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ABSTRACT 
 
 
 

EPIDEMIOLOGY OF CAMPYLOBACTER, SALMONELLA, AND 
ANTIMICROBIAL RESISTANT ESCHERICHIA COLI AMONG FREE-

LIVING CANADA GEESE IN SOUTHERN ONTARIO 
 
 
 

Nadine Vogt         Advisors: 
University of Guelph, 2017       Dr. David L. Pearl 
          Dr. Claire M. Jardine 
 
 
 
 This thesis investigated the role of Canada geese as carriers of pathogenic and resistant 

bacteria in southern Ontario, using samples collected from three sources: hunted birds, diagnostic 

specimens, and live birds. Based on multi-level logistic regression models, the prevalence of 

Campylobacter was significantly lower during the nesting period when birds are nonvolant, 

suggesting that bird mobility outside of the breeding season impacts the carriage of these 

microorganisms. Antimicrobial resistance in E. coli was significantly associated with source, 

which suggests the local environment may be an important source of resistant bacteria. 

Examination of E. coli resistance patterns and Campylobacter subtypes (based on comparative 

genomic fingerprinting using a 40-gene assay) in different flocks of geese revealed similar 

resistance profiles and molecular subtypes in birds of the same flock. Canada geese may be a 

source of these microorganisms, and have the potential to disseminate them in the environment 

due to their migratory nature. 
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CHAPTER 1: 

 

INTRODUCTION, LITERATURE REVIEW, AND STUDY RATIONALE  

 

INTRODUCTION 

Foodborne illness remains a major cause of morbidity and mortality in humans 

worldwide, in spite of ongoing surveillance and control efforts (World Health Organization, 

2015).  Enteric pathogens such as E. coli O157:H7, Salmonella, and Campylobacter are among 

the most commonly reported causes of human cases of foodborne illness in North America 

(Scallan et al., 2011). Similarly, antimicrobial resistant infections in humans are directly 

responsible for increased patient morbidity and mortality, prolongation of treatment duration, 

and increased medical care costs (Tanwar et al., 2014). The World Health Organization (WHO) 

has recently recognized antimicrobial resistance (AMR) as a major global threat to health (World 

Health Organization, 2014). As a consequence of antimicrobial resistant infections, there has 

been a shift in major causes of death to diseases and illnesses that were previously considered 

curable, including tuberculosis, and pneumonia, among others (Singh, 2013; World Health 

Organization, 2014).  

Wildlife are considered sentinels for AMR in the environment, and a potential reservoir 

of antimicrobial resistance genes (Bonnedahl and Jarhult, 2014). Wildlife have also been found 

to carry a number of pathogenic organisms including Salmonella and Campylobacter 
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(Wahlstrom et al., 2003; Jardine et al., 2011). According to one estimate, 70% of emerging 

pathogens in humans originate from wildlife, and 20% of human pathogens carry genes for AMR 

(LeJeune and Pearl, 2014). The extent of transmission of potentially harmful microorganisms 

between wildlife, livestock, and humans is not well understood (Hughes et al., 2009). Continuing 

encroachment on wildlife habitat by humans through urbanization and agriculture, however, 

increases the opportunities for contact between wildlife, humans, and livestock (Lejeune and 

Pearl, 2014). Transmission of harmful microorganisms has potential negative implications for 

human, domestic animal, and wildlife health.  

Wildlife research has focused on the role of wild birds in the epidemiology of pathogenic 

and antimicrobial resistant organisms (Wang et al., 2017; Reed et al., 2003) as the movement of 

wild birds may facilitate transmission of these microorganisms, since most birds are highly 

mobile due to flight (Reed et al., 2003). Many bird species which breed in northern latitudes 

travel vast distances as part of an annual migration, and are thus capable of introducing 

microorganisms from one region to another (Jourdain et al., 2007). Other wild bird species 

associate closely with water, a known source of resistant and pathogenic organisms, which may 

put them at a higher risk of acquiring bacteria harmful to humans (Guenther et al., 2010; Friend 

et al., 1999). Finally, certain wild bird species that frequently come into close contact with 

humans and livestock may have an increased likelihood of being involved in the transmission of 

organisms between livestock, humans, and wildlife (Guenther et al., 2010; Cole et al., 2005). The 

role of wild birds in the transmission of pathogenic and antimicrobial resistant organisms merits 

further investigation. Major enteric pathogens such as Salmonella, Campylobacter, and E. coli 

O157:H7 have previously been isolated from a number of wild bird species (Reed et al., 2003; 

Ferens and Hovde et al., 2011). Antimicrobial resistance has also been identified in bacteria from 
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wild birds, including resistance to antimicrobials of highest important to human medicine (e.g., 

colistin; Wang et al., 2017). The carriage of these organisms, however, varies widely among 

different bird species (Kirkpatrick et al., 1986; Ito et al., 1988; Morishita et al., 1999; 

Waldenström et al., 2002; Hughes et al., 2009). These differences in prevalence can be attributed 

to behavioural factors such as feeding habits and social behaviour, as well as to environmental 

factors such as location and season. Furthermore, methodological differences in sample 

collection and processing may be responsible for differences in the reported prevalence between 

studies (Bonnedahl and Jarhult, 2014). Finally, statistical control of clustering by flock has 

largely been unaccounted for in the literature, and may affect estimates of association between 

various factors (e.g., location) and prevalence estimates.    

The aim of my thesis is to increase the understanding of the research and public health 

community on the role of wild birds, specifically Canada geese, as potential sources of 

antimicrobial resistant and pathogenic bacteria. This research focuses on Canada geese for a 

number of reasons. First, the population of Canada geese in North America has rapidly expanded 

in recent decades, with an estimated population of 7 million geese in 2013 (Environment Canada, 

2013). Although resident populations of Canada geese represent the majority of the North 

American population, an estimated 1.84 million Canada geese are migratory, according to a 2012 

estimate (Dolbeer et al., 2014). Migratory geese have the potential to introduce microorganisms 

from distant sources. Canada geese are highly adapted to urban environments, and frequently 

feed in agricultural areas, which may increase the risk of transmission between species. 

Furthermore, as a waterfowl species, Canada geese may be more likely to acquire and/or transmit 

microorganisms into the watershed.  Finally, a plethora of pathogenic organisms have previously 

been isolated from Canada geese including, but not limited to, Campylobacter, Salmonella, 
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Giardia, Cryptosporidium, Listeria, and methicillin-resistant Staphylococcus aureus (Converse 

et al., 1999; Cole et al., 2005; Middleton et al., 2005; Mohan, 2015; Kullas et al, 2002; Thapaliya 

et al., 2017). An understanding of the prevalence and patterns of resistant bacteria and pathogens 

in Canada geese will allow us to identify risk factors which can inform policies and farm 

biosecurity practices that serve to protect the health of humans and domestic animals. With these 

issues in mind, the following literature review examines:  

1. The impact of the following ecological and behavioural factors on the carriage of 

Campylobacter, Salmonella, E. coli and associated AMR in wild birds:  

a. Feeding and foraging habits 

b. Social behaviour 

c. Environment and geographic location 

d. Season and migration  

2. The impact of methodological factors including specimen type (e.g., cloacal swabs vs. 

fecal swabs) and microbiological methods, on the reported prevalence of Campylobacter, 

Salmonella, and E. coli in wild birds 

3. The prevalence and temporal and spatial patterns of carriage of Campylobacter, 

Salmonella, E. coli and associated AMR in Canada geese  

LITERATURE REVIEW 

1. The impact of ecological and behavioural factors on the carriage of Campylobacter, 

Salmonella, E. coli and associated AMR in wild birds  

Wild bird species display a wide variety of feeding and foraging habits and social behaviours 

that may result in different risks of acquiring microorganisms from the environment 
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(Waldenström et al., 2002). Birds can acquire microorganisms in a number of ways, through the 

ingestion of contaminated food, feco-oral transmission from excreta from other birds or animals, 

or exposure to other sources of contamination in the environment. The influence of ecological 

and behavioural factors is responsible for some of the variation seen in the prevalence of 

Campylobacter, Salmonella, E. coli and associated AMR in different wild bird species. Even 

individuals of the same bird species may demonstrate a wide range in the carriage of certain 

microorganisms as a result of differing environmental exposures in their particular geographic 

location, which may also vary according to the time of year (Girdwood et al., 1985; Ito et al., 

1988).  

a. Feeding and foraging habits 

Feeding and foraging habits may account for some of the differences in the prevalence of 

Campylobacter, Salmonella, E. coli and associated AMR among different bird species, as food 

sources represent a way of acquiring these organisms. Wild birds which are scavengers and/or 

carnivorous tend to have higher levels of pathogens and antimicrobial resistant organisms 

compared to herbivorous and granivorous species, which can be explained by a 

‘bioaccumulation’1 effect in the food chain (Guenther et al., 2010; Waldenström et al., 2002). In 

particular, higher levels of antimicrobial resistant organisms have often been observed in apex 

predators (e.g., raptors), as they can acquire these organisms from their prey (Marrow et al., 

2009). Even among raptor species, those that scavenge may harbor higher levels of antimicrobial 

resistant bacteria compared to those that primarily hunt live prey (Molina-Lopez et al., 2011). 

This is evidenced by findings from a study by Molina-Lopez et al. (2011) that found a higher 
																																																													
1	Strictly speaking, bioaccumulation refers to the accumulation of chemicals such as toxins and pesticides 
in an organism. Here it is referring to the accumulation of antimicrobial residues and antimicrobial 
resistant organisms in food items such as prey animals and garbage.	
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prevalence of resistance among Salmonella and Campylobacter isolates in griffon vultures (Gyps 

fulvus). In this study, the ingestion of antibiotic residues and antimicrobial resistant bacteria from 

livestock carrion by vultures, which feed exclusively by scavenging, may have directly played a 

role in the acquisition of resistant organisms (Molina-Lopez et al., 2011).  

Opportunistic feeders such as starlings (Sturnus vulgaris) have also demonstrated higher 

levels of pathogens such as Salmonella and Campylobacter compared to insectivorous and 

herbivorous species (Morishita et al., 1999; Waldenström et al., 2002). One possible explanation 

for this finding is that opportunistic feeders have a more varied diet, and will often consume food 

items that may be contaminated with human or animal waste; in some cases, birds which feed 

opportunistically will even scavenge at garbage dumps (Waldenström et al., 2002; Reed et al., 

2003). Girdwood et al. (1985) found a significantly higher Salmonella prevalence in herring 

gulls (Larus argentatus) compared to lesser black-backed gulls (Larus fuscus), and attributed this 

to the fact that herring gulls feed regularly at garbage dumps, whereas lesser black-backed gulls 

do not. This conclusion is supported by the fact that methodological differences between species 

were minimized, as samples from both species of gulls were obtained using the same isolation 

method, during the same season, and all samples were obtained from one geographic area 

(Girdwood et al., 1985). Opportunistic species may also carry higher levels of antimicrobial 

resistant organisms as these bird species may be more likely to ingest food sources of 

anthropogenic origin that are contaminated with antimicrobial residues or active metabolites 

(Guenther et al., 2010).  

There is evidence from one study that differences in the carriage of microorganisms may 

even vary within an ecological guild, defined as a group of species that exploit the same 

resources (e.g., all bird species which feed on insects; Waldenström et al., 2002). In this study, 
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the prevalence of Campylobacter varied markedly between aquatic invertebrate feeders (33.3%, 

1/3), ground-foraging invertebrate feeders (11.0%, 50/455), and shoreline-foraging invertebrate 

feeders (76.8%, 294/383; Waldenström et al., 2002). Similar variation in the carriage of 

Campylobacter was also reported between ground-foraging insectivores (20.3%, 14/69), arboreal 

insectivores (0.6%, 3/464) and aerial insectivores (0%, 0/42; Waldenström et al., 2002). Overall, 

these findings suggest that slight differences in dietary and foraging habits may contribute to 

differences in the prevalence of certain microorganisms among birds of the same ecological 

guild.   

b. Social behaviour 

Although not mutually exclusive from feeding habits of wild birds, behaviour that brings 

large groups of wild birds together may increase the risk of transmission of pathogens and 

antimicrobial resistance genes between individual birds, either through feco-oral transmission or 

via fomites (Benskin et al., 2009). Wild birds may gather for a number of reasons: to roost, feed 

and/or nest (Zahavi, 1971). Communal roosting behaviour can provide a survival advantage, by 

decreasing thermoregulatory demands and decreasing predation, and some have suggested that 

roosts may serve as information exchange sites for the location of food (Feare, 1984). In some 

cases, wild birds gather in the thousands to millions to roost (Weatherhead, 1983), effectively 

increasing the concentration of pathogens and antimicrobial resistance genes in an area, which 

may increase the potential for transmission of these microorganisms to other animals (Gough and 

Beyer, 1981; Kauffman and LeJeune, 2011).  

