045   

The model includes a random intercept for submission groupc, as well as three animal level fixed effects: host age, host sex and season 

of collection. 
a Used as a global test of significance for variables with >2 categories. 
b This variable was modeled as a 10% change for the purpose of interpretation. 
c Random intercept for submission group: variance = 3.25 (95% Confidence Interval [CI]: 0.57–18.71); intraclass correlation 

coefficient = 0.50 (95% CI: 0.15–0.85). 
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Table 6.5: Mixed multivariable logistic regression model evaluating the effect of the percentage of green space present within an 

animal’s home range on the odds of Baylisascaris procyonis in raccoons (Procyon lotor) from Toronto, Ontario, Canada, submitted 

between January 2013 and December 2016. 

Variable Odds Ratio 95% Confidence Interval P-Value Wald’s X2 Testa 

Age Juvenile 2.08 0.86 – 5.03 0.104  

Adult Referent Category  

Sex Male 1.07 0.54 – 2.1 0.845  

Female Referent Category  

Season Rearing 0.16 0.05 – 0.49 0.001 0.005 

Winter-Breeding 0.15 0.03 – 0.80 0.026 

Predenning Dispersal Referent Category 

Total Green Spaceb 0.82 0.68 – 0.99 0.041   

The model includes a random interceptc for submission group, as well as three animal level fixed effects: host age, host sex and season 

of collection. 
a This variable was modeled as a 10% change for the purpose of interpretation. 
b Used as a global test of significance for variables with >2 categories. 
c Random intercept for submission group: variance = 2.89 (95% Confidence Interval [CI]: 0.46–18.13); intraclass correlation 

coefficient = 0.47 (95% CI: 0.12–0.85).  
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Table 6.6: Mixed multivariable logistic regression model evaluating the effect of the presence of a ravine within an animal’s home 

range on the odds of Baylisascaris procyonis in raccoons (Procyon lotor) from Toronto, Ontario, Canada, submitted between January 

2013 and December 2016. 

Variable Odds Ratio 95% Confidence Interval P-Value Wald’s X2 Testa 

Age Juvenile 2.31 0.88 – 6.05 0.089  

Adult Referent Category  

Sexb Male 0.46 0.17 – 1.27 0.135  

Female Referent Category  

Season Rearing 0.15 0.04 – 0.52 0.003 0.010 

Winter-Breeding 0.1 0.02 – 0.65 0.016 

Predenning Dispersal Referent Category 

Ravineb Present 0.18 0.04 – 0.76 0.020  

Absent Referent Category  

Interaction term Sex X Ravineb 8.79 1.39 – 55.50 0.021   

The model includes a random intercept for submission groupc, as well as three animal level fixed effects: host age, host sex and season 

of collection. 
a Used as a global test of significance for variables with >2 categories. 
b The interaction term and its main effects are exponentiated coefficients and not true odds ratios. Please see Table 6.7 for the 

interpretation of interaction effects with contrasts. 
c Random intercept for submission group: variance = 3.72 (95% Confidence Interval [CI]: 0.64–21.53); intraclass correlation 

coefficient = 0.53 (95% CI: 0.16–0.87).  
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Table 6.7: Contrastsa of selected combinations of host sex and ravine presence examining the effect of these interacting variables on 

the odds of Baylisascaris procyonis infection in raccoons (Procyon lotor), with home ranges in Toronto, Ontario, Canada, between 

January 2013 and December 2016. 

Contrast Odds Ratio 

95% Confidence 

Interval P-Value 

Sex  Ravine       

Male Ravine Present v Absent 1.59 0.60 – 4.19 0.352 

Female Ravine Present v Absent 0.18 0.04 – 0.76 0.020 

Ravine  Sex       

Present Male v Female 4.05 1.04 – 15.69 0.043 

Absent  Male v Female 0.46 0.17 – 1.27 0.135 

a Contrast statements based on the multivariable mixed logistic regression presented in Table 6.6. 
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Table 6.8: Mixed multivariable logistic regression model evaluating the effect of the level of grass/shrub cover within an animals 

home range on the carriage of Baylisascaris procyonis in raccoons (Procyon lotor) from Toronto, Ontario, Canada, submitted between 

January 2013 and December 2016. 

Variable Odds Ratio 95% Confidence Interval P-Value Wald’s X2 Testa 

Ageb Juvenile 0.5 0.11 – 2.36 0.381  

Adult Referent Category   

Sex Male 1.34 0.58 – 3.11 0.491  

Female Referent Category   

Season Rearing 0.08 0.01 – 0.47 0.005 0.017 

Winter-Breeding 0.04 0.003 – 0.52 0.014 

Predenning Dispersal Referent Category  

Grass/Shrubb High 0.16 0.03 – 0.79 0.025 0.068 

Medium 0.21 0.04 – 0.96 0.045 

Low Referent Category  

Interaction term Juvenile X Medium Grassb 1.28 0.13 – 12.79 0.836 0.044 

Interaction term Juvenile X High Grassb 58.03 2.06 – 1635.11 0.017 

a Used as a global test of significance for variables with >2 categories. 
b The interaction term and its main effects are exponentiated coefficients and not true odds ratios. Please see Table 6.9 for the 

interpretation of interaction effects with contrasts. 
c Random intercept for submission group: variance = 5.63 (95% Confidence Interval [CI]: 1.06–29.89); intraclass correlation 

coefficient = 0.63 (95% CI: 0.24–0.90).  
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Table 6.9: Contrastsa of selected combinations of host age and grass/shrub cover examining the effect of these interacting variables on 

the odds of Baylisascaris procyonis infection in raccoons (Procyon lotor), with home ranges in Toronto, Ontario, Canada, between 

January 2013 and December 2016. 

Contrast Odds Ratio 

95% Confidence 

Interval P-Value 

Age Grass/Shrub Cover       

Juvenile High v Medium 35.78 1.79 – 716.63 0.019 

High v Low 9.41 0.84 – 105.38 0.069 

Medium v Low 0.26 0.03 – 2.11 0.209 

Adult High v Medium 0.79 0.24 – 2.59 0.693 
 High v Low 0.16 0.03 – 0.79 0.025 

  Medium v Low 0.21 0.04 – 0.96 0.045 

Grass/Shrub Cover Age       

High Juvenile v Adult 28.97 2.11 – 389.45 0.012 

Medium Juvenile v Adult 0.64 0.11 – 3.82 0.622 

Low Juvenile v Adult 0.5 0.11 – 2.36 0.381 

a Contrast statements based on the multivariable mixed logistic regression presented in Table 6.8. 
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6.8 Figures  

Figure 6.1: The site of collection and Baylisascaris procyonis infection status for 391 raccoons submitted to the Canadian Wildlife 

Health Cooperative from Toronto, Ontario, Canada between January 2013 and December 2016. 
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Figure 6.2: Predicted probability plot of Baylisascaris procyonis infection in adult and juvenile raccoons in home ranges with varying 

percentages of building cover in Toronto, Ontario, Canada, between January 2013 and December 2016. Predictions were limited to the 

range of values obtained for percentage building cover in the sample. 
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Figure 6.3: Predicted probability plot of B. procyonis infection raccoons as the percentage of residential zoning within the animal’s 

home range varies in Toronto, Ontario, Canada, between January 2013 and December 2016.  
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7 Discussion 

7.1 Summary of Findings 

Baylisascaris procyonis is an emerging zoonotic parasite, the larval stage of which is capable of 

causing neurological disease in many animals including humans (Kazacos, 2016). The definitive 

host for this parasite, the raccoon, is common in Ontario, especially in urban environments which 

increases the risk of human exposure (Rosatte, 2000; Kazacos, 2016). My work furthers the 

understanding of the ecology of B. procyonis, filling knowledge gaps associated with 

environmental risk factors for infection in raccoons as well as pathogen distribution in Ontario. 

Due to the diversity of species that can develop neural larva migrans (NLM) following the 

ingestion of the larval stage of B. procyonis, I investigated the role of NLM in the morbidity and 

mortality of rodents and lagomorphs (Chapter 2). By examining the case reports for 836 rodents 

and rabbits submitted to the Canadian Wildlife Health Cooperative (CWHC) and the Ontario 

Veterinary College (OVC) wildlife pathology service over 30 years, I determined that the most 

common type of diagnosis was infectious/inflammatory in nature. The most frequent diagnosis 

was encephalitis consistent with NLM; characteristic larvae were observed in 27% of these 

cases. The greatest proportion of cases of NLM was diagnosed in groundhogs (Marmota monax), 

which is consistent with case reports in the literature. 

After demonstrating that NLM is a frequent cause of disease in wildlife, in addition to B. 

procyonis’ role as a zoonosis, I reviewed the current literature on risk factors associated with B. 

procyonis infection in raccoons (Chapter 3). The most commonly identified and consistent risk 

factors were host age and season of sampling. Host sex and environmental variables were 

examined less frequently in previous studies and had more inconsistent findings. To help clarify 

the conflicting results in the literature, I focused on investigating environmental variables and 

interactions between variables.  

In order to identify host and environmental factors associated with B. procyonis in raccoons in 

Ontario, infection status and worm count were documented for 1539 raccoons submitted to the 

CWHC from across Ontario between 2013 and 2016 (Chapter 4). I estimated the overall 

prevalence at 35%, which is consistent with previous work done in Ontario (Cranfield et al., 
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1984; Jardine et al., 2014). Using multilevel logistic regression models, I identified associations 

between infection prevalence and host age, amount of fat stores, and the season of collection. An 

interaction was also identified between host sex and the general land use classification (i.e., 

developed or agriculture). I then examined associations with the intensity of infection using 

multilevel negative binomial regression models and found an association with season of 

collection. This model also included interactions between host age and general land use 

classification, host sex and general land use classification, and host sex and amount of fat stores.  

Using scan statistics, I identified a cluster of increased infection prevalence or “hot spot” in 

southern Ontario centred on the greater Toronto area (Chapter 5). Since juvenile raccoons, who 

consistently have the highest odds of infection, make up the majority of the Toronto population 

(Rosatte, 2000), I repeated these scans stratifying the data by age and sex. These scans identified 

the same cluster which indicates that age and sex distribution do not explain the “hot spot”. The 

scans also identified a significant cluster of decreased infection prevalence in a predominately 

agricultural region of southwestern Ontario. Using annual temporal scans, I identified infection 

clusters in the summer-fall of 2014, 2015, and 2016 providing further support for the seasonality 

of B. procyonis infection observed in raccoons. 

Finally, based on the identification of a “hotspot” and the complex associations with developed 

land, I used the subset of raccoons submitted from Toronto to investigate environmental risk 

factors associated with B. procyonis infection in raccoons at a fine scale, which is uncommon in 

the urban wildlife disease ecology literature (Chapter 6).  Using GIS software, I looked at 17 

environmental variables representing land cover/land use, government zoning, and human 

demographics. After building multilevel logistic regression models, I identified five 

environmental variables associated with infection prevalence in raccoons after controlling for 

host age, host sex, and season of collection. Many of these relationships were non-linear or 

involved interactions with host factors, demonstrating the complexity of host-pathogen-

environment associations.  
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7.2 Significance 

Understanding of the disease ecology of B. procyonis, particularly in the natural environment, 

may assist with assessing risk and developing management and control strategies that will be 

effective in protecting human, domestic animal, and wildlife health. The research I present here 

adds to our current understanding of B. procyonis ecology. Findings such as the non-linear 

association between infection prevalence and residential zoning, and the different associations 

between land use type and infection intensity dependent on raccoon age and sex emphasize the 

complexity of disease dynamics in human-modified environments.  

Through my investigation of the literature, I identified inconsistency in approaches to 

investigating environmental variables, particularly differences in the approaches to defining and 

comparing urban and non-urban environments. These differences may limit the comparability 

between studies and be a factor driving the contradicting conclusions presented in the literature 

(Page et al., 2008; Blizzard et al., 2010). Here I demonstrate an approach that parses out 

anthropogenic land use and human demographic factors (e.g., population size or density), in an 

attempt to isolate the components of urbanization that may influence disease dynamics in this 

system. For B. procyonis infection in raccoons, it appears that land use associated with 

development, but not human population size is important in Ontario; it must be recognized that 

these specific associations may not extend to other regions or other pathogen systems.  

The presence of interactions between host and environmental factors emphasizes the complicated 

nature of host-pathogen relationships. Recognizing this is essential for disease management and 

the development of effective strategies to mitigate human disease.  The influence of many of the 

environmental factors on B. procyonis infection varies among different raccoon demographic 

groups, indicating that management actions may have unexpected or unintended outcomes. 

Further, these findings suggest that using extrapolation to identify areas of high and low risk may 

not be effective because of environmental or population variation. 