In addition, there is evidence that wild birds displaying gregarious behaviour may be 

more likely to carry these microorganisms compared to solitary species (Ito et al., 1988). The 
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European starling is a good example of this, as this bird species is a colonial breeder and often 

congregates with other wild bird species. Starlings frequently feed in large numbers, and produce 

large amounts of excreta that contaminate areas in which they feed, which may facilitate       

feco-oral transmission. Guenther et al. (2010) demonstrated a higher prevalence of resistant E. 

coli in European starlings (60%, 3/5) compared to other passerine species, some of which 

included the Eurasian jay (Carrulus glandarius) (0%, 0/3), the Eurasian robin (Erithacus 

rubecula) (0%, 0/4), and the Eurasian nuthatch (Sitta europaea) (0%, 0/1). This same study also 

identified a higher level of resistant E. coli in rock pigeons (Columba livia) (27.7%, 5/18), 

another gregarious bird species (Guenther et al., 2010). Similar findings of higher prevalences of 

Campylobacter and Salmonella among social bird species (e.g., crows, starlings, pigeons) 

compared to solitary species have been reported in the literature (Morishita et al., 1999; Ito et al., 

1988). 

c. Environment and geographic location 

The environment represents another source of pathogens and antimicrobial resistant 

organisms/genes for wild birds. The carriage of certain microorganisms may differ between 

various species of wild birds as a result of the particular ecological niches they occupy 

(Waldenström et al., 2002). For instance, Campylobacter lari is associated with aquatic 

environments, and is commonly isolated from shellfish (Motarjemi and Adams, 2006). As one 

might expect, C. lari is also the predominant species of Campylobacter isolated from marine 

birds (e.g., gulls), but not other bird species (Waldenström et al., 2002; Waldenström et al., 2007; 

Hughes et al., 2009). It is unclear whether the C. lari isolated from water and shellfish reflects 

shedding by gulls and other marine birds, or if it represents a source to these birds in and of itself 

(Motarjemi and Adams, 2006).  
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There is also evidence that wild birds living in close proximity to agriculture or human 

activity are more likely to carry pathogens and antimicrobial resistant bacteria (Kapperud and 

Rosef, 1983; Cole et al., 2005; Guenther et al., 2010; Hald et al., 2016). It appears that even 

slight differences in the proximity of wild birds to human and animal sources may affect their 

exposure to anthropogenic sources of potentially harmful organisms (Hald et al., 2016). Hald et 

al. (2016) surveyed passerines for Campylobacter and found that the prevalence in birds in or at 

stables was significantly higher than in birds around the stables. Conversely, wild birds are 

suspected as a source of pathogens and AMR bacteria for livestock. Wild birds have been 

identified as a risk factor for the presence of E. coli O157:H7 and antimicrobial resistant E. coli 

in cattle in numerous studies (Synge et al., 2003; Cernicchiaro et al., 2012; Williams et al., 2011; 

Medhanie et al., 2016). Although the direction of transmission between wild birds and 

anthropogenic sources is difficult to determine based on cross-sectional studies examining the 

prevalence of these organisms, the evidence suggests that a shared environment may facilitate 

transmission (Hughes et al., 2009; Swirski et al., 2013; Medhanie et al., 2016).  

Within-species differences in the carriage of microorganisms have also been observed, 

depending on the geographic location of sampling (Girdwood et al., 1985). Geographic location 

may act as a surrogate for ecological and behavioural factors that have been previously 

discussed, in that the local environment determines food sources, which can have an influence on 

the social structures of birds and their feeding habits (Zahavi, 1971). For example, when food 

sources become scarce, wild birds tend to form larger communal roosts, possibly to exchange 

information on the location of food (Zahavi, 1971). This type of behaviour may, in turn, increase 

the risk of transmission of microorganisms between birds in the flock due to a higher 

concentration of these organisms in a given area (Benskin et al., 2009). 
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The degree of environmental contamination with pathogens and antimicrobial resistant 

bacteria may also vary by geographic location, which can impact the exposure to and uptake of 

these organisms by wild birds. In one study, the prevalence of C. jejuni isolated from crows in 

two different regions in Japan were markedly different; 0% (0/24) and 59% (13/22) (Ito et al., 

1988). The authors of this study suspected this variation was related to the presence of a large 

municipal garbage dump in the latter region (Ito et al., 1988). Results from the analysis of crop 

and stomach contents from these birds were consistent with this hypothesis; crows from the 

region with the highest prevalence of C. jejuni were feeding almost exclusively on garbage (Ito 

et al., 1988). In another study, the prevalence of Salmonella among gulls sampled in Scotland 

also varied according to the particular region of sampling (Girdwood et al., 1985). In this study, 

the highest carriage of Salmonella was among birds from an area with a higher population 

density of humans, in the Clyde area (9%, 48/536), compared to more rural areas such as the 

Highland region (1.3%, 3/235) and northeast Scotland (5.1%, 9/177) (Girdwood et al., 1985). 

Several examples of within-species variation in the prevalence of antimicrobial resistant E. coli 

and Salmonella in different geographic locations have also been reported in the literature, with 

higher levels among wild birds living in urban environments compared to those in rural areas 

(Cole et al., 2005; Čížek et al., 2006; Atterby et al., 2016). Sewage and other human waste may 

constitute rich sources of antimicrobial resistance elements in urban environments, to which wild 

birds may be exposed (Atterby et al., 2016).  

d. Season and migration  

Seasonal changes in the carriage of pathogens and resistant bacteria among wild birds 

have also been observed. Season acts as a surrogate for various ecological and behavioural 

factors, in a fashion similar to geographic location. The local environment is affected by seasonal 
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temperature changes, which can impact the flow of water through an area, and subsequently have 

an effect on water levels; all of these factors can affect the level of environmental contamination 

by these organisms (Tornevi et al., 2014). Changes of season also bring about changes in the 

movement of birds, as many species in North America migrate south during colder months in 

order to find food (Reed et al., 2003). Other bird species that are non-migratory change their 

feeding habits during colder parts of the year (Zahavi, 1971), which can impact their probability 

of ingesting microorganisms that are harmful to humans.  

Significant seasonal variation in the prevalence of Salmonella and Campylobacter has 

been widely reported in the literature, but the timing of seasonal peaks is not consistent, and 

varies by location and bird species (Girdwood et al., 1985; Hald et al., 2016; Kirk et al., 2002; 

Colles et al., 2009; Broman et al., 2002). For example, the peak prevalence of Salmonella in a 

study of herring gulls (Larus argentatus) sampled in Scotland occurred from August through 

December (Girdwood et al., 1985). In contrast, a study investigating Salmonella isolates from 

passerines on California dairy farms found that most of the isolates (82%, 19/22) were obtained 

during the winter months (November through March), which coincides with a peak in the 

number of birds on dairies due to colder weather and reduced forage elsewhere (Kirk et al., 

2002).  

Similar variation in the season of peak prevalence is also seen with Campylobacter; 

Colles et al. (2009) determined that the peak prevalence of C. jejuni among European starlings 

sampled on farms in the UK over a three-year period occurred in June and July, whereas another 

study that sampled black-headed gulls (Chroicocephalus ridibundus) in southern Sweden over 

two years found a fall peak of C. jejuni in October and November (Broman et al., 2002). In the 

latter study, the authors proposed that the environmental load of Campylobacter may be higher 



	
	

	 12	

during the fall due to decreased UV exposure, the presence of biofilms in water, and/or cooler 

temperatures (Broman et al., 2002). In the same way that geographic location captures 

differences in prevalence that are related to various ecological and behavioural factors unique to 

that region and bird species, differences in seasonal peaks of various organisms are probably 

related to the unique influence of these factors on a particular bird species at different times of 

year. In contrast, seasonal variation in the prevalence of antimicrobial resistant organisms has not 

been reported in the literature (Atterby et al., 2016; Agnew et al., 2016; Čížek et al., 2006; 

Rutledge et al., 2013; Fallacara et al., 2001; Cole et al., 2005), although it has not been examined 

specifically.  

There is widespread evidence that confirms wild birds are carriers of potentially harmful 

organisms, and so it is not surprising that migratory bird species are of particular interest because 

of their potential to transmit microorganisms vast distances (Reed et al., 2003). Overall, the 

literature does not suggest that migratory birds are any more likely to carry organisms over their 

non-migratory counterparts, based on two studies that have closely examined this topic 

(Luechtefeld et al., 1980; Hald et al., 2016). Luechtefeld et al. (1980) did not find any significant 

difference in the prevalence of Campylobacter among samples from resident Colorado ducks in 

October compared to migrating northern ducks in the same location from November to January. 

Another study examining wild birds on Danish farms did not find any association between the 

carriage of Campylobacter and migration range (long, medium, short, partial, none) of different 

bird species (Hald et al., 2016). Evidence from one study suggests that there may be a trend 

among migratory birds, with short-distance migrants being more likely to carry potentially 

harmful microorganisms compared to long-distance migrants (Waldenström et al., 2002); 

however, the effect of migration is difficult to separate from the impact of bird species. In this 
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survey of migratory birds entering Sweden, short-distance migrants (birds wintering in Europe) 

were significantly more likely to have Campylobacter compared to long-distance migrants (birds 

wintering in Africa, the Middle East, Asia), among birds species not directly associated with 

water (i.e., shorebirds, gulls, ducks, and rails were excluded from the analysis); (Waldenström et 

al., 2002). It is possible that short-distance migrants are more likely to shed Campylobacter if 

they have been more recently exposed to an environmental source, and are not travelling as far as 

long-distance migrants, assuming shedding is transient. Another equally plausible explanation 

for these findings is that long distance migrants represent species that are less tolerant of 

anthropogenic environments, and are thus less likely to be exposed to environmental sources of 

these organisms in the first place.   

2. The impact of methodological factors including specimen type (e.g., cloacal swabs vs. 

fecal swabs) and microbiological methods on the reported prevalence of Campylobacter, 

Salmonella and E. coli in wild birds  

The type of sample collected from wild birds to assess the prevalence of these organisms 

(e.g., cloacal swab vs. fecal sample) can influence research findings, but few studies have 

examined this specifically (Luechtefeld et al., 1980; Waldenström et al., 2007; Girdwood et al., 

1985; Morishita et al., 1999). In a comparison of different sampling techniques from a number of 

species of wild ducks in Colorado, Luechtefeld et al. (1980) found that isolation of C. jejuni was 

significantly higher in caecal specimens compared to cloacal swabs. Work by Girdwood et al. 

(1985) demonstrated differences in isolation rates depending on the type of sample obtained 

from several species of gulls; a higher prevalence of Salmonella was obtained from culture of the 

entire gut compared to a cloacal swab. This same study found that Salmonella was isolated from 

a greater proportion of cloacal lavage samples versus a cloacal swab only (Girdwood et al., 
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1985). Based on one study, the choana in the oral cavity of birds does not appear to be an 

effective sampling site for live birds; Morishita et al. (1999) attempted to isolate Salmonella and 

E. coli from passerines by swabbing this area, without success (0%, 0/1709). In general, and 

perhaps not surprisingly, more invasive techniques appear to be more effective in the isolation of 

microorganisms. The choice of technique will depend in part on research intent to sample live, 

euthanized, or deceased birds, as well as the research objective.  

There is limited literature examining the impact of time to sample processing on isolation 

rates of microorganisms from wild birds. One study examining the recovery of 

Campylobacterales organisms on days 0 and 5 following sample collection, found that isolation 

rates of Helicobacter canadensis in Barnacle geese (Branta leucopsis) were significantly lower 5 

days after initial sampling, but no difference was seen in the isolation of Campylobacter lari 

from redshank (Tringa totanus) (Waldenström et al., 2007). It is clear that the specimen type and 

time to sample processing may both have a direct impact on the measurement of prevalence of 

various microorganisms in wild birds. The sensitivity of culture techniques should also be 

considered as a source of variation for prevalence estimates in the literature, especially given the 

fastidious nature of organisms such as Campylobacter (M’ikanatha et al., 2012).  

3. The prevalence and patterns of carriage of Campylobacter, Salmonella, E. coli and 

associated AMR in Canada geese  

The Canada goose is a large waterfowl species that can be easily identified by the 

presence of a black neck and head, and a white cheek patch. The body feathers of these birds 

range from grey-brown to dark-brown in colour. There are seven recognized subspecies of 

Canada geese and the size of these birds ranges from 75 to 110 cm in length, and their wingspan 
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can be anywhere from 127 to 185 cm (Ogilvie and Young, 2004). Canada geese are well adapted 

to a wide range of habitats, and their range extends from coast to coast across North America 

(Purdy and Malecki, 1984). Canada geese can be found nesting in all Canadian provinces and 

continental US states (Mowbray et al., 2002).  

It appears that Salmonella is infrequently isolated from Canada geese, as low prevalences 

(0-1%) were isolated from geese in two studies (Fallacara et al. 2001; Converse et al., 1999). 

However, Feare et al. (1999) found a range in the prevalence of Salmonella (0-20%) from 

Canada goose fecal samples in urban parks in England. Variation in Salmonella carriage in the 

latter study could be attributed to different levels of environmental contamination with 

Salmonella in each sampling location. Overall, these findings of low Salmonella prevalence in 

Canada geese are consistent despite the use of different sampling and microbiological techniques 

between these studies.  

The prevalence of Campylobacter among Canada geese varies widely in the literature (0-

52%) (Fallacara et al., 2001; Feare et al., 1999). Fallacara et al. (2001) obtained fresh fecal 

samples (within 5 minutes of defecation) from geese in urban parks in Ohio and found a 52% 

(185/357) prevalence of C. jejuni. By contrast, low levels of C. jejuni (4.7%, 13/274) were found 

among geese sampled using cloacal or fecal swabs in agriculture fields and ponds near human 

habitat in Delaware, Pennsylvania, and New Jersey (Keller et al., 2014). An additional study by 

Rutledge et al. (2013) found a range in the prevalence of C. jejuni in fresh fecal samples from 

Canada geese sampled from the same locations in North Carolina in different years: 5.0% in 

2008 (11/218) and 16.0% in 2009 (16/100). Still other studies have failed to isolate 

Campylobacter from Canada geese (Feare et al., 1999; Converse et al., 1999). Differences in the 

carriage of Campylobacter in these studies may not only be attributed to seasonal, temporal and 
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location differences, but also to differences in isolation techniques, especially since 

Campylobacter is a fastidious organism. For instance, Converse et al. (1999) may have failed to 

isolate Campylobacter due to a lag in sample collection time, as fecal samples were collected 

within 24 hours of being deposited in a field.  

The prevalence of resistant E. coli in Canada geese is also quite variable in the literature. 