The work I present here also demonstrates the importance of investigating the epidemiology of 

wildlife pathogens at multiple scales. Recognizing that landscapes are not homogenous within 

general categories, such as urban and rural, may explain the inconsistencies found in the 
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literature. The approach I have used can be applied to other host-pathogen systems in the future. 

Using general categories initially can help target environments and systems that would benefit 

from a more detailed investigation. Then an examination of more specific characteristics within 

an environment of interest may help clarify the influences of specific anthropogenic changes that 

may be driving a general finding, such as an increased infection prevalence in urban 

environments.   

7.3 Limitations 

There are several limitations to this work that should be acknowledged. For all studies, samples 

were not collected purposively, limiting the questions I could ask and answer. As the animals 

were submitted as diagnostic cases over multiple years, samples and diagnostic tests were not 

standardized. This is especially pertinent to the retrospective analysis, as histology and ancillary 

testing were performed as available and indicated by gross necropsy. As a result, some cases 

could not be used in all analyses. Further, as cases were submitted by third parties, sampling was 

not evenly distributed across the province, something I controlled for during analysis.  

Categorizing demographic factors can result in a loss of detail and is at times subjective. For 

example, similar to other studies (Sexsmith et al., 2009; Jardine et al., 2014; Page et al., 2016), I 

used tooth wear as my predominate indicator for classifying an animal as adult or juvenile. This 

could have potentially resulted in the misclassification of some individuals if they had abnormal 

wear for their age group. Additionally, although consistent with the literature, using two age 

classifications (i.e., adult and juvenile) may not be the most biologically relevant way to 

categorize raccoons in relation to the host-parasite system of interest.  

Determination of the amount of fat stores was subjective, and as there were many individuals 

involved in data collection for this project, may not have always been consistent within and 

across seasons. Raccoon body weight and the associated fat stores fluctuate seasonally, meaning 

that what would be considered a large amount of fat stores in the spring would not be considered 

such in the fall (Graser et al., 2012).  

To classify the environmental variables investigated in chapters 4 and 6, I used circular buffers to 

represent the home ranges of individual animals, and assumed the environment was utilized 
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equally.  Additionally, I considered the collection point the center of an individual’s home range. 

Without specific geolocation data, we are unable to determine how an individual truly uses their 

home range, thus these assumptions may not reflect the true spatial distribution of raccoons or 

capture nuances related to the use and avoidance of specific environments. Further, in the 

environmental analysis done in Toronto (Chapter 6), I was unable to capture all relevant 

variables and most variables could not be modelled as continuous variables. This limits the 

inferences that I can make for some variables of interest. For example, water was modelled as 

presence/absence which precluded the assessment of variations in water access. Although the 

grain of this analysis (the resolution of the data) was much finer than that used at the provincial 

level providing a more detailed picture of raccoon home range composition, different data 

collection methods may have allowed for a more specific classification system. Relationships 

between parasite carriage and specific types of buildings could exist, which would have been 

obscured by using a general building cover layer for example. Additionally, this analysis was 

limited to one city, and may not be reflective of other urban areas in Ontario. 

Finally, although the sample sizes in the studies presented in this thesis were large by 

comparison to most studies concerning B. procyonis in wild raccoons, some covariate patterns 

were underrepresented. This limits the power of some analyses. For example, the number of 

raccoons submitted in 2013 limited my ability to identify spatial and temporal clusters in that 

year. A larger sample size would improve my confidence in some of the results presented here. 

7.4 Future Directions 

This research builds on our previous knowledge of B. procyonis ecology in Ontario. 

Nevertheless, much of this work should be repeated in other geographic areas to further our 

understanding of these trends and determine whether they are generalizable or unique to this 

host-pathogen system and study area. 

My investigation into the fine scale environmental factors associated with B. procyonis infection 

in raccoons within an urban environment is novel, and replicating it in other large cities is crucial 

to understand if the relationships observed are consistent across locations, or if each population 

has its own specific host-pathogen-environment dynamics. Further, there are other large urban 



 

153 

 

centres in Ontario that were not associated with infection clusters; comparing risk factor 

associations between these cities would be interesting and may generate additional hypotheses to 

explain the parasite’s distribution. 

Examining the relationship between specific environmental variables and infection intensity 

could also be a source of valuable information when developing public health strategies. As a 

greater intensity of infection is associated with greater egg shedding, environments associated 

with high intensity may have higher levels of contamination. Although these relationships are 

likely complex, identifying these locations may lead to the development of strategies that reduce 

the risk of human exposure even if elimination is not possible. 

Given the limitations of my approach to assigning a home range to each raccoon, future work 

pairing radio collar or other forms of location monitoring with disease surveillance could be 

enlightening. A better understanding of how raccoons use and avoid specific environments and 

structures would help to better refine models and improve our understanding of the complex 

relationships between infection prevalence and the environment. Since fecal sampling is an 

effective way of assessing infection status (Page et al., 2005; Smyser et al., 2010), such 

approaches could be combined with animal capture to determine infection status. This would 

allow for investigation into changes in infection status over time. 

Raccoons are infected with several microparasites of importance to human and animal health 

including canine distemper virus, Leptospira interrogans, parvovirus, and rabies. Research 

suggests that infection with helminths can suppress immunity to microparasites, as has been seen 

in buffalo with nematodes and tuberculosis, mice with helminths and malaria, and other host-

parasite combinations (Ezenwa et al., 2010). Given the widespread presence of B. procyonis in 

Ontario and concern over managing rabies and other pathogens in the province, identifying any 

influence of B. procyonis infection on other pathogen carriage would be incredibly useful. If B. 

procyonis infection is associated with other pathogens, deworming, although not a long-term 

management solution, could offer an additional tool to help manage isolated disease outbreaks.  

Finally, my retrospective analysis indicated that NLM appears to be a common cause of 

mortality in rodents and lagomorphs in Ontario. Further work investigating the role that these 
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animals may play as paratenic hosts would be valuable to further understanding the parasite’s 

ecology. Although Peromyscus spp. mice are considered the primary paratenic host for B. 

procyonis, studies have found that rats can be infected with much larger numbers of worms 

indicating the potential role of other host species (Weinstein, 2017). Additionally, my data set 

had limited numbers of smaller rodent species so the inferences I can make regarding them as 

potential host species were quite limited, particularly if there are species of wildlife that can 

survive despite infections with the larval nematode. Investigating potential paratenic species 

using artificial digestion and larval recovery would allow for the identification of animals 

carrying larva without suffering encephalitis-associated mortality. Birds may also be an 

important group of host species worth further investigation moving forward (Greenwood, 1981; 

Whiteside, 2009; Kazacos, 2016; Weinstein et al., 2018). 