Cole et al. (2005) found that among birds sampled in Georgia and North Carolina, birds that 

were in direct contact with swine waste lagoons had the highest prevalence of resistance (72%, 

18/25), compared to birds in other regions, such as agricultural areas without liquid wastes (19%, 

4/21), which suggests that geese obtained resistant isolates from livestock waste. An even higher 

prevalence of resistant E. coli was detected by Middleton et al. (2005), who sampled Canada 

goose feces from agricultural fields in Maryland; greater than 95% of E. coli isolates were 

resistant to penicillin G, ampicillin, cephalothin, and sulfathiazole. Based on these studies, the 

isolation of AMR bacteria from Canada geese appears to be most affected by the location of 

sampling and the degree of environmental contamination of that area with antimicrobial residues 

and antimicrobial resistant organisms.  

In addition, a number of potentially zoonotic pathogenic E. coli serotypes have been 

isolated from Canada geese. Kullas et al. (2002) sampled resident geese in Fort Collins, 

Colorado and identified the following E. coli pathotypes: enterotoxogenic E. coli (13.0%, 

19/151), enterohemorrhagic E. coli (6.0%, 9/151), enteroinvasive E. coli (4.6%, 7/151) and 

enteroagglomerative E. coli (1.3%, 2/151). Another study performed in Alberta isolated E. coli 

O157:H7 from geese, but the species of goose was not specified (Jokinen et al., 2011).  
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In summary, a number of enteric, and potentially zoonotic, pathogens have been isolated 

from Canada geese. The prevalence of these microorganisms varies widely in the literature, and 

further research is needed to clarify the potential role of Canada geese in the epidemiology of 

these organisms.  

STUDY RATIONALE AND OBJECTIVES  

 As a species, Canada geese possess many behavioural traits that may make them more 

susceptible to exposure to various microorganisms. Canada geese are a gregarious species, and 

gather in large flocks for feeding, nesting and migration. Geese are also an aquatic species that 

spend the majority of their time close to water, which may increase their risk of exposure to 

waterborne sources of microorganisms. Canada geese are highly adapted to urban environments, 

and will readily feed on, or near, agricultural land. These environments also represent potential 

sources of pathogens and antimicrobial resistant organisms to geese. Conversely, Canada geese 

feeding and defecating in these areas may be a potential source of these organisms for humans 

and livestock. Canada geese are highly mobile, and those that migrate may be a source of 

potentially harmful microorganisms from states within the Atlantic flyway or from their 

wintering range in the southern United States. Finally, there is limited research on the carriage of 

pathogens and antimicrobial resistant bacteria by Canada geese in Canada. Southern Ontario is a 

densely populated region, and much of the land surrounding cities is used for agriculture 

(Robson, 2012). Considering the rapid increase in the resident populations of Canada geese 

across North America (Dolbeer et al., 2014) and the large population of humans in the vicinity of 

agriculture in southern Ontario, the acquisition of data on the carriage of potentially harmful 

organisms in Canada geese within this particular region of Canada would have important 

implications for human and domestic animal health. This thesis is part of a greater effort to 
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understand the role of wild birds in the dissemination of pathogens and antimicrobial resistance 

in the environment. An understanding of temporal and spatial patterns of the carriage of these 

organisms in Canada geese will be valuable in the development of control efforts to minimize the 

potential transmission of these organisms between livestock, wild birds, and humans. In order to 

address these issues in Canada geese, this thesis has the following objectives: 

1. Determine if there are significant differences in the prevalence and patterns of 

Campylobacter, Salmonella, and antimicrobial resistant E. coli from three different 

sources (hunted birds, diagnostic specimens, fecal swabs from live birds), while 

accounting for flock-level clustering (Chapter 2). 

2. Determine if there are significant seasonal and demographic (i.e., juvenile vs. adult) 

differences in the prevalence of Campylobacter, Salmonella, and antimicrobial resistant 

E. coli, while accounting for flock-level clustering (Chapter 3). 

3. Assess the patterns and diversity of E. coli phenotypic antimicrobial resistance patterns 

and Campylobacter genotypes based on comparative genomic fingerprinting using a       

40-gene assay (CGF40) in different flocks of Canada geese (Chapters 2 & 3). 
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CHAPTER 2: 

 

EPIDEMIOLOGY OF CAMPYLOBACTER, SALMONELLA, AND 

ANTIMICROBIAL RESISTANT ESCHERICHIA COLI IN FREE-LIVING 

CANADA GEESE FROM THREE SOURCES IN SOUTHERN ONTARIO  

(2013-2015) 

 

ABSTRACT  

Antimicrobial resistant bacteria and zoonotic pathogens have previously been isolated 

from Canada geese. We examined the prevalence of three enteric bacteria (i.e., Campylobacter, 

Salmonella, E. coli) among Canada geese from three sampling sources in southern Ontario from 

2013 through 2015. Samples were obtained by convenience from hunting groups, diagnostic 

birds submitted for post-mortem, and fresh feces from live birds in parks. Escherichia coli 

isolates were isolated and tested for susceptibility to 15 antimicrobials using the Canadian 

Integrated Program for Antimicrobial Resistance Surveillance test panel. The prevalence of 

Salmonella, Campylobacter, and E. coli were 0%, 11.2%, and 72.6%, respectively. Among       

E. coli isolates, 7.9% were resistant to ≥1 class of antimicrobials and 5.6% were resistant to ≥2 

classes of antimicrobials, with some including resistance to antimicrobials of highest importance 

in human medicine. A significant association between season and E. coli resistance among 

samples from live birds was noted; summer samples had no resistant E. coli isolates, whereas 
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spring samples demonstrated the highest prevalence of E. coli resistant to ≥1 class of 

antimicrobials (20.0%) among all sources. In addition, C. coli were only isolated from the spring 

fecal samples. Flock-level clustering was an important statistical consideration, as flock was a 

significant random effect in all but two of our models. Detection of Campylobacter and 

antimicrobial-resistant E. coli from Canada geese suggests that these birds may play a role in 

disseminating these organisms within the environment. 

Keywords 

Antimicrobial resistance, Campylobacter, Salmonella, E. coli, Canada geese, wildlife, zoonosis, 

molecular typing 

INTRODUCTION 

The role of wild birds in the transmission of zoonotic pathogens and antimicrobial 

resistant organisms is an issue for public health and a concern for animal agricultural production 

systems. A variety of wild birds including species of shorebirds, passerines, and waterfowl have 

been found to carry pathogens considered to be leading causes of zoonotic enteric illness in 

humans worldwide, including Campylobacter jejuni, Salmonella, and E. coli O157:H7 

(Kapperud & Rosef, 1983; Converse et al., 1999; Waldenström et al., 2007; Mohan, 2015; 

Jokinen et al., 2011; Williams et al., 2011; Swirski et al., 2013; Janecko et al., 2015; Hald et al., 

2016). Wild birds are also considered sentinels and reservoirs of antimicrobial resistant bacterial 

organisms (Bonnedahl & Järhult, 2014). Proximity to agriculture and other human activities such 

as landfills or sewage ponds has been identified as a risk factor for wild bird carriage of 

pathogens such as Campylobacter (Cole et al., 2005; Hald et al., 2016) and antimicrobial 

resistant Salmonella (Čížek et al., 2006, Janecko et al., 2015). Similarly, wild birds have been 
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identified as a risk factor for the presence of pathogens (E. coli O157:H7) and antimicrobial 

resistant bacteria (E. coli) isolated from cattle (Cernicchiaro et al., 2012; Williams et al., 2011; 

Medhanie et al., 2016). Although in some instances, molecular data have suggested the 

transmission of these organisms occurred from agricultural animals to wild birds (Waldenström 

et al., 2007; Hughes et al., 2009), other research has suggested that wild birds play a role in 

transmitting pathogens and antimicrobial resistant bacteria among livestock facilities (Swirski et 

al., 2013; Medhanie et al., 2016). Despite the challenges in characterizing movement of 

pathogens between wild and domestic species, it is clear that birds, with their migratory nature 

and ability to move long distances, have the potential to widely disseminate pathogens and 

antimicrobial resistant bacteria.  

A rapid increase in Canada goose populations has generated concern that these birds may 

pose a concern to human and agricultural animal health through the spread of various pathogens 

and antimicrobial resistant organisms. Between 1970 and 2012, the North American population 

of Canada geese increased 4.5 fold (Dolbeer et al., 2014), and in 2013 there was an estimated 

total of 7 million geese in North America (Environment Canada, 2013). The population increase 

has been attributed to changes in land use resulting in the creation of ideal breeding habitat, as 

well as changes in agricultural practices which allow geese to benefit from waste grain during 

the winter months (Environment Canada, 2013). A large number of microorganisms have been 

isolated from Canada geese including: Campylobacter, Salmonella, Giardia, Cryptosporidium, 

Listeria, hemorrhagic E. coli (EHEC), as well as antimicrobial resistant E. coli (Converse et al., 

1999; Cole et al., 2005; Middleton et al., 2005; Mohan, 2015; Kullas et al., 2002).   

The prevalence of these pathogens and antimicrobial resistant bacteria is quite variable in 

the literature and may, in part, be related to geographical region of sampling (Bonnedahl & 
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Järhult, 2014). However, this variation could also be related to sampling techniques including but 

not limited to: source of samples (e.g., live vs. dead birds), time of sampling (e.g., seasonal 

variation), type of sample (e.g., whole feces, cloacal swabs, fecal swabs), age of fecal material 

(i.e., freshness of fecal sample), time from sample collection to sample processing, and 

sensitivity of culture techniques.  

The objectives of our study were to measure the prevalence and patterns of carriage of 

Campylobacter, Salmonella, and antimicrobial resistant non-specific E. coli in Canada goose 

fecal and cloacal samples from three different sampling sources in southern Ontario, with a focus 

on the following risk factors: source type (i.e., cloacal swabs from diagnostic and hunted birds, 

and fresh fecal samples from the environment) and bird demographics (sex and age).  

METHODS 

Sample collection 

Samples for this cross-sectional study were obtained from three different sources: hunted 

birds, diagnostic specimens, and feces deposited by live birds. Birds submitted or sampled on the 

same date from the same location were treated as members of a flock for subsequent statistical 

analyses. Our goal during the study period was to collect 250 birds per group to obtain 80% 

power and 95% confidence in detecting differences in the prevalence of specific outcomes, given 

a baseline prevalence of 5%. This number of samples allowed us to detect a 15% difference in 

prevalence, even if the correlation between samples collected from a flock (i.e. the intra-class 

correlation coefficient) was as great as 10%. Cloacal samples from hunted birds were obtained 

by convenience sampling from geese harvested by a local hunting club during fall hunting 

seasons (September to December) between 2013 and 2015. These birds were obtained from 9 
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different rural areas (Figure 2.1), and two sites were visited more than once (2-4 times), and in 

different years. Between 3 and 10 birds (mean=9.4 birds) were sampled per flock. 

Cloacal samples were also obtained from Canada goose carcasses submitted to the 

Canadian Wildlife Health Cooperative for necropsy (CWHC, Ontario/Nunavut region). These 

samples were collected year-round between October 2013 and May 2015, and included samples 

from at least 10 different urban and rural locations in southern Ontario (Figure 2.1). Location 

information was missing for four diagnostic samples. Between 1 and 6 birds (mean=1.8) were 

submitted per flock. 

Fresh fecal swabs were obtained from feces deposited by live birds in 2015, between 

March and September. Spring fecal swabs were collected in March from 13 different locations 

representing urban and agricultural areas surrounding Guelph, Ontario (45.54° N, 80.24 °W). 

Summer fecal swabs were collected between May and September from geese in four urban 

recreational areas within the city of Guelph. Sites were sampled up to three times. Between 2 and 

20 birds (mean=9.8) were sampled per flock. Care was taken not to contaminate fecal swabs with 

soil or other features of the environment.  

Two Cary-Blair transport media swabs (BD Diagnostics, Sparks, MD, USA) were 

collected from each bird’s carcass cloaca or fecal sample: one swab for Campylobacter testing, 

and the second swab for E. coli and Salmonella testing. Location, date of collection, and age 

were recorded for each bird. Sex was recorded for hunted and diagnostic specimens, but not for 

live birds because these birds were not handled. The age (adult or juvenile) of live birds was 

determined by overall size and appearance early in the summer, and by examining plumage later 

in the summer (Purdy and Malecki, 1984). 
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Sample swabs were transported in a cooler and refrigerated upon arrival at the laboratory 

within 12 hours of sample collection. For Salmonella and E. coli isolation/testing, swabs were 

frozen at -80ºC within 48 hours, and then stored at -80ºC for 1-4 months prior to testing. Swabs 

were submitted to the National Microbiology Laboratory at Lethbridge (Public Health Agency of 

Canada, Lethbridge, AB, Canada) for Campylobacter isolation/testing within five days of 

sampling.  

Salmonella and E. coli isolation  

The same fecal/cloacal swab was used to isolate both E. coli and Salmonella. Swabs were 

enriched in 4.5ml of buffered peptone water (BPW) (Becton, Dickson and Co., Sparks, MD, 

USA) and incubated at 37°C for 18 to 24 hours and examined for growth (turbidity). Unless 

otherwise stated, all incubation was at 37°C for 18 to 24 hours. For E. coli an additional 

enrichment step was conducted by placing 2ml of enriched BPW broth into 2ml selective E. coli 

enrichment EC broth (Becton, Dickson and Co., Sparks, MD, USA), and incubated. The EC 

enriched broth was then plated onto a MacConkey (MAC) agar plate (Becton, Dickson and Co., 

Sparks, MD, USA) and then incubated. As a purification step, one isolated presumptive E. coli 

colony was transferred to another MAC agar plate and incubated, before an isolated colony was 

transferred to tryptic soy agar (Becton, Dickson and Co., Sparks, MD, USA). Upon incubation, 

biochemical confirmation of E. coli was performed using Kovac indole spot reagent (Remel, 

Lenexa, KS, USA), and Simmons’ citrate agar (Becton, Dickson and Co., Sparks, MD, USA). 