The work presented in this thesis furthers our understanding of B. procyonis in the definitive and 

paratenic hosts; however, my findings do not provide direct information concerning the risk of 

exposure to humans and other animals. Future investigations into the environmental component 

of the parasite’s lifecycle are still needed. These studies should focus on latrine sampling, 

particularly in areas easily accessed by people to determine the level of environmental 

contamination. Additionally, sampling latrines multiple times a year would allow researchers to 

determine if the seasonal trends observed with infection in raccoons are consistent in the 

environment given the long-term viability of eggs. Understanding the environmental portion of 

this host-parasite system would add valuable new information that could be applied to risk 

management efforts. 
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APPENDIX A 
Appendix A Table 1: Univariable mixed logistic regression models, examining the association between demographic and submission 

factors and being given a primary diagnosis that was infectious in nature in rodents and lagomorphs submitted to Ontario-Nunavut 

node of the Canadian Wildlife Health Cooperative and the Ontario Veterinary College between January 1989 and December 2018, 

including a random intercept for submitter. 

Variable 

Category 

(Percent Positive) 

Odds 

Ratio P-Value 

95% 

Confidence 

Interval 

Wald’s X2 

Testb 

Variance (95% 

Confidence 

Interval) 

Intraclass 

Correlation 

Coefficient (95% 

Confidence 

Interval) 

Speciesa  

 

Groundhog (80%) Referent Category <0.001 1.71  

(0.77 – 3.81) 

0.34  

(0.19 – 0.54) American Beaver (59%) 0.21 0.005 0.07 – 0.62  

American Red Squirrel (17%) 0.06 <0.001 0.02 – 0.19 

Eastern Chipmunk (31%) 0.07 <0.001 0.02 – 0.22  

Eastern Cottontail (55%) 0.17 <0.001 0.08 – 0.40 

Eastern Gray Squirrel (36%) 0.10 <0.001 0.05 – 0.21 

Muskrat (34%) 0.06 <0.001 0.02 – 0.27 

Porcupine (71%) 0.32 0.055 0.10 – 1.03 

Other Species (24%) 0.09 <0.001 0.03 – 0.27 

Body Size Large (>1kg) (62%) Referent Category <0.001 1.64  

(0.72 – 3.68) 

0.33  

(0.18 – 0.53) Medium (150g – 1kg) (33%) 0.32 <0.001 0.20 – 0.49 
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Small (<150g) (28%) 0.31 0.003 0.14 – 0.67 

Age 

 
Adult (37%) 

Referent Category  

   

 2.02  

(0.91 – 4.49) 

0.38  

(0.22 – 0.58) 

Juvenile (55%) 1.96 0.003 1.26 – 3.04 

Sex 

 
Female (39%) 

Referent Category  

   

 1.14  

(0.41 – 3.16) 

0.26  

(0.11 – 0.49) 

Male (45%) 1.21 0.367 0.80 – 1.84 

Season of 

Submission 

 

Fall (42%) Referent Category 0.737 1.97  

(0.93 – 4.20) 

0.37  

(0.22 – 0.56) Summer (46%) 1.29 0.367 0.74 – 2.22 

Spring (47%) 1.06 0.854 0.60 – 1.87 

Winter (46%) 1.31 0.428 0.68 – 2.52 

Submission 

Source  

Wildlife Rehabilitation (69%) Referent Category <0.001 1.16 

 (0.44 – 3.04) 

0.26  

(0.12 – 0.48) Government (41%) 0.22 0.001 0.09 – 0.54 

Public (30%) 0.14 <0.001 0.06 – 0.33 

Submission 

District          

Other (49%) Referent Category 0.847 2.20  

(1.03 – 4.73) 

0.40  

(0.24 – 0.59) Aurora (52%) 1.20 0.647 0.55 – 2.60 

Guelph (38%) 0.95 0.883 0.49 – 1.86 

Submission 

Decade             

1990s (50%) Referent Category 0.001 1.31  

(0.54 – 3.15) 

0.24  

(0.14 – 0.50) 1989 (83%) 2.14 0.171 0.72 – 6.32  

2000s (40%) 0.39 0.001 0.22 – 0.69    

 2010s (37%) 0.41 0.005 0.22 – 0.76    
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The percent of individuals with an infectious diagnosis is included in brackets. 

a Scientific names: American Beaver (Castor canadensis), American Red Squirrel (Tamiasciurus hudsonicus), Eastern Chipmunk 

(Tamias striatus), Eastern Cottontail (Sylvilagus floridanus), Eastern Gray Squirrel (Sciurus carolinensis,), Groundhog (Marmota 

monax), Muskrat (Ondatra zibethicus), Porcupine (Erethizon dorsatum). 
b Used as a global test of significance for variables with >2 categories. 
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Appendix A Table 2: Univariable mixed logistic regression models examining the association between demographic and submission 

factors and the identification of histological lesions consistent with neural larva migrans (NLM) in rodents and lagomorphs submitted 

to the Ontario-Nunavut node of the Canadian Wildlife Health Cooperative and the Ontario Veterinary College between January 1989 

and December 2018, including a random intercept for submitter.  

Variable Category (Percent Positive) 

Odds 

Ratio P-Value 

95% 

Confidence 

Interval 

Wald’s 

X2 Testb 

Variance (95% 

Confidence 

Interval) 

Intraclass 

Correlation 

Coefficient (95% 

Confidence Interval) 

Speciesa,c  

 

Groundhog (70%) Referent Category <0.001 1.51  

(0.43 -5.24) 

0.31  

(0.12 – 0.61) American Beaver (52%) 0.24 0.024 0.07 – 0.83 

American Red Squirrel (6%) 0.02 <0.001 0.004 – 0.12 

Eastern Chipmunk (8%) 0.03 <0.001 0.01 – 0.16 

Eastern Cottontail (12%) 0.04 <0.001 0.02 – 0.13 

Eastern Gray Squirrel (11%) 0.03 <0.001 0.01 – 0.24 

Porcupine (67%) 0.33 0.075 0.10 – 1.12 

Other species (13%) 0.06 <0.001 0.02 – 0.24 

Body Size Large (>1kg) (44%) Referent Category <0.001 2.05  

(0.72 – 5.80) 

0.38  

(0.18 – 0.64) Medium (150g – 1kg) (10%) 0.13 <0.001 0.07 – 0.24 

Small (<150g) (9%) 0.16 0.002 0.05 – 0.52 

Age 

 