Indole positive and citrate negative isolates were considered as pure E. coli.  

Isolation of Salmonella was performed following incubation of the swab in BPW. An 

aliquot of 0.1ml of BPW was transferred onto a modified semisolid Rappaport Vassiliadis 



	
	

	 33	

(MSRV) agar (Oxoid Company, Nepean, ON, Canada) plate and incubated at 42°C for 24 to 72 

hours. A loopful of presumptive Salmonella growth was then inoculated onto a MAC agar and a 

xylose lactose tergitol-4 (XLT-4) agar. Plates were incubated at 37°C for 18 to 24 hours and 

checked for typical Salmonella characteristics. One presumptive positive colony from MAC agar 

was inoculated onto tryptic soy agar and incubated. Biochemical confirmation of Salmonella was 

performed using Christensen’s urea agar slant (Becton, Dickson and Co., Sparks, MD, USA), 

and triple sugar iron agar slant (Becton, Dickson and Co., Sparks, MD, USA). A sample was 

considered positive for Salmonella if urea-negative, and if it tested positive using the triple sugar 

iron test. Finally, an agglutination test was conducted to confirm each presumptive positive 

isolate of Salmonella, using Salmonella O Antiserum Poly A-I & Vi agglutination tests. Isolates 

were sent for phagetyping and serotying to the Office Internationale des Epizooties Reference 

Laboratory for Salmonellosis, National Microbiology Laboratory at Guelph (Public Health 

Agency of Canada, Guelph, ON, Canada). 

Salmonella and E. coli antimicrobial susceptibility testing 

Antimicrobial susceptibility testing was performed for E. coli and Salmonella by the 

Susceptibility Testing Laboratory, National Microbiology Laboratory at Guelph (Public Health 

Agency of Canada, Guelph, ON, Canada) using an automated broth microdilution system 

(Sensititre, Trek Diagnostic Systems Ltd, Independence, Ohio). The National Antimicrobial 

Resistance Monitoring System antimicrobial susceptibility panel CMV3AGNF was used 

(Sensititre, Thermo Scientific), with modifications. Testing was conducted in accordance with 

methods outlined by the Canadian Integrated Program for Antimicrobial Resistance Surveillance 

(CIPARS). A summary of antimicrobials tested for, and their associated minimum inhibitory 

concentration breakpoints used, can be found in Appendix I.   
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Campylobacter isolation and molecular subtyping  

Isolation of thermophilic Campylobacter species was performed as described by Jokinen 

et al. (2012) using the membrane filtration method. Briefly, fecal swabs were immersed in 20mL 

of Bolton broth (BB) containing BB selective supplement (SR0183, Oxoid) and 5% laked horse 

blood (SR0048) and mixed rapidly for 20 seconds. After incubation at 42°C ± 1°C in 

microaerophilic conditions (10% CO2, 5% O2, 85% N2) for 24 hours, 100uL of BB was added 

dropwise to a 0.65uM cellulose acetate membrane filter placed on the surface of modified 

charcoal-cefoperazone-deoxycholate agar (mCCDA) plates. Filters were left in place for 15 

minutes to allow passive filtration of the culture. After removal of filters, mCCDA plates were 

incubated for 48h under microaerophilic conditions at 42 ± 1°C. If Campylobacter-like colonies 

were present, up to a maximum of five colonies were subcultured to blood agar plates and 

incubated at 42 ± 1°C for another 24 to 48 h. On the basis of growth and colony morphology, 

presumptive Campylobacter spp. were further subcultured to blood agar to obtain biomass for 

frozen storage and DNA extraction using the EZ1 DNA tissue kit (Qiagen, Mississauga, Canada) 

according to manufacturer’s instructions.  

Presumptive Campylobacter isolates were confirmed by multiplex PCR using either or 

both of the methods described by Wang et al. (2002) and Denis et al. (1999), which contain 

markers for Campylobacter genus level identification, as well as species-specific markers for 

Campylobacter jejuni and Campylobacter coli. PCR amplicons were visualized using a QIAxcel 

capillary electrophoresis instrument with the DNA screening kit and were analyzed and 

visualized using the BioCalculator v. 3.0 software.  
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Molecular subtyping of Campylobacter isolates was performed at the National 

Microbiology Laboratory at Lethbridge (Public Health Agency of Canada, Lethbridge, AB, 

Canada) using the 40-gene comparative genomic fingerprinting assay (CGF40), as described 

previously by Taboada et al. (2012). For each Campylobacter positive sample, up to 5 isolates 

were subtyped. Using 20-100ng of DNA per isolate, 8 multiplex polymerase chain reactions 

(PCRs) were performed, each using one of 8 primer sets by Taboada et al. (2012). Each 25 µl 

reaction contained the following: 2 µl DNA, 1 U Taq polymerase (MP Biomedicals, California, 

USA), 2.5 mm MgCl2, 0.2mm of deoxynucleoside triphosphate, 0.4 µl of each of 10 primers and 

1 x buffer. PCR was performed as follows: initial denaturation at 94°C for 5 minutes, 35 cycles 

of denaturation at 94°C for 30 seconds, annealing at 55°C for 30 seconds, extension at 72°C for 

30 seconds, extension at 72°C for 5 minutes, and held at 4°C until further processing. PCR 

results were analyzed using the QIAxcel capillary electrophoresis instrument (which uses a DNA 

Screening Kit and 15- to 3000-bp alignment marker), with band sizes determined based on QX 

100bp- to 3000-bp DNA size markers (Qiagen, Mississauga, Canada). PCR results were 

recorded as binary values, with 1 indicating the presence of the marker gene, and 0 indicating 

absence. The CGF40 subtype is determined by the binary pattern of these 40 marker genes. 

Statistical methods 

Statistical analyses were performed using STATA (Intercooled Stata/IC, version 14.0, 

StataCorp LP, College Station, Texas) and R Statistical Software (R Core Team, 2013, version 

3.2.4, R Foundation for Statistical Computing, Vienna, Austria). Descriptive statistics were 

examined for all independent and dependent variables to detect recording errors. The following 

dependent variables were examined: Campylobacter prevalence, Salmonella prevalence, 

prevalence of E. coli resistant ≥ 1 classes of antimicrobials, and prevalence of E. coli resistant    
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≥ 2 classes of antimicrobials. For statistical analyses, E. coli isolates with intermediate 

susceptibility were classified as susceptible. For our univariable analyses of source type for all 

birds, we treated fresh fecal samples as two separate source types based on season (spring vs. 

summer) because these samples originated from different geographic regions. Spring fecal 

samples were collected from predominantly agricultural/rural areas, and summer samples were 

exclusively sampled from urban recreational areas. 

Using multilevel logistic regression and a random intercept for flock, the associations 

between source type and each dependent variable were examined.  Using these same methods, 

we also examined within each source type when the number of observations was greater than 50, 

and where the data were available, the associations between the dependent variables and the 

following independent variables: bird age, bird sex, season and year. Variance components for 

flock were used to calculate intraclass correlation coefficients using the latent variable technique 

for each dependent variable (Dohoo et al., 2014). A significance level of α=0.05 was used for all 

the above analyses.  

Campylobacter CGF40 subtypes and antimicrobial resistance (AMR) patterns in E. coli 

were examined by flock to identify similarities in patterns among isolates from flockmates. A 

dendrogram was generated for all unique CGF40 patterns using R Statistical Software and the 

“ape” package, with the following commands: “dist.gene”, “hclust”, “rect.dendrogram”.  The 

dendrogram was generated using the percentage method to compute distances between unique 

CGF40 patterns, and the unweighted-pair group method with arithmetic mean (UPGMA). A 90% 

similarity cutoff was used to create clusters within the dendrogram. A median similarity score 

was also calculated for all CGF40 isolates within each flock using the simple matching method, 

and the “matrix dissim” command in STATA.  
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RESULTS 

Samples collected and isolates  

A total of 430 samples were collected from Canada geese, with most representing 

samples from live birds in the spring (174), followed by hunted birds (132), summer fresh fecal 

samples (101), and diagnostic specimens from the CWHC (23). The overall prevalence of 

Campylobacter among samples collected from these birds was 11.2%, with most of these 

identified as C. jejuni, followed by C. coli, and a small percentage of untypeable Campylobacter 

(Table 2.1). The prevalence of Campylobacter was highest in hunted birds and spring fresh fecal 

samples, followed in descending order by diagnostic birds and summer fecal samples (Table 

2.1). Campylobacter coli was isolated only from spring fresh fecal samples, and the single 

untypeable Campylobacter isolate was also identified from this source type (Table 2.1). 

Salmonella was not isolated from any of the samples. 

The overall prevalence of E. coli isolated from these birds was 72.6 %. The isolation of 

E. coli varied greatly by season and source type; the prevalence of E. coli among samples 

collected from hunted birds, diagnostic specimens, and summer fresh fecal samples ranged from 

87.7% to 98.8%, whereas the prevalence was much lower (49.8%) in spring fresh fecal samples 

(Table 2.1).  

Antimicrobial susceptibility testing  

Among all E. coli isolates, 7.9% were resistant to ≥1 class of antimicrobials, and 5.6% 

were multiclass resistant (Table 2.2). The prevalence of resistance to both single and multiple 

classes of antimicrobials was highest in E. coli isolates from spring fresh fecal samples, followed 
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in descending order by: diagnostic samples from the CWHC, hunted bird samples, summer fresh 

fecal samples (Table 2.2). None of the E. coli isolates from summer fresh fecal samples were 

resistant to any antimicrobials (Table 2.2).  

Thirteen unique E. coli resistance patterns were identified among all birds (Table 2.3). 

Eight unique resistance patterns were identified among spring fecal samples, three unique 

patterns were identified among hunted birds, and four unique patterns were identified among 

diagnostic bird samples. Most E. coli isolates were pan-susceptible (92.0%; 95% CI: 88.4-

94.8%). Resistance was most commonly identified to ampicillin (4.97%), tetracycline (4.30%), 

and sulfisoxazole (4.30%) (Table 2.4). The prevalence of resistant isolates among antimicrobials 

of highest importance to human medicine according to Health Canada’s Veterinary Drugs 

Directorate (2009) was between 0% and 2%, and included the following drugs: amoxicillin and 

clavulanic acid, ciprofloxacin, ceftriaxone and ceftiofur. Resistant E. coli isolates were identified 

in 16 of 54 E. coli positive flocks [29.6% (95% CI: 18.0-43.6%)]. In flocks where more than one 

resistant E. coli isolate was identified, the resistance patterns were identical among some birds 

(flocks 11, 17, 24, 31) or very similar, with resistance to up to an additional 4 antimicrobials 

identified (flocks 11, 17, 21) (Table 2.5). Only one flock had two E. coli isolates with resistance 

to different antimicrobials (flock 18) (Table 2.5).  

Univariable analyses  

Source type was significantly associated with E. coli resistance to ≥1 class of 

antimicrobials, but it was not associated with multiclass resistance or the prevalence of 

Campylobacter (Table 2.6). The odds of E. coli resistance were significantly higher in spring 

fecal samples and in diagnostic samples compared to hunted bird samples (Table 2.6). Spring 
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fecal samples also had significantly higher odds of E. coli resistance compared to summer fresh 

fecal samples (OR= 33.36; 95% CI: 2.76-402.91). Year, age, and sex were not significant 

predictors of any outcome of interest in models examined within each source type (Table 2.7). 

Birds with unknown age and sex (n=52) were omitted from the univariable analyses examining 

these variables among hunted birds. Diagnostic samples were not examined because there were 

too few samples (n=23). Among fresh fecal samples, season was significantly associated with   

E. coli resistance to ≥1 classes of antimicrobials and E. coli multiclass resistance, with 

significantly higher odds of resistance in the spring compared to the summer (Table 2.7).  

Estimation of Variance  

Variance components and intraclass correlation coefficients (ICCs) for flock level 

clustering were estimated for all univariable analyses (Table 2.8). Flock was a significant 

random effect for all univariable analyses, except for E. coli resistance in fresh fecal samples 

with season as the independent variable (Table 2.8). The ICCs for models of Campylobacter 

prevalence ranged from 0.20 to 0.59 (Table 2.8). For models with E. coli multiclass resistance, 

ICCs ranged from 0.36 to 0.81 (Table 2.8). In models of E. coli resistance ≥1 antimicrobial 

classes, ICCs ranged from 0.12 to 0.81 (Table 2.8).  

Campylobacter molecular subtyping  

A total of 21 of 55 flocks had at least one sample positive for Campylobacter (41.8%; 

95%CI: 28.6-55.9), and a total of 211 Campylobacter isolates were obtained from 48 birds. An 

average of 4.4 Campylobacter isolates were obtained from each Campylobacter positive bird. 

Twenty-six unique CGF40 patterns were identified among Campylobacter isolates from 48 birds. 

Nineteen and six unique patterns were identified among C. jejuni and C. coli isolates, 
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respectively. All 40 genes were absent in an unspeciated Campylobacter from one bird.  No 

more than one unique CGF40 pattern was identified in each bird.  

Based on the UPGMA dendrogram and a 90% similarity level, 11 clusters were identified 

(Figure 2.2). These clusters were representative of Campylobacter species: clusters 1 to 8 were 

C. jejuni only, cluster 9 represented untypeable Campylobacter, and clusters 10 and 11 

represented C. coli (Figure 2.2). The greatest numbers of flocks were identified in clusters 8 and 

11, with eight and five flocks, respectively. Other clusters had 2 or fewer flocks represented. 

Clusters 10 & 11, with C. coli isolates only, were exclusively found in spring fresh fecal 

samples. Similarly, untypeable Campylobacter (Cluster 9) was found only in fresh fecal samples 

in the spring. Cluster 8 was identified as C. jejuni isolates only, and included flocks from fall 

hunted birds, as well as spring and summer fresh fecal samples.  

Among the 12 flocks with more than one Campylobacter positive bird, the median 

similarity score for CGF40 patterns among isolates from different birds was at least 90% in four 

flocks (1, 6, 17, 36; Table 2.9). Identical CGF40 patterns were identified in different birds within 

the same flock in seven different flocks (4, 6, 8, 20, 21, 29, 36; Table 2.9). Five flocks had a 

median similarity score of at least 80% and <90% for CGF40 patterns among isolates from 

different birds (4, 8, 13, 20, 29; Table 2.9). The remaining three flocks had median similarity 

scores of less than 70% for CGF40 patterns among isolates (21, 22, 24; Table 2.9). Flocks with 

multiple species of Campylobacter often had lower median similarity scores compared to other 

flocks (Table 2.9). 
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DISCUSSION 

The low prevalence of Salmonella was consistent with other studies in Canada geese. 

Feare et al. (1999) collected fresh droppings immediately after deposition by live birds, and 

noted a prevalence of 0% at most sampling sites. Converse et al. (1999) obtained whole fecal 

samples from the ground within 24hrs of deposition by geese, and found that less than 1% of 

samples were Salmonella positive. Additionally, it appears our zero prevalence of Salmonella is 

not related to our storage or isolation methods, as Salmonella was successfully isolated from 

other species of waterfowl (swan, mallard) processed by the same lab using the same procedures 

during the same period (data not shown). 

There is wide variation in the reported prevalence of Campylobacter in Canada geese, 

ranging from 0% in fecal swabs collected within 5 minutes of defecation (Fallacara et al., 2001) 

to 50% from whole fecal samples collected within 24 hours of deposition (Converse et al., 1999). 

The overall Campylobacter prevalence of 11.2% in our study falls within this range. It appears 

that C. coli is an uncommon finding in Canada geese, as other studies which have set out to 

measure the prevalence of various Campylobacter species in Canada geese have not isolated it 

previously (Rutledge et al., 2013, Keller et al., 2014). We isolated C. coli from spring fecal 

samples only, and many of these birds were sampled in close proximity to swine farms. 

Although this finding suggests that these geese acquired this pathogen from farms, it is possible 

that they were exposed via contaminated water or another source.  

The prevalence of E. coli resistance in our study was quite low (7.9% overall) compared 

to work by Middleton et al. (2005), who collected whole fecal samples within 5 minutes of 

defecation and noted that for certain antimicrobials during particular seasons, 100% of E. coli 
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isolates were resistant. Cole et al. (2005) reported variable prevalence of E. coli resistance, 

ranging from 19 to 72%, depending on the location sampled. It is also possible that some of the 

variation in the prevalence in this same study was related to the sampling methods used (cloacal 

swabs and fresh feces; Cole et al., 2005). Similarly, we observed a range of prevalence of E. coli 

resistance and multiclass resistance from 0% to 20% among different source types, which 

potentially acted as a surrogate measure of location. However, we are unable to determine how 

much of this variation in prevalence was also related to differences in season and the sampling 

method (cloacal vs. fecal swab) because of the limitations related to obtaining samples from 

different sources (e.g., hunted birds could only be collected during the fall hunting season). 

Escherichia coli resistance was most often observed to beta-lactams and antimicrobials that are 

commonly used in veterinary medicine, such as tetracyclines, sulfonamides and streptomycin. 

Although the prevalence of multiclass resistance and resistance to antimicrobials of highest 

importance to human medicine were quite low, the social behaviour of birds must be considered, 

as Canada geese often congregate in large numbers. Birds travelling and feeding in large groups 

may be more likely to spread pathogenic and antimicrobial resistant organisms among 

themselves, which may result in a high degree of environmental contamination even if the 

prevalence of carriage is low.  

It is also important to note that birds should not be treated as independent units for 

statistical analyses since there is a potentially substantial degree of clustering among flockmates 

based on our estimates of the intraclass correlation coefficient. Flock was a significant random 

effect in all except two of our models (Table 2.4), with ICCs equal to or greater than 10% and 

20%, for E. coli resistance and Campylobacter, respectively. The estimated correlation between 

samples in the same flock had wide confidence intervals, but flock-level clustering was noted in 
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nearly all of the models, providing strong evidence that samples from birds within the same flock 

are not independent. The distribution of both AMR patterns and CGF40 subtypes also did not 

appear to be independent of flock. Campylobacter CGF40 subtypes of isolates collected from 

within a flock are typically very similar based on a high similarity score of 80% or greater for 

flocks with only one species of Campylobacter (Table 2.9). It should be noted, however, that C. 

jejuni isolated from geese in this study were at least 70% similar. Similarly, AMR patterns in E. 

coli often displayed resistance to the same antimicrobials among birds of the same flock (Table 

2.6). These findings are consistent with our knowledge of the social and feeding behaviour of 

Canada geese. In order to maximize safety from predators, geese congregate and feed in large 

groups, and will frequently feed and defecate within the same area, providing an obvious source 

of exposure to uninfected birds. As mentioned previously, birds travelling together are 

undoubtedly exposed to the same local environment, and thus the same potential sources of 

pathogens and/or antimicrobial resistant bacteria.  

Source type was a significant predictor of E. coli resistance to ≥1 class of antimicrobials, 

but not to E. coli resistance to ≥2 classes of antimicrobials, or Campylobacter. Because the 

source type in our study may have served as a surrogate for the location (in addition to season) of 

sampling, these findings suggest that local environmental exposure may play an important role in 

the maintenance and dispersion of antimicrobial resistance determinants in geese. Although the 

prevalence of multiclass resistance in E. coli was not significantly associated with source type, as 

small effective sample size may have limited our ability to detect a significant difference.  

Although we were unable to assess seasonal effects across all source types, the absence 

of resistant E. coli isolates in summer samples in contrast to the high level of E. coli resistance in 

spring fecal samples, and the presence of C. coli and untypeable Campylobacter only in spring 



	
	

	 44	

fecal samples suggests a potential seasonal effect (Table 2.7). We suspect this trend is related to 

the biology and behaviour of Canada geese, as birds molt all flight feathers and lose the ability to 

fly for a period of time (3 to 4 weeks) while they rear their young in the early summer months 

(May-June) (Purdy and Malecki, 1984). Summer fresh fecal samples were obtained from birds 

that, for the most part, were restricted to urban recreational areas while they raised their young. 

By contrast, spring fresh fecal samples were obtained from birds that were flighted, and therefore 

had access to agricultural land and other areas. In addition to having the highest prevalence of   

E. coli resistance and Campylobacter, the only isolates identified as resistant to antimicrobials 

considered to be of very high importance to human medicine (Category I according to Health 

Canada) were detected in spring fresh fecal samples. Although spring fecal samples appeared to 

have the greatest number of E. coli resistance patterns, when adjusted for the number of resistant 

E. coli isolates, fewer unique resistance patterns were identified per spring fecal sample; 0.5, 

compared to 1.0 and 0.75 unique resistance patterns per diagnostic and hunted sample, 

respectively. Similarly, although the greatest number of unique CGF40 patterns was identified 

among spring fecal samples, an equal number of clusters were represented by hunted samples in 

the dendrogram, suggesting that CGF40 patterns were no more diverse among spring fecal 

samples.  

We also observed seasonal differences in E. coli isolation similar to findings by 

Middleton et al. (2005) and Kullas et al. (2002). This was most marked in fresh fecal samples; E. 

coli was isolated from 98.8% of summer fresh fecal samples, but from less than 50% of spring 

fresh fecal samples. Our findings are consistent with the hypothesis suggested by Kullas et al. 

(2002), that ambient air temperature plays a role in E. coli isolation, either through reduced 

exposure of geese to environmental sources of E. coli, or due to sensitivity of E. coli isolates 
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from samples to low temperatures. Our findings also suggest that E. coli recovery in colder 

months is more successful with cloacal swabs, since the lowest prevalence was 70% (95% CI: 

34.7-93.3%) in hunted samples from December, albeit the sample size was small (n=10). These 

findings have potential implications for sample size calculations when sampling across different 

seasons, using different methods.  

There are a number of limitations related to study design. Due to the timing and number 

of samples collected, season is confounded by source type, which limits our ability to distinguish 

the effects of season from source type. In addition, limited sample sizes, particularly among 

diagnostic birds, decrease the statistical power of our study and its ability to detect differences in 

prevalence between groups. The high level of clustering by flock (>10%), despite wide 

confidence intervals, also decreases our statistical power. Without a direct comparison between 

swab types used to collect samples (cloacal vs. fecal) we cannot determine what effect this may 

have had on our success in isolating microorganisms. Since birds were not uniquely identified 

for fresh fecal samples, resampling was possible between different sampling dates, which could 

potentially bias results, thus, it is possible that some of the duplicate CGF40 and E. coli 

resistance patterns are from the same bird. Finally, without specific data regarding the locations 

of the birds prior to sampling, our inferences about the environmental exposures are limited; for 

instance, birds sampled in agricultural areas did not necessarily acquire resistant E. coli from 

those particular areas. 

The isolation of Campylobacter and resistant E. coli suggests that Canada geese may play 

a role in disseminating pathogens and AMR determinants throughout the environment, which has 

implications for public health and farm biosecurity. Although we were unable to assess the effect 

of sample collection methods on the apparent prevalence, this is an important consideration for 
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data interpretation and study design. In addition, the importance of adjusting for clustering by 

flock should not be overlooked when assessing data from birds that congregate in groups. With 

our limited sample size among fresh fecal samples and data from only one year, it is possible that 

our findings of seasonal effects, with C. coli and untypeable Campylobacter exclusively in the 

spring, and a complete absence of resistant E. coli in the summer, could be explained by flock-

specific effects. Based on our knowledge of bird movement, seasonal effects are worth further 

investigation. Ideally, future research would focus on longitudinal studies of populations using a 

single sampling method to understand patterns in shedding of these bacteria over time, the 

influence of changing bird behaviour/moulting across season, and to estimate when these birds 

pose the greatest risk to public health and farm biosecurity.  
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Figure 2.1. Locations of samples obtained from three sources of Canada geese in southern 
Ontario (2013-2015) 
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Figure 2.2. Eleven clusters of unique Campylobacter CGF40 patterns from Canada geese in southern Ontario (2013-2015)  

based on a dendrogram with UPGMA (unweighted pair-group method with arithmetic mean) and a 90% similarity cutoff 
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Table 2.1: Prevalence of E. coli and Campylobacter among Canada goose samples collected from different sources in southern 

Ontario (2013-2015)   

Source 
Type 

Number of 
samples 

Prevalence of  
E. coli  

(95% CI) 

Prevalence of 
Campylobacter 

(95% CI) 

Prevalence of 
C. jejuni 
(95% CI) 

Prevalence of 
C. coli 

(95% CI) 

Prevalence of 
unspeciated 

Campylobacter 
(95%CI) 

Hunted 

 

132 86.4% (79.3-91.7%) 13.6% (8.3-20.7%) 13.6% (8.3-20.7%) 0% (0-2.8%)* 0% (0-2.7%)* 

Fresh Fecal       

   Spring 174 46.0% (38.4-53.7%) 13.2% (8.6-19.2%) 6.9% (3.6-11.7%) 5.7% (2.8-10.3%) 0.6% (0.0-3.2%) 

   Summer 

 

101† 98.8% (93.8-99.9%) 4.9% (1.6-11.2%) 4.9% (1.6-11.2%) 0% (0-3.6%)* 0% (0-3.6%)* 

Diagnostic 

 

23 95.6% (78.0-99.9%) 8.7% (1.1-28.0%) 8.7% (1.1-28.0%) 0% (0-14.8%)* 0% (0.0-14.8%)* 

Overall 430 72.6% (68.0-76.8%) 11.2% (8.3-14.5%) 8.6% (6.1-11.7%) 2.3% (1.1-4.2%) 0.2% (0.0-1.3%) 

*one-sided, 97.5% confidence interval. 
†n=87 for E. coli samples tested, as 14 summer fecal swabs erroneously not collected for E. coli isolation.
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Table 2.2: Prevalence of resistant E. coli and multiclass resistant E. coli among Canada 

goose samples collected from different sources in southern Ontario (2013-2015)  

Source Type Number 
of samples 

Number of   
E. coli 

positive 
samples 

Frequency‡ of 
resistance (95% CI) 

Frequency‡ of 
multiclass resistance 

(95% CI) 

Hunted 132 114 3.5% (1.0-8.7%) 3.5% (1.0-8.7%) 

 

Fresh Fecal 

    

   Spring 174 80 20.0% (11.9-30.4%) 13.7% (7.0-23.3%) 

   Summer 

 

87† 86 0% (0-4.2%)* 0% (0-4.2%)* 

Diagnostic 

 

23 22 18.2% (5.2-40.2%) 9.1% (1.1-29.2%) 

Overall 416 302 7.9% (5.2-11.6%) 5.6% (3.3-8.9%) 

*one-sided, 97.5% confidence interval. 
†14 summer fecal swabs were erroneously not collected for E. coli isolation. 
‡Frequency among birds where an isolate was collected. 
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Table 2.3: Unique E. coli resistance patterns identified among Canada goose samples collected from different sources in southern  

Ontario (2013-2015) 

Source type and 
(frequency†) AMC AMP AZM FOX TIO CRO CHL CIP GEN KAN* NAL STR SOX TCY SXT 

Spring Fecal (1) R S S R S S S S S S S S S S S 

Spring Fecal (1) S R R S S S S R R S R R R R R 

Spring Fecal (3) S R S S S R S S S S S S S S S 

Spring Fecal (2) S R S S S S R S S S S R R R R 

Spring Fecal (1) S R S S S S S S S R S R R S R 

Spring Fecal (3) S R S S S S S S S S S R R R R 

Diagnostic (1)  

Spring Fecal (4) S R S S S S S S S S S S S S S 

Diagnostic (1) S S R S S S R S S S S S R S R 

Hunted (1) S S S S S S R S S R S R R R S 

Diagnostic (1) S S S S S S R S S S S R R R S 

Hunted (1) S S S S S S S S S S S R R R S 
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Table 2.3 continued. 