Adult (22%) Referent Category  2.94  

(1.01 – 8.54) 

0.47  

(0.23 – 0.72) Juvenile (25%) 1.17 0.561 0.69 – 1.96 
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Sex 

 

Female (23%) Referent Category  2.69  

(0.86 – 8.41) 

0.45  

(0.21 – 0.72) Male (23%) 1.02 0.931 0.60 – 1.75 

Season of 

Submission 

 

Fall (23%) Referent Category 0.154 2.80  

(1.04 – 7.51) 

0.46  

(0.24 – 0.70) Summer (24%) 1.42 0.304 0.73 – 2.75 

Spring (16%) 0.63 0.222 0.30 – 1.33 

Winter (32%) 1.20 0.626 0.57 – 2.55 

Submission 

Source  

Wildlife Rehabilitation (40%) Referent Category 0.035 1.95  

(0.62 – 6.09) 

0.37  

(0.16 – 0.65) Government (11%) 0.19 0.010 0.06 – 0.68 

Public (19%) 0.44 0.137 0.15 – 1.30 

Submission 

District          

Other (14%) Referent Category 0.214 2.00  

(0.72 – 5.56) 

0.38  

(0.18 – 0.63) Aurora (38%) 2.07 0.118 0.83 – 5.14 

Guelph (23%) 1.79 0.169 0.78 – 4.12 

Submission 

Decaded             

1990s (38%) Referent Category 0.049 2.36  

(0.83 – 6.71) 

0.42  

(0.20 – 0.67) 2000s (21%) 0.40 0.021 0.18 – 0.87 

2010s (22%) 0.39 0.027 0.17 – 0.90 

 

The percent of individuals with lesions consistent with NLM is included in brackets. 

a Scientific names: American Beaver (Castor canadensis), American Red Squirrel (Tamiasciurus hudsonicus), Eastern Chipmunk 

(Tamias striatus), Eastern Cottontail (Sylvilagus floridanus), Eastern Gray Squirrel (Sciurus carolinensis,), Groundhog (Marmota 

monax), Muskrat (Ondatra zibethicus), Porcupine (Erethizon dorsatum). 
b Used as a global test of significance for variables with >2 categories. 
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c Muskrat was omitted from species analysis as no animals submitted had lesions consistent with NLM. 
d 1989 was omitted from decade analysis as no animals submitted had lesions consistent with NLM.
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APPENDIX B 

Appendix B Figure 1: Prevalence of Baylisascaris procyonis noted in published studies between 

1940 and March 2017. Reviewed material included peer-reviewed papers, theses, conference 

proceedings, book chapters, abstracts and technical reports. Case reports, or studies that did not 

provide a total sample size, were not included. Studies utilizing multiple sampling methods have 

been separated into prevalence data for each method used. Studies performed on captive animals 

are denoted with an asterisk.  

° indicates that the authors utilized multiple sampling methods but had no positive samples. 

+ indicates a study in which the results were given for regional sampling, however only the total 

sample size (n=215) was provided. 
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APPENDIX C  
Appendix C Table 1: Univariable mixed logistic regression models examining the association between host and environmental 

factors and the carriage of Baylisascaris procyonis in raccoons submitted from southern and eastern Ontario between January 2013 

and December 2016, including random intercepts for the census subdivision of collection and submission group. 

Variable Category 

Odds 

Ratio 

95% 

Confidence 

Interval P-Value 

Wald’s 

X2 Test  

CSD Level 

Variance 

(95% CI) 

Submission Group 

level Variance 

(95% CI) 

Age 

(n = 1362) 

Adult Referent 

<0.001 

1.04  

(0.39 – 2.75) 

3.48  

(1.34 – 9.06) Juvenile 3.09 1.82 – 5.24 <0.001 

Sex  

(n = 1346) 

Female Referent   

0.159 

0.97  

(0.37 -2.51) 

2.73  

(0.98 – 7.59) Male 1.29 0.91 – 1.83 0.159 

Year  

(n = 1370) 

2013 Referent   

0.004 

0.99  

(0.38 – 2.55) 

2.97  

(1.10 – 2.55) 

2014 1.05 0.40 – 2.77 0.918 

2015 0.37 0.13 – 1.03 0.058 

2016 0.70 0.26 – 1.83 0.463 

Season 

(n = 1364) 

Predenning – Dispersal Referent 

<0.001 

0.74  

(0.27 – 2.01) 

1.92  

(0.53 – 6.95) 

Winter – Breeding 0.20 0.09 – 0.41 <0.001 

Rearing 0.19 0.11 – 0.33 <0.001 

Fat Stores 

(n = 1307) 

Small Referent 

0.002 

0.76  

(0.27 – 2.08) 

2.60  

(0.92 – 7.31) 

Moderate 1.98 1.23 – 3.20 0.005 

Large 2.64 1.52 – 4.56 0.001 
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Human 

Population Size 

(n = 1370) 

Small Referent 

0.321 

0.87 

(0.31 – 2.42) 

2.96  

(1.10 – 7.95) 

Medium 0.72 0.28 – 1.84 0.492 

Large Urban 1.47 0.70 – 3.10 0.307 

Land Use Type  

(n = 1362) 

Agriculture Referent 

0.365 

0.83 

(0.29 – 2.37) 

3.06 

(1.16 – 8.03) 

Developed 1.33 0.81 – 2.16 0.256 

Natural 0.63 0.19 – 2.08 0.447 

Land Use Type 

2 (n= 1303) 

Agriculture Referent 

0.233 

0.81 

(0.27 – 2.42) 

3.70 

(1.47 – 9.31) Developed 1.37 0.82 – 2.28 0.232 
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Appendix C Table 2: Univariable mixed negative binomial models examining the association between host and environmental 

factors and the intensity of Baylisascaris procyonis infection in raccoons submitted from southern and eastern Ontario between 

January 2013 and December 2016, including random intercepts for the census subdivision of collection and submission group. 

Variable Category 

Count 

Ratio 

95% 

Confidence 

Interval 

P-

Value 

Wald 

X2 

Test  

CSD Level 

Variance 

(95% CI) 

Submission 

Group Level 

Variance 

(95% CI) 

Age  

(n = 1362) 

Adult Referent   <0.001 0.93  

(0.38 – 2.28) 

0.29 

(0.04 – 2.15) Juvenile 2.71 1.76 – 4.16 <0.001 

Sex  

(n = 1346) 

Female Referent   0.095 1.17  

(0.54 – 2.57) 

2.26e-28 

(Ina) Male 1.32 0.95 – 1.83 0.095 

Year 

(n = 1370) 

2013 Referent   0.172 1.17  

(0.54 – 2.56) 

0.26  

(0.05 – 2.56) 2014 0.71 0.27 – 1.89 0.495 

2015 0.45 0.17 – 1.23 0.119 

2016 0.54 0.20 – 1.42 0.208 

Season  

(n = 1319) 

Predenning – Dispersal Referent   <0.001 0.98  

(0.42 – 2.28) 

1.66  

(0.73 – 3.76) Winter – Breeding 0.19 0.09 – 0.37 <0.001 

Rearing 0.20 0.12 – 0.31 <0.001 

Fat Stores  

(n = 1307) 

Small Referent   0.393 1.03  

(0.44 – 2.41) 

0.27  

(0.05 – 1.53) Moderate 1.23 0.77 – 1.94 0.393 

Large 1.43 0.86 – 2.39 0.172 
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Human population 

size (n = 1370) 

Small Referent   0.372 1.10  

(0.48 – 2.48) 

0.25  

(0.04 – 1.51) Medium 0.62 0.24 – 1.64 0.339 

Large Urban 1.29 0.58 – 2.84 0.531 

Land Use Type 

(n = 1362) 

Agriculture Referent   0.097 1.07  

(0.47 – 2.42) 

0.21  

(0.03 – 1.47) Developed 1.41 0.89 – 2.23 0.142 

Natural 0.47 0.16 – 1.36 0.163 

Land Use Type 2 

(n= 1303) 

Agriculture Referent   0.138 0.81  

(0.32 – 2.04) 

0.20  

(0.02 – 1.55) Developed 1.40 0.90 – 2.13 0.138 
 

a Inestimable.
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APPENDIX D 
Appendix D Table 1: Primary and secondary clusters of high and low Baylisascaris procyonis infection prevalence in raccoons 

identified by retrospective spatial scans using Bernoulli models. Raccoons were submitted in Ontario from January 2013 to December 

2016. 

Year 

Cluster 

Type 

Number  

in Cluster 

Latitude 

(decimal 

degrees) 

Longitude 

(decimal 

degrees) 

Radius 

(km) 

Observed 

(O) 

Expected 

(E) O/E 

Risk 

Ratio P-Value 

2013 - 2016 HIGHa 592 43.6 -79.5 27.57 285 207.9 1.37 1.88 <0.001 

LOWb 54 42.0 -82.6 145.75 1 18.7 0.053 0.051 <0.001 

2014 HIGH 189 43.6 -79.8 39.17 101 76.8 1.32 1.92 0.002 

2015 LOW 35 42.3 -83.0 163.53 0 9.36 0 0 0.003 

HIGH 165 44.3 -77.0 210.64 63 44.1 1.43 2.03 0.030 

2016 HIGH 242 43.6 -79.6 23.57 130 89.5 1.45 2.23 <0.001 

LOW 80 42.9 -80.3 73.68 9 29.6 0.30 0.27 <0.001 

 
a Primary cluster. 
b Secondary cluster. 

* High clusters indicate areas in space with a higher proportion of cases than would be expected based on a random distribution of 

cases. Low clusters indicate areas with a lower proportion of cases than would be expected. 
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Appendix D Table 2: Primary and secondary clusters of high and low Baylisascaris procyonis infection prevalence in raccoons 

identified by retrospective spatial scans using Bernoulli models when host demographic data were stratified by host age and sex. 

Raccoons were submitted in Ontario from January 2013 to December 2016. 

Year 

Cluster 

Type Strataa 

Number  

in Cluster 

Latitude 

(decimal 

degrees) 

Longitude 

(decimal 

degrees) 

Radius 

(km) 

Observed 

(O) 

Expected 

(E) O/E 

Risk 

Ratio P-Value 

2013 - 

2016 

HIGH AF 147 43.6 -79.5 27.57 66 38.2 1.73 2.84 

<0.001 
AM 277 121 95.5 1.27 1.56 

JF 83 50 43.7 1.14 1.39 

JM 85 48 38.1 1.26 1.74 

LOW AF 126 43.5 -81.5 130.39 16 32.8 0.49 0.40 

<0.001 
AM 160 - - - - 

JF 26 5 13.7 0.37 0.32 

JM 25 6 11.2 0.54 0.49 

2014 HIGH AF 24 43.7 -79.6 18.66 20 9.1 2.20 3.19 

<0.001 
AM 40 19 15.3 1.24 1.35 

JF 14 11 7.2 1.54 2.07 

JM 10 8 4.7 1.67 2.06 

LOW AF 34 43.0 -82.4 201.23 7 12.9 0.54 0.46 

0.028 AM 34 12 13.0 0.92 0.90 

JF 10 0 5.1 0 0 
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JM 6 2 2.8 0.7 0.67 

2015 LOW AF 4 42.3 -83.0 163.53 0 0.9 0 0 

0.029 
AM 22 0 6.2 0 0 

JF 3 0 0.9 0 0 

JM 5 0 1.5 0 0 

2016 HIGH AF 50 43.6 -79.6 20.43 25 11.4 2.19 4.32 

<0.001 
AM 74 42 26.0 1.62 2.19 

JF 25 19 16.2 1.17 1.31 

JM 24 15 14.0 1.07 1.12 

 
a Abbreviations as follows: A – Adult, J – Juvenile, M – Male, F – Female. 

* High clusters indicate areas in space with a higher proportion of cases than would be expected based on a random distribution of 

cases. Low clusters indicate areas with a lower proportion of cases than would be expected. 
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Appendix D Table 3: Statistically significant clusters of high and low Baylisascaris procyonis infection prevalence in raccoons 

identified by retrospective temporal scans using Bernoulli models. Raccoons were submitted in Ontario from January 2013 to 

December 2016. 

Year 

Cluster 

Type 

Number 

in Cluster Start+ End+ 

Observed 

(O) 

Expected 

(E) O/E 

Risk 

Ratio P-Value 

2013 -2016 LOW 770 Dec 2014 July 2016 186 268.0 0.69 0.51 0.001 

2014 HIGH 157 Aug 2014 Nov 2014 85 65.0 1.31 1.66 0.001 

2015 HIGH 109 Aug 2015 Dec 2015 50 28.2 1.77 2.49 0.001 

2016 HIGH 222 Aug 2016 Dec 2016 131 80.8 1.62 2.66 0.001 

 

* High clusters indicate periods in time with a higher proportion of cases than would be expected based on a random distribution of 

cases. Low clusters indicate periods with a lower proportion of cases than would be expected.  
+ Temporal precision was held at the month level. 
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Appendix D Table 4: Primary and secondary clusters of high and low Baylisascaris procyonis infection prevalence in raccoons 

identified by retrospective space-time scans using Bernoulli models. Raccoons were submitted in Ontario from January 2013 to 

December 2016. 