 

Source type and 
(frequency†) AMC AMP AZM FOX TIO CRO CHL CIP GEN KAN* NAL STR SOX TCY SXT 

Hunted (2) S S S S S S S S S S S S R R S 

Diagnostic (1) 
Spring Fecal (1)  S S S S S S S S S S S S S R S 

AMC, amoxicillin/clavulanic acid; AMP, ampicillin; AZM, azithromycin; FOX, cefoxitin; TIO, ceftiofur; CRO, ceftriaxone; CHL, 

chloramphenicol; CIP, ciprofloxacin; GEN, gentamicin; KAN, kanamycin; NAL, nalidixic acid; STR, streptomycin; SOX, 

sulfisoxazole; TCY, tetracycline; SXT, trimethoprim/sulfamethoxazole. 

*4 isolates were not tested for Kanamycin resistance since the susceptibility panel did not include Kanamycin at the time of testing.  
†Frequency of unique patterns identified by source type. 
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Table 2.4: Prevalence of resistant E. coli isolates among Canada goose samples  

collected from different sources in southern Ontario (2013-2015) to 15 antimicrobials 

Antimicrobial Prevalence of 
resistant isolates 

(n=302) 

95% CI for  
prevalence 

Ceftiofur 0% 0-1.21%* 

Amoxicillin/ Clavulanic Acid 0.33% 0.008-1.8% 

Ciprofloxacin 0.33% 0.008-1.8% 

Gentamicin 0.33% 0.008-1.8% 

Cefoxitin 0.33% 0.008-1.8% 

Nalidixic Acid 0.33% 0.008-1.8% 

Azthromycin 0.66% 0.08-2.4% 

Kanamycin† 0.67% 0.08-2.4% 

Ceftriaxone 0.99% 0.20-2.9% 

Chloramphenicol 1.65% 0.5-3.8% 

Trimethoprim/ Sulphamethoxazole 2.65% 1.1-5.1% 

Streptomycin 3.31% 1.6-6.0% 

Sulfisoxazole 4.30% 2.3-7.2% 

Tetracycline 4.30% 2.3-7.2% 

Ampicillin 4.97% 2.8-8.1% 

*one-sided, 97.5% confidence interval 
†4 isolates were not tested for Kanamycin resistance since the susceptibility panel did not include 

Kanamycin at the time of testing.   
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Table 2.5: Escherichia coli resistance and unique E. coli resistance patterns by overall flock among Canada goose samples  

collected from different sources in southern Ontario (2013-2015)   

Flock 
identification 
number* 

Source type  Number 
of birds 
tested 

Number 
of E. coli 
positive 
samples 

Number of 
resistant 

E. coli 

AMR patterns Number of 
birds with 

AMR 
pattern 

 
5 

 
Hunted 

 
10 

 
9 

 
1 

 
CHL-KAN-STR-SOX-TCY 

 
1 

11 
 

Hunted 
 

10 8 3 SOX-TCY 2 

     STR-SOX-TCY 
 

1 

 
17 
 

 
Spring Fecal 
 

 
10 

 
9 

 
3 

 
AMP-KAN-STR-SOX-SXT 

 
1 

     AMP-STR-SOX-TCY-SXT 2 

18 
 

Spring Fecal 
 

10 8 2 AMP 1 

     TCY 1 

20 Spring Fecal 10 4 1 CRO 1 

21 
 

Spring Fecal 
 

10 4 2 AMP-STR-SOX-TCY-SXT 1 

     AMP-AZM-CIP-GEN-NAL-STR-
SOX-TCY-SXT 
 

1 

22 Spring Fecal 8 3 1 AMP 1 

24 
 

Spring Fecal 10 4 2 AMP-CRO  
  

2 
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Table 2.5. continued.  

 

Flock 
identification 
number* 

Source type  Number 
of birds 
tested 

Number 
of E. coli 
positive 
samples 

Number of 
resistant 

E. coli 

AMR patterns Number of 
birds with 

AMR 
pattern 

25 Spring Fecal 5 3 1 AMP  1 

28 Spring Fecal 10 1 1 AMC-FOX 1 

31 Spring Fecal 8 5 2 AMP-CHL-STR-SOX-TCY-SXT  2 

32 Spring Fecal 10 3 1 AMP  1 

67 Diagnostic 1 1 1 AMP 1 

70 Diagnostic  1 1 1 AZM-CHL-SOX-SXT 1 

75 Diagnostic 4 4 1 TCY 1 

78 Diagnostic 1 1 1 CHL-STR-SOX-TCY 1 

AMC, amoxicillin/clavulanic acid; AMP, ampicillin; CHL, chloramphenicol; CIP, ciprofloxacin; FOX, cefoxitin; CRO, ceftriaxone;  

NAL, nalidixic acid; SOX, sulfisoxazole; STR, streptomycin; SXT, trimethoprim/sulfamethoxazole; TCY, tetracycline; TIO, ceftiofur. 

*Unique identification numbers assigned to a group of birds sampled on a given date at a given location.  
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Table 2.6: Univariable analysis of association between prevalence of Campylobacter and E. coli resistance and source type and with a 

random intercept for flock among Canada goose samples collected from different sources in southern Ontario (2013-2015)  

*Altered one summer fecal observation to be a positive resistant isolate so that the model would converge.  
†Source type was not significant for Campylobacter (model p=0.456), or for E. coli multiclass resistance (model p=0.118).  
‡Contrast significant for E. coli resistance OR: spring fresh fecal was significantly greater than summer fresh fecal (OR 33.36; 95%CI: 

2.76-402.91, p=0.006). 

 

Source type Campylobacter OR 
(95% CI)† 

p-value E. coli resistance OR 
(95% CI) 

p-value E. coli multiclass 
resistance‡ OR 

(95% CI) 

p-value 

Hunted 

 

Ref  Ref  Ref  

Spring Fecal 

 

0.87 (0.31-2.43) 0.796 11.37 (2.09-61.80) 0.005 9.49 (0.88-101.92) 0.063 

Summer Fecal 

 

0.32 (0.08-1.34) 0.120 0.34 (0.02-4.65)* 0.420 0.37 (0.01-11.19)* 0.566 

Diagnostic 

 

0.68 (0.11-4.20) 0.679 10.34 (1.34-79.6) 0.025 6.29 (0.34-114.93) 0.215 
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Table 2.7: Univariable analysis of association between prevalence of Campylobacter and    

E. coli resistance and independent variables within each source type and with a random 

intercept for flock among Canada goose samples collected from different sources in 

southern Ontario (2013-2015) 

Independent variables 
and (source type) 

Campylobacter ORs 
(95%CI) 

E. coli resistance 
ORs (95%CI) 

E. coli multiclass 
resistance ORs 

(95%CI) 

Sex (Hunted)     

Female (Ref) (n=29||)    

Male (n=51||) 

 

2.99 (0.42-21.21) 0.59 (0.06-6.27) 0.59 (0.06-6.27) 

Year (Hunted)*    

2013 (Ref) (n=52)    

2014 (n=60) 0.25 (0.03-1.79) 2.55 (0.08-76.74) 2.55 (0.08-76.74) 

2015 (n=20) 

 

0.78 (0.08-7.18) 3.44 (0.05-240.59) 3.44 (0.05-240.59) 

Age (Hunted)    

Adult (Ref) (n=59||)    

Juvenile (n=22||) 

 

1.83 (0.27-12.55) 29.4 (0.40-2134.19) 29.4 (0.40-2134.19) 

Age (Fresh Fecal) †    

Adult (Ref) (n=237)    

Juvenile  (n=38) 1.19 (0.22-6.57) 0.34 (0.03-4.08) 1.11 (0.05-22.77) 
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Table 2.7 continued. 

 

Independent variables 
and (source type) 

Campylobacter ORs 
(95%CI) 

E. coli resistance 
ORs (95%CI) 

E. coli multiclass 
resistance ORs 

(95%CI) 

Season (Fresh Fecal) ‡     

Spring (Ref) (n=174)    

Summer (n=101) 0.37 (0.09-1.40) 0.04 (0.004-0.36) § 0.05 (0.003-0.75) § 

*Changed one isolate to positive for E. coli resistance and E. coli multiclass resistance in 2015 so that 

model would converge.  
†Changed one juvenile isolate to positive for E. coli resistance and E. coli multiclass resistance so that 

model would converge.  
‡Changed one summer isolate to positive for E. coli resistance and E. coli multiclass resistance so that 

model would converge. 
§Only models where p<0.05; E. coli resistance model p=0.0041, E. coli multiclass resistance model 

p=0.0301. 
||Information regarding sex and age was erroneously not collected for 52 hunted bird samples, so these 

were omitted from the univariable analysis of these variables. 
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Table 2.8: Intraclass correlation coefficient and variance components for flock level clustering by independent variable and 

dataset for Campylobacter prevalence, E. coli resistance and E. coli multiclass resistance among Canada goose samples 

collected from different sources in southern Ontario (2013-2015)  

Outcome of 
interest 

Source type 

(All data) 

Sex 

(Hunted) 

Year 

(Hunted) 

Age 

(Hunted) 

Age 

(Fresh Fecal) 

Season† 

(Fresh Fecal) 

Campylobacter       

ICC (95%CI) 0.22 (0.08-0.49) 0.59 (0.13-0.93) 0.23 (0.04-0.67) 0.55 (0.11-0.92) 0.27 (0.08-0.61) 0.20 (0.05-0.56) 

Variance 
(95%CI) 

0.94 (0.27-3.22) 4.77 (0.47-47.71) 

 

1.01 (0.15-6.62) 

 

4.02 (0.40-40.79) 1.22 (0.29-5.23) 0.82 (0.16-4.17) 

 

E. coli 
resistance 

      

ICC (95%CI) 0.28 (0.07-0.66) 0.65 (0.09-0.97) 0.58 (0.07-0.96) 0.81 (0.16-0.99) 0.33 (0.07-76.72)* 0.12 (0.00-0.71)* 

Variance 
(95%CI) 

1.26 (0.25-6.35) 6.08 (0.34-108.25) 4.59 (0.23-89.79) 14.11 (0.62-318.92) 1.62 (0.24-10.84)* 0.42 (0.02-8.03)* 
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Table 2.8 continued. 

 

Outcome of 
interest 

Source type 

(All data) 

Sex 

(Hunted) 

Year 

(Hunted) 

Age 

(Hunted) 

Age 

(Fresh Fecal) 

Season† 

(Fresh Fecal) 

E. coli 
multiclass 
resistance 

      

ICC (95%CI) 0.52 (0.18-0.85) 0.65 (0.09-0.97) 0.58 (0.07-0.96) 0.81 (0.16-0.99) 0.64 (0.17-0.94)* 0.36 (0.06-0.83)* 

Variance 
(95%CI) 

3.67 (0.71-19.01) 6.08 (0.34-108.25) 4.59 (0.23-89.79) 14.11 (0.62-318.92) 5.82 (0.69-49.19)* 1.86 (0.22-15.81)* 

*Altered one summer fecal observation to be a positive resistant isolate so that the model would converge.   
†Random effect was not significant for E. coli resistance or E. coli multiclass resistance according to likelihood ratio test comparing random 

effects model vs. ordinary logistic model. 
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Table 2.9: Campylobacter positives and unique CGF40 patterns by overall flock among Canada goose samples collected from 

different sources in southern Ontario (2013-2015)  

Flock 
identification 
number|| 

Source type Number 
of birds 
tested 

Number of 
Campylobacter 

positive samples 

Unique CGF40 patterns 
identified* and 

(frequency†) 

Median 
similarity 

score‡ 

Dendrogram clusters 
represented§ 

1 Hunted 10 2 14(1), 24(1) 0.95 8 

2 Hunted 9 1 12(1) - 8 

4 Hunted 10 3 2(1), 21(2) 0.80 1 & 6 

5 Hunted 10 1 13(1) - 8 

6 Hunted 10 3 12(2), 13(1) 0.97 8 

8 Hunted 10 5 7(1), 10(2), 12(1), 22(1) 0.85 4, 6, 7 & 8 

13 Hunted 10 2 8(1), 25(1) 0.82 4 & 8 

14 Hunted 10 1 24(1) - 8 

17 Spring Fecal 10 2 3^(1), 5^(1) 0.95 11 

19 Spring Fecal 10 1 19^(1) - 10 
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Table 2.9 continued. 

 

Flock 
identification 
number|| 

Source type Number 
of birds 
tested 

Number of 
Campylobacter 

positive samples 

Unique CGF40 patterns 
identified* and 

(frequency†) 

Median 
similarity 

score‡ 

Dendrogram clusters 
represented§ 

20 Spring Fecal 10 3 11(1), 13(2) 0.85 3 & 8 

21 Spring Fecal 10 4 4(1), 16(2), 18^(1) 0.55 8, 10 & 11 

22 Spring Fecal 8 2 18^(1), 26(1) 0.57 8 & 10 

23 Spring Fecal 2 1 6^(1) - 11 

24 Spring Fecal 10 2 1*(1), 6^(1) 0.65 9 & 11 

28 Spring Fecal 10 1 9(1) - 8 

 

29 

 

Spring Fecal 20 7 
6^(2), 11(1), 12(2), 14(1), 

24(1) 

 

0.82 

 

3, 8 & 11 

36 Summer Fecal 16 2 17(2) 1.0 2 

38 Summer Fecal 13 1 17(1) - 2 
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Table 2.9 continued.  

 

Flock 
identification 
number|| 

Source type Number 
of birds 
tested 

Number of 
Campylobacter 

positive samples 

Unique CGF40 patterns 
identified* and 

(frequency†) 

Median 
similarity 

score‡ 

Dendrogram clusters 
represented§ 

42 Summer Fecal 11 1 23(1) - 8 

43 Summer Fecal 14 1 20(1) - 5 

69 Diagnostic 1 1 15(1) - 8 

71 Diagnostic 1 1 8(1) - 4 

*Each unique pattern was assigned a number from 1 to 26. All patterns represent C. jejuni unless otherwise stated.  
†Frequency of birds, not isolates.  
‡Among unique patterns for birds within a flock, using the simple matching method.  
§Based on unweighted pair-group method (UPGMA) with arithmetic mean with a 90% similarity cutoff (see Figure 2.2). 
||Unique identification numbers assigned to birds sampled on a given date at a given location. 