Year 

Cluster 

Type 

Number  

in Cluster Start+ End+ 

Latitude 

(decimal 

degrees) 

Longitude 

(decimal 

degrees) 

Radius 

(km) 

Observed 

(O) 

Expected 

(E) O/E 

Risk 

Ratio P-Value 

2013 -

2016 

LOWa 359 
Dec 

2014 

July 

2016 
42.0 -82.6 299.54 61 127.5 0.48 0.40 <0.001 

HIGHb 146 
Aug 

2016 

Dec 

2016 
43.6 -79.6 23.17 101 51.9 1.95 2.21 <0.001 

2014 HIGH 101 
Apr 

2014 

Nov 

2014 
43.7 -79.7 25.27 63 41.6 1.51 1.90 0.009 

2015 HIGH 71 
Aug 

2015 

Dec 

2015 
45.2 -75.4 369.41 40 19.2 2.08 2.82 <0.001 

2016 HIGH 167 
July 

2016 

Dec 

2016 
43.6 -79.6 23.17 111 62.6 1.77 2.69 <0.001 

 

* High clusters indicate areas in space-time with a higher proportion of cases than would be expected based on a random distribution 
of cases. Low clusters indicate areas in space-time with a lower proportion of cases than would be expected.  
+ Temporal precision was held at the month level. 
a Primary cluster. 
b Secondary cluster.   
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Appendix D Table 5: Primary and secondary clusters of high and low Baylisascaris procyonis infection prevalence in raccoons 

identified by retrospective space-time scans using Bernoulli models when host demographic data were stratified by host age and sex. 

Raccoons were submitted in Ontario from January 2013 to December 2016. 

Year 

Cluster 

Type Strata^ 

Number 

in Cluster Start+ End+ 

Latitude 

(decimal 

degrees) 

Longitude 

(decimal 

degrees) 

Radius 

(km) 

Observed 

(O) 

Expected 

(E) O/E 

Risk 

Ratio P-Value 

2013

- 

2016 

LOWa AF 114 Jan 

2015 

July 

2016 

42.0 -82.6 299.72 11 30.3 0.36 0.29 <0.001 

AM 188 46 64.6 0.71 0.63 

JF 23 1 12.3 0.08 0.07 

JM 29 2 13.3 0.15 0.13 

HIGHb AF 38 Aug 

2016 

Dec 

2016 

43.2 -79.2 65.19 21 10.1 2.08 2.35 <0.001 

AM 55 34 18.9 1.80 1.95 

JF 37 29 19.8 1.47 1.75 

JM 27 22 12.4 1.77 2.10 

HIGHc AF 22 Aug 

2014 

Nov 

2014 

46.5 -81.0 341.53 16 5.9 2.74 3.05 0.008 

AM 30 16 10.3 1.55 1.60 

JF 11 8 5.9 1.36 1.40 

JM 6 6 2.8 2.18 2.28 

2014 HIGH AF 31 Aug 

2014 

Nov 

2014 

43.6 -79.8 39.18 21 11.8 1.79 2.50 <0.001 

AM 35 18 13.4 1.34 1.49 

JF 14 11 7.2 1.54 2.07 

JM 13 13 6.2 2.09 3.67 
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* High clusters indicate areas in space-time with a higher number of cases than would be expected based on a random distribution of 

cases. Low clusters indicate areas in space-time with a lower proportion of cases than would be expected. 
^ Abbreviations as follows: A – Adult, J – Juvenile, M – Male, F – Female. 
+ Temporal precision was held at the month level. 
a Primary cluster. 
b Secondary cluster. 
c Tertiary cluster.

2015 HIGH AF 23 Aug 

2015 

Dec 

2015 

45.2 -75.4 369.41 11 5.3 2.07 3.25 <0.001 

AM 26 14 7.3 1.92 2.23 

JF 8 6 2.4 2.53 7.12 

JM 14 9 4.1 2.20 4.37 

2016 LOWa AF 78 Feb 

2016 

July 

2016 

43.1 -80.4 84.70 4 17.8 0.22 0.14 <0.001 

AM 78 23 27.4 0.84 0.78 

JF 11 0 7.1 0 0 

JM 12 0 7.0 0 0 

HIGHb AF 37 Aug 

2016 

Dec 

2016 

43.7 -79.3 53.00 21 8.4 2.49 4.23 <0.001 

AM 54 32 18.9 1.69 2.09 

JF 36 28 23.3 1.20 1.56 

JM 28 23 16.3 1.41 2.19 
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Appendix D Table 6: Primary and secondary clusters of high and low Baylisascaris procyonis infection prevalence in raccoons 

identified by retrospective space-time scans using space-time permutation models. Raccoons were submitted in Ontario from January 

2013 to December 2016. 

Year 

 

Cluster 

Type Start+ End+ 

Latitude 

(decimal 

degrees) 

Longitude 

(decimal 

degrees) 

Radius 

(km) 

Observed 

(E) 

Expected 

(O) O/E 

Test 

Statistic P-Value 

2014 HIGH May 2014 May 2014 43.4 -81.0 54.99 9 1.2 7.27 10.30 0.001 

2015 
LOWa July 2015 Oct 2015 43.7 -81.5 148.78 0 8.8 0 9.25 0.002 

LOWb Jan 2015 June 2015 43.7 -79.6 11.22 0 8.4 0 8.74 0.004 

2016 

HIGHa Mar 2016 June 2016 44.5 -80.8 123.93 28 8.6 3.25 14.59 <0.001 

HIGHb July 2016 July 2016 44.8 -75.6 0 10 1.1 9.32 13.59 <0.001 

LOWc July 2016 Oct 2016 43.8 -80.8 68.17 1 16.0 0.06 12.79 <0.001 

 

* High clusters indicate areas in space-time with a higher number of cases than would be expected based on a random distribution of 

cases. Low clusters indicate areas in space-time with a lower proportion of cases than would be expected.  
+ Temporal precision was held at the month level. 
a Primary cluster. 
b Secondary cluster. 
c Tertiary cluster. 
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Appendix D Table 7: Primary and secondary clusters of high and low Baylisascaris procyonis infection prevalence in raccoons 

identified by retrospective space-time scans using space-time permutation models when host demographic data were stratified by host 

age and sex. Raccoons were submitted in Ontario from January 2013 to December 2016. 

Year 

Cluster 

Type Strata^ Start+ End+ 

Latitude 

(decimal 

degrees) 

Longitude 

(decimal 

degrees) 

Radius 

(km) 

Observed 

(O) 

Expected 

(E) O/E 

Test 

Statistic P-Value 

2014 HIGH AF May 

2014 

May 

2014 

43.4 -81.0 54.99 1 0.2 5.50 8.51 0.041 

AM 7 1.5 4.59 

JF - - - 

JM 
1 0.05 22.0

0 

2016 LOWa AF Mar 

2016 

July 

2016 

43.5 -79.6 22.01 1 7.7 0.13 14.99 <0.001 

AM 10 19.6 0.51 

JF 0 4.1 0 

JM 0 1.8 0 

HIGHb AF Jun 

2016 

July 

2016 

44.8 -75.6 2.20 3 0.6 4.88 13.05 <0.001 

AM - - - 

JF 5 0.7 7.33 

JM 
3 0.3 11.6

7 

LOWc AF 44.5 -80.8 126.01 0 1.6 0 12.67 <0.001 



 

190 

 

AM 
Sept 

2016 

Dec 

2016 

0 10.1 0 

JF 2 3.1 0.65 

JM 1 1.5 0.69 

* High clusters indicate areas in space-time with a higher number of cases than would be expected based on a random distribution of 

cases. Low clusters indicate areas in space-time with a lower proportion of cases than would be expected.  
+ Temporal precision was held at the month level. 
^ Abbreviations as follows: A – Adult, J – Juvenile, M – Male, F – Female. 
a Primary cluster. 
b Secondary cluster. 
c Tertiary cluster.
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Appendix D Figure 1: Most likely non-overlapping statistically significant spatial clusters of 

high and low Baylisascaris procyonis infection prevalence as identified using retrospective 

spatial scan statistics with a Bernoulli model based on scans of the following periods: a) 2013-

2016, b) 2014, c) 2015, d) 2016. O/E = Observed number of cases/Expected number of cases. 
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Appendix D Figure 2: Most likely non-overlapping statistically significant clusters of high and 

low Baylisascaris procyonis infection prevalence as identified using retrospective space-time 

scan statistics with a Bernoulli model based on scans of the following periods: a) 2013-2016, b) 

2014, c) 2015, d) 2016. O/E = Observed number of cases/Expected number of cases. 
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Appendix D Figure 3: Most likely non-overlapping statistically significant clusters of high and 

low Baylisascaris procyonis infection prevalence as identified using retrospective space-time 

scan statistics with a space-time permutation model based on scans of the following periods: a) 

2014, b) 2015, c) 2016. O/E = Observed number of cases/Expected number of cases. 
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APPENDIX E  
Appendix E Table 1: Univariable logistic regression models, including a random effect for raccoon social group, demonstrating the 

associations between positive Baylisascaris procyonis infection status and host and environmental variables in Toronto, Ontario, 

Canada. Significant differences are highlighted in bold. 

Variable 

Odds 

Ratio 

95% Confidence 

Interval P-Value 

Wald’s 

X2 Testa Variance 

Intraclass 

Correlation 

Coefficient 

Tree Canopy 0.99 0.96 – 1.02 0.534  4.54 0.58 

Total Green Space 0.98 0.96 – 0.996 0.018  4.3 0.57 

Open Space Zone 0.98 0.96 – 0.997 0.025  4.28 0.57 

Residential Apartment Zone 1.03 0.98 – 1.07 0.252  4.6 0.58 

Buildings 1.29 1.07 -1.56 0.009  4.33 0.57 

Buildings Quadratic 0.995 0.99 – 0.9995 0.029  

Residential 1.06 1.01 – 1.11 0.027  4.49 0.58 

Residential Quadratic 0.9994 0.999 – 1.00 0.066  

Roads 1.3 1.04 – 1.61 0.019  4.4 0.57 

Roads Quadratic 0.99 0.99 – 0.999 0.024  

Season Predenning-Dispersal Referent   0.003 3.02 0.48 

Rearing 0.14 0.05 – 0.44 0.001  

Winter-Breeding 0.09 0.02 – 0.51 0.007  

Age Adult Referent    5.22 0.61 
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Juvenile 3.48 1.31 – 9.29 0.013  

Sex Male 1.02 0.51 – 2.07 0.948  4.12 0.56 

Female Referent    

Bare Earth Present 0.77 0.36 – 1.65 0.504  4.68 0.59 

Absent Referent    

Water Present 0.56 0.26 – 1.19 0.132  4.38 0.57 

Absent Referent    

Ravine Present 0.65 0.30 – 1.37 0.254  4.41 0.57 

Absent Referent    

Institutional Zone Present 0.63 0.24 – 1.69 0.362  4.62 0.58 

Absent Referent    

Grass/Shrub High 0.31 0.11 – 0.87 0.026 0.035 4.87 0.6 

Medium 0.25 0.08 – 0.78 0.016  

Low Referent    

Other Paved High 1.3 0.52 – 3.23 0.573 0.755 4.66 0.59 

Medium 1.4 0.56 – 3.50 0.476  

Low Referent    

Employment Industrial 

Zone 

High 3.2 1.13 – 9.03 0.028 0.077 4.67 0.59 

Medium 1.34 0.53 – 3.42 0.534  

Low Referent    

High 0.93 0.37 – 2.34 0.882 0.139 4.74 0.59 
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Commercial Residential 

Zone 

Medium 2.38 0.88 – 6.43 0.087  

Low Referent    

Average Neighbourhood 

SES 

High 0.3 0.01 – 8.10 0.475 0.164 5.13 0.61 

Medium 0.85 0.03 – 24.09 0.924  

Low Referent    

Mean Trash Can Density High 1.1 0.37 – 2.41 0.842 0.948 4.98 0.6 

Medium 0.94 0.37 – 2.41 0.895  

Low Referent    

Population Density by 

Neighbourhood 

High 2.35 0.78 – 7.12 0.131 0.091 4.67 0.59 

Medium 2.87 1.10 – 7.53 0.032  

Low Referent       

a Used as a global test of significance for variables with >2 categories. 
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