^Campylobacter coli. 

*Untypeable Campylobacter.  



	
	

	
	

68	

 

CHAPTER 3: 

 

EPIDEMIOLOGY OF CAMPYLOBACTER, SALMONELLA, AND 

ANTIMICROBIAL RESISTANT ESCHERICHIA COLI AND 

IDENTIFICATION OF MCR-1 AND MCR-2 INDEPENDENT 

COLISTIN RESISTANCE IN ESCHERICHIA COLI AMONG FREE- 

LIVING CANADA GEESE IN GUELPH, ONTARIO (2016) 

 

ABSTRACT  

Canada geese have previously been identified as carriers of zoonotic pathogens, 

including Salmonella and Campylobacter. Our previous work examining Canada geese in 

southern Ontario identified a significant seasonal trend in the prevalence of 

Campylobacter and antimicrobial resistant E. coli, with peak prevalence occurring in the 

spring, and a low prevalence occurring in the summer. In order to verify seasonal effects, 

we assessed the patterns and prevalence of Campylobacter, Salmonella, and antimicrobial 

resistant E. coli from Canada geese in urban areas in Guelph, Ontario from May through 

October, 2016. Swabs were obtained from fresh feces deposited by live birds. 

Escherichia coli isolates were tested for susceptibility to 14 antimicrobials using the 

Canadian Integrated Program for Antimicrobial Resistance Surveillance (CIPARS) panel. 

Escherichia coli isolates were also screened for phenotypic resistance to colistin using 
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selective media, and PCR was used to detect mcr-1 and mcr-2. The prevalence of 

Campylobacter, Salmonella, and E. coli were 9.3%, 0%, and 73.0%, respectively. For the 

CIPARS panel, 3.8% of E. coli isolates were resistant to ≥1 class of antimicrobials, and 

1.7% were resistant to ≥2 classes of antimicrobials, including isolates with resistance to 

critically important antimicrobials.  

Phenotypic resistance to colistin was identified in 6.0% of E. coli isolates; all 

were mcr-1 and mcr-2 negative. A significant association between season and the 

prevalence of Campylobacter and colistin resistance in E. coli was noted, with peak 

prevalence occurring in the fall (September & October) (26.2%) and late summer (July & 

August) (16.1%), respectively. `In contrast with the data from our previous study, E. coli 

with resistance to other antimicrobials was not significantly associated with season. 

Despite the low prevalence of these potentially harmful organisms, Canada geese may 

pose a risk to public health if they are moving these pathogens between different 

environments as they feed or during migration.  

Keywords 

Antimicrobial resistance, Campylobacter, Salmonella, E. coli, colistin, Canada geese, 

wildlife, zoonosis, molecular typing 

INTRODUCTION 

Many wild bird species are considered sentinels, reservoirs, and potential 

transmitters of antimicrobial resistant bacteria (Bonnedahl and Järhult, 2014). A number 

of wild bird species are also known to carry zoonotic pathogens such as Salmonella and 
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Campylobacter, and are considered a potential source of these organisms as they often 

live and feed in close proximity to humans and agricultural animals (Kirk et al., 2002; 

Girdwood et al., 1985; Hughes et al., 2009; S. Fraser and Fraser, 2010). The role of wild 

birds in the epidemiology of Salmonella and Campylobacter is difficult to characterize 

and appears to be quite variable, depending on the geographic location, season of 

sampling, and ecological factors unique to each bird species, such as diet and foraging 

and migration behaviour (Pennycott et al., 2002; Waldenstrom et al., 2002; Kapperud and 

Rosef, 1982; Girdwood et al., 1985; Cizek et al., 1994; Bonnedahl and Järhult, 2014). 

The prevalence of pathogenic and antimicrobial resistant bacteria may also vary between 

studies due to methodological factors such as the sampling technique (e.g., cloacal swab, 

fecal swab), age of fecal material, time to sample processing, and culture sensitivity 

(Bonnedahl and Järhult, 2014).  

Seasonal variation in the prevalence of Salmonella and Campylobacter isolated 

from wild birds has been well documented (Girdwood et al., 1985; Pennycott et al., 2002; 

Colles et al., 2009; Broman et al., 2002; Hald et al., 2016), but the season of peak 

prevalence is inconsistent between studies, and probably depends on ecological factors 

related to the bird species studied, in addition to factors affecting the prevalence of these 

bacteria in the local environment. Our previous work examining three different sources of 

Canada goose samples (i.e., hunted birds, fresh fecal samples from live birds, diagnostic 

specimens) identified a seasonal trend in the prevalence of both Campylobacter and 

antimicrobial resistant E. coli among fecal samples from live birds (Chapter 2). The 

highest prevalence of E. coli resistance to ≥1 class of antimicrobials was noted in fecal 

samples collected from agricultural settings in March (20.0%), while resistant isolates 
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were completely absent from summer samples collected from peri-urban areas between 

May and September. These findings are consistent with seasonal bird movement and 

breeding biology; Canada geese are unable to fly for a period of 6-8 weeks in May and 

June after molting all flight feathers simultaneously, and they generally cannot travel far 

while they raise their young during the summer months (Purdy and Malecki, 1984). This 

is in contrast with the spring, when Canada geese are mobile, and are frequently seen 

feeding on agricultural land due to limited food supply elsewhere. The increased mobility 

of birds during these periods is a concern due to the potential increase in the acquisition 

and spread of pathogens, antimicrobial resistant organisms, and antimicrobial resistance 

genes. 

Our ability to assess seasonal effects across all sources in this previous study 

(Chapter 2) was limited due to confounding by source and location; certain sources were 

only available during limited times of the year (e.g., hunted samples) and certain 

locations were not always accessible. In order to address this issue and verify seasonal 

findings among fresh fecal samples, we evaluated one source type (i.e., fresh fecal 

samples from live birds) in one type of location (i.e., peri-urban setting) using one 

sampling technique (i.e., fecal swab). Our objectives were to assess prevalence and 

patterns of carriage of Campylobacter, Salmonella, and antimicrobial resistant E. coli 

from Canada geese in urban areas in Guelph, Ontario, among birds of different ages (i.e., 

juvenile vs. adult birds), seasons and sampling sites.  
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METHODS 

Sample collection 

This was a repeat cross-sectional study in which samples were obtained from 

feces deposited by live birds from May through October, 2016 in four urban recreational 

areas in Guelph, Ontario (45.54° N, 80.24 °W) (Figure 3.1). Fresh fecal swabs were 

collected immediately following deposition of feces, with care taken not to contaminate 

swabs with soil or other environmental contaminants. Sites were sampled at least once 

per month, as long as birds were present.  

Two Cary-Blair transport media swabs (BD Diagnostics, Sparks, MD, USA) were 

collected from each bird. One swab was submitted for E. coli and Salmonella isolation, 

while the other was submitted for Campylobacter isolation. The sampling site and date of 

collection were recorded, and age of the bird was noted, when possible. Differences in 

plumage were used to distinguish between juvenile and adult birds during the late 

summer and fall (Purdy and Malecki 1984). Sample swabs were kept in a cooler in the 

field, and then refrigerated upon arrival at the laboratory within 3 hours of sample 

collection. Swabs were submitted for Campylobacter isolation and testing to the National 

Microbiology Laboratory at Lethbridge (Public Health Agency of Canada, Lethbridge, 

Alberta) within five days of sampling. The duplicate swabs were frozen at -80ºC within 

48 hours of arrival, and stored at -80ºC for 1-4 months prior to isolation of Salmonella 

and E. coli. 

 



	
	

	
	

73	

Salmonella and E. coli isolation 

The same swab was used to isolate both Salmonella and E. coli. Methods to 

isolate Salmonella and E. coli are described elsewhere (Chapter 2). Briefly, swabs were 

enriched in 4.5ml of buffered peptone water (BPW) (Becton, Dickson and Co., Sparks, 

MD, USA) and incubated at 37°C for 18 to 24 hours, and then examined for growth. An 

additional enrichment step was conducted for E. coli; 2ml of enriched BPW broth was 

placed into 2ml selective E. coli enrichment EC broth (Becton, Dickson and Co., Sparks, 

MD, USA), followed by incubation at 37°C for 24 hours. The EC enriched broth was 

plated onto a MacConkey (MAC) agar plate (Becton, Dickson and Co., Sparks, MD, 

USA) and then incubated. A presumptive E. coli colony was transferred to another MAC 

agar plate and incubated at 37°C for 18 to 24 hours, as an additional purification step. 

One colony was subsequently transferred to tryptic soy agar (Becton, Dickson and Co., 

Sparks, MD, USA) and incubated at 37°C for another 18 to 24 hours. The Kovac indole 

spot reagent (Remel, Lenexa, KS, USA) and Simmons’ citrate agar (Becton, Dickson and 

Co., Sparks, MD, USA) were used for biochemical confirmation of E. coli. Citrate 

negative and indole positive isolates were considered E. coli positive. 

For Salmonella isolation, 0.1ml of BPW was transferred onto a modified 

semisolid Rappaport Vassiliadis (MSRV) agar (Oxoid Company, Nepean, ON, Canada) 

and incubated at 42°C for 24 to 72 hours following incubation of swabs in BPW. A 

loopful of presumptive Salmonella was then transferred onto a xylose lactose tergitol-4 

(XLT-4) agar, and a MAC plate, and both were incubated at 37°C for a further 18 to 24 

hours. A presumptive positive Salmonella colony was inoculated from the MAC plate 

onto tryptic soy agar, and then incubated at 37°C for 18 to 24 hours. Growth on the  
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XLT-4 plate was examined for typical Salmonella characteristics. Christensen’s urea agar 

slant (Becton, Dickson and Co., Sparks, MD, USA) and triple sugar iron agar slant 

(Becton, Dickson and Co., Sparks, MD, USA) were used for biochemical confirmation of 

Salmonella. Urea-negative, triple sugar iron test positive samples were considered 

positive for Salmonella. In addition, each presumptive positive isolate of Salmonella was 

confirmed using an agglutination test, with Salmonella O Antiserum Poly A-I & Vi  

agglutination tests. Phagetyping and serotyping were subsequently performed by the 

Office Internationale des Epizooties Reference Laboratory for Salmonellosis, National 

Microbiology Laboratory at Guelph, Public Health Agency of Canada, Guelph, ON, 

Canada.  

Salmonella and E. coli antimicrobial susceptibility testing  

Antimicrobial susceptibility testing of Salmonella and E. coli to 14 antimicrobials 

was performed by the Susceptibility Testing Laboratory (National Microbiology 

Laboratory at Guelph, Public Health Agency of Canada, Guelph, ON, Canada). An 

automated broth microdilution system was used (Sensititre, Trek Diagnostic Systems Ltd, 

Independence, Ohio), with the antimicrobial susceptibility panel CMV3AGNF of the 

National Antimicrobial Resistance Monitoring System (Sensititre, Thermo Scientific), 

with modifications. Susceptibility testing was performed in accordance with methods 

outlined by the Canadian Integrated Program for Antimicrobial Resistance Surveillance 

(CIPARS). Appendix I contains a summary of antimicrobials tested for and their 

associated minimum inhibitory concentration breakpoints. 
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E. coli colistin-resistance screening 

Following isolation, E. coli isolates were screened for phenotypic colistin 

resistance by the National Microbiology Laboratory at Guelph (Public Health Agency of 

Canada, Guelph, ON, Canada) using the protocols outlined in the National Microbiology 

Laboratory SOP# AMR-PR-410. Isolates were prepared in demineralized water to a 0.5 

McFarland standard, of which 50µl were subsequently diluted in 450µl of sterile water to 

make a 1:10 dilution. This 1:10 dilution was homogenized with a pipette prior to 

inoculating 2µl of this mixture, in triplicate, onto a 1.7% Mueller Hinton (MH) agar plate 

supplemented with 2mg/ml colistin. Plates were incubated right side up, at 35 ± 1ºC for 

18-24 hours. One positive and one negative control were inoculated in triplicate per test 

day: Escherichia coli DT10023001 (mcr-1 positive) and Escherichia coli ATCC-25922 

(negative), respectively. The positive control was valid if there was growth in all three 

spots; the negative control was valid if there was no growth in all three spots. Isolates 

displaying growth in at least one out of three spots were considered phenotypically 

resistant to colistin. Positive isolates were sent to the National Microbiology Laboratory, 

Public Health Agency of Canada, Winnipeg, MB, Canada for mcr-1 and mcr-2 screening 

using PCR.  

Extended-spectrum beta-lactamase (ESBL) Enterobacteriaceae testing  

Isolation for ESBLs was performed using the same swab as used for E. coli and 

Salmonella isolation. A loopful (10µl) of enriched BPW was streaked onto a 

ChromAgar™ ESBL (ChromAgar, Paris, France) plate and incubated at 37°C for 18 to 

24 hours. Presumptive positive colonies with red/pink or blue coloured colonies were 



	
	

	
	

76	

then inoculated onto MAC agar without antibiotic supplement and incubated at 37°C for 

18 to 24 hours. MAC plates were examined for colony morphology and lactose 

fermentation properties. One colony of each morphological type was streaked onto 

another MAC plate without antibiotic supplement and incubated at 37°C for a further 18 

to 24 hours. If applicable, an isolated colony of each morphological type was inoculated 

onto tryptic soy agar (Becton, Dickson and Co., Sparks, MD, USA) and incubated at 

37°C for 18 to 24 hours. A disk diffusion test was subsequently performed by preparing 

0.5 McFarland culture suspension and applying the suspension onto a ½ Mueller Hinton 

agar plate. The following antimicrobial disks containing ceftazidime & ceftazidime-

clavulanic acid and cefotaxime & cefotaxime-clavulanic acid were placed on the agar 

25mm apart (Becton, Dickson and Co., Sparks, MD, USA). This plate was incubated at 

37°C for 18 to 24 hours, after which zones of inhibition were examined. There must be a 

5mm increase in the zone diameter between the single antimicrobial and the antimicrobial 

with clavulanic acid (e.g., ceftazidime zone = 16; ceftazidime-clavulanic acid zone must 

be 21 or greater) to be classified as ESBL resistant. Appendix II contains zone of 

inhibition resistance breakpoints and interpretation.  

Campylobacter isolation and molecular typing  

Methods used to isolate thermophilic Campylobacter species using the membrane 

filtration method are described elsewhere (Jokinen et al., 2012). Briefly, fecal swabs were 

placed in 20ml of Bolton broth (BB) with BB selective supplement (SR0183, Oxoid) and 

5% laked horse blood (SR0048). The solution was mixed rapidly for 20 seconds, and then 

incubated at 42 ± 1°C in microaerophilic conditions (10% CO2, 5% O2, 85% N2) for 24 

hours. Following incubation, 100µl of BB was added dropwise to a 0.65µM cellulose 
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acetate membrane filter which was positioned on the surface of modified charcoal-

cefoperzone-deoxycholate agar (mCCDA) plates. Passive filtration of the culture was 

performed over 15 minutes. The filters were subsequently removed, and mCCDA plates 

were then incubated at 42 ± 1°C for 48 hours under microaerophilic conditions. 

Presumptive Campylobacter colonies were subcultured to blood agar plates and then re-

incubated at 42 ± 1°C for another 24 to 48 hours. Per sample, a maximum of five 

colonies were subcultured. Based on growth and colony morphology, presumptive 

Campylobacter spp. were subcultured once more to blood agar in order to obtain biomass 

for frozen storage, as well as for DNA extraction using the EZ1 DNA tissue kit (Qiagen, 

Mississauga, Canada) according to manufacturer instructions. 

Presumptive positive Campylobacter were confirmed by multiplex PCR with 

either one or both of the methods described by Denis et al. (1999) and Wang et al. (2002). 

These methods contain markers for genus level identification of Campylobacter, in 

addition to species-specific markers for Campylobacter jejuni and Campylobacter coli. A 

QIAxcel capillary electrophoresis instrument and the DNA screening kit were used to 

visualize PCR amplicons. BioCalculator v.3.0 software was used to further analyze and 

visualize PCR amplicons.  

Campylobacter isolates were subtyped on a molecular level using the 40-gene 

comparative genomic fingerprinting assay (CGF40) as described by Taboada et al. (2012) 

at the National Microbiology Laboratory at Lethbridge (Public Health Agency of Canada, 

Lethbridge, Alberta). Up to five isolates were subtyped per Campylobacter positive 

sample. Briefly, 20-100ng of DNA was used per isolate for 8 multiplex polymerase chain 

reactions (PCRs), each using one of 8 primer sets by Taboada et al. (2012). The following 
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were contained in each 25µl reaction: 2µl DNA, 2.5mmMgCl2, 0.2mm of 

deoxynucleoside triphosphate, 1 U Taq polymerase (MP Biomedicals, California, USA), 

1 x buffer, and 0.4µl of each of 10 primers. The following protocol was used for PCR: 

denaturation at 94ºC for 5 minutes, 35 cycles of denaturation at 94ºC for 30 seconds, 

annealing at 55°C for 30 seconds, extension at 72°C for 30 seconds, extension at 72°C for 

5 minutes. Samples were held at 4°C until further processing. The QIAxcel capillary 

electrophoresis instrument (which uses a DNA Screening Kit and 15- to 3000-bp 

alignment marker) was used to analyze PCR results, with band sizes determined based on 

QX 100-bp to 3000-bp DNA size markers (Qiagen, Mississauga, Canada). The CGF40 

pattern was determined by the presence/absence of these 40 marker genes. 

Statistical methods  

All statistical analyses were performed using STATA (Intercooled Stata/IC, 

version 14.0, StataCorp LP, College Station, Texas) except for dendrograms which were 

generated using R Statistical Software (Foundation for Statistical Computing, Vienna, 

Austria) and a spatial scan statistic which was performed using SaTScanTM version 9.4.1, 

(Martin Kulldorff and Information Management Services Inc., Boston, MA). All 

independent and dependent variables were examined using descriptive statistics in order 

to detect recording errors. The following dependent variables were examined: Salmonella 

prevalence, Campylobacter prevalence, prevalence of E. coli resistant to colistin, 

prevalence of ESBL resistant E. coli, prevalence of E. coli resistant to ≥1 classes of 

antimicrobials, and prevalence of E. coli resistant to ≥2 classes of antimicrobials. For the 

latter two dependent variables, the antimicrobials tested included only those in the 

National Antimicrobial Resistance Monitoring System test panel, to allow for comparison 
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with data from previous years (Chapter 2). For the ESBL and Salmonella outcomes, only 

descriptive statistics were performed due to the small effective sample size.  Escherichia 

coli isolates with intermediate susceptibility were classified as susceptible.  Season, as a 

predictor variable, was categorized into the following three groups which distributed all 

observations into approximately three equal groups (31-35%); early summer, May and 

June; late summer, July and August; fall, September and October. The associations 

between bird age, sampling site, and season and each dependent variable were examined 

using multilevel logistic regression with a random intercept for flock, and exact logistic 

regression if low effective sample sizes posed estimation issues. In the multi-level 

models, variance components for flock were used to calculate intraclass correlation 

coefficients (ICCs) using the latent variable technique (Dohoo et al., 2014); a flock was 

defined as a group of birds found together at a unique sampling date and site. The score 

method was used to estimate p-values for all exact logistic regression models. For all the 

above analyses, a significance level of α=0.05 was used.  

Within each flock, antimicrobial resistance (AMR) patterns in E. coli and 

Campylobacter CGF40 subtypes were examined to compare patterns among isolates from 

flockmates. A dendrogram was generated for unique CGF40 patterns using the 

unweighted pair-group method with arithmetic mean (UPGMA), and the percentage 

method with R Statistical Software and the “ape” package, with the following commands: 

“dist.gene”, “hclust”, “rect.dendrogram”. Clusters within the dendrogram were generated 

using a 90% similarity cutoff. Median similarity scores for CGF40 patterns were 

calculated for each flock with at least two Campylobacter positive birds, using the simple 

matching method, and the “matrix dissim” command in STATA.  
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Spatial scan statistics 

Spatial scan statistics were performed for dependent variables using a Bernoulli 

model such that cases were defined as birds positive for Campylobacter, E. coli resistant 

to ≥1 antimicrobial classes, E. coli resistant to ≥2 antimicrobial classes, or E. coli 

resistant to colistin, whereas controls were defined as birds negative for these outcomes. 

Temporal scans were performed over the 2016 study period, with month as the minimum 

time aggregation unit. The maximum temporal scanning window was set at 50% of the 

study period. Locations of sampling sites were recorded in decimal degrees. Spatial scans 

were performed using a maximum scanning window of 50% of the population at risk. 

Space-time scans were conducted without restrictions for reporting secondary clusters, 

but were subsequently reviewed manually and only statistically significant clusters that 

did not overlap in space and time were reported. Retrospective space-time permutation 

scans were also performed for each dependent variable. For all scans, statistical 

significance was determined using 999 Monte Carlo replications, a    two-sided 

hypothesis, and a significance level of α=0.05. Visualization of spatial and space-time 

clusters was performed in ArcGIS 10.3.1 (ESRI, Redlands, CA, USA).   

RESULTS 

Samples collected and isolates   

A total of 344 samples were collected; most samples were collected from site A 

(157), followed in descending order by sites D (92), C (48), and B (47). All sites were 

sampled at least once monthly, except for sites B and C. For these particular sites, 

samples were not collected in August, September, or October as Canada geese were 
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either not present on that site at the time of collection, or could not be sampled for 

practical reasons (e.g., birds were swimming). An average of 16.4 birds was sampled per 

site, ranging from 7 to 21 birds. The overall prevalence of Campylobacter among 

samples collected from these birds was 9.3% (Table 3.1). No C. coli were identified; the 

majority of Campylobacter were identified as C. jejuni, and a small number were 

untypeable Campylobacter (Table 3.1). No Campylobacter isolates were obtained from 

birds sampled at either sites B or C. All untypeable isolates were obtained from birds 

sampled at site A in the fall. The overall prevalence of E. coli isolated from fecal samples 

was 73.0% (Table 3.1). Salmonella was not isolated from any of the birds.  

Antimicrobial susceptibility testing  

The prevalence of E. coli resistance ≥1 class of antimicrobials was 3.8%, and to 

≥2 classes of antimicrobials was 1.7%. The prevalence of resistance to ≥1 class of 

antimicrobials among E. coli isolates was highest in the late summer, followed by the fall 

(Table 3.2).  No resistant E. coli were isolated from birds sampled in the early summer 

period, and resistance to ≥2 classes of antimicrobials was not seen during fall months 

(Table 3.2).  In total, seven unique E. coli resistance patterns were identified (Table 3.3). 

All 4 multi-class resistant E. coli isolates were resistant to two classes of antimicrobials. 

One unique resistance pattern was identified in the early summer, six unique patterns 

were identified in the late summer, and three unique patterns were identified in the fall 

(Table 3.3). Most E. coli isolates were pansusceptible (89.8%; 95%CI: 85.2-93.3%). With 

the exception of colistin (5.95%), between 0% and 0.42% of isolates were resistant to 

antimicrobials considered of highest importance to human medicine according to Health 

Canada’s Veterinary Drugs Directorate (2009), and included the following: ciprofloxacin, 
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amoxicillin/clavulanic acid, ceftiofur, ceftriaxone (Table 3.4). Resistance in E. coli was 

most often observed with the following antimicrobials: colistin (5.95%), tetracycline 

(2.55%), ampicillin (2.13%) (Table 3.4). None of the E. coli isolates exhibiting colistin 

resistance displayed resistance to any of the other 14 antimicrobials on the CIPARS test 

panel. Almost all E. coli isolates with colistin resistance were obtained during the late 

summer, and only one positive isolate was identified in the early summer, with no 

positive isolates in the fall (Table 3.2). Resistant E. coli were identified among 11 of 18 

flocks (61.1%; 95% CI: 35.7-82.7%) (Table 3.5). Among the three flocks identified with 

at least two resistant E. coli isolates (excluding colistin), resistance patterns shared few 

similarities except for two birds that had patterns which differed by one antimicrobial 

(Table 3.5). Escherichia coli isolates with colistin resistance were identified at all four 

sampling sites, and among the six flocks with colistin resistance, multiple birds were 

positive in three of these flocks (Table 3.5). All colistin resistant E. coli were negative for 

mcr-1 and mcr-2 genes. 

Extended Spectrum Beta-Lactamase (ESBL) Enterobacteriaceae  

Two ESBL E. coli isolates were identified from two different birds, sampled from 

different flocks; one at site B in June, and the other at site A in September. Escherichia 

coli isolated from both birds exhibited resistance to the following antimicrobials: 

ampicillin, amoxicillin/clavulanic acid, cefoxitin, ceftiofur, ceftriaxone (Table 3.2).  
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Univariable analyses  

Season was significantly associated with both the prevalence of Campylobacter 

and E. coli resistance to colistin. Samples collected in the fall were significantly more 

likely to be positive for Campylobacter compared to those collected in early and late 

summer (Table 3.6). Sampling site was also significantly associated with Campylobacter 

prevalence; there were significantly lower odds of isolating Campylobacter from sites B 

and C compared to site A (Table 3.6). The prevalence of E. coli resistance to colistin was 

significantly higher in the late summer compared to early summer and fall, but was not 

associated with sampling site (Table 3.7). Age was not significantly associated with any 

of the outcomes. None of the independent variables were significantly associated with E. 

coli resistance to ≥1 class of antimicrobials, or to ≥2 classes of antimicrobials (Tables 3.8 

& 3.9). 

Estimation of variance 

Variance components and ICCs for flock level clustering were estimated for five 

of 12 of our univariable analyses (Tables 3.6-3.9). Flock was a significant random effect 

in at least one univariable analysis for each outcome except for E. coli resistance to ≥2 

classes of antimicrobials (Tables 3.6-3.9). The ICCs ranged between 10.1% and 46.6%.  

Campylobacter CGF40 subtyping  

In total, 10 of 21 flocks were positive for Campylobacter (47.6%, 95%CI: 25.7-

70.2%). Overall, 160 isolates were obtained from 32 Campylobacter positive birds, and a 

maximum of five isolates were obtained from each bird. Nineteen genes were absent 
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from all isolates. Six unique CGF40 patterns were identified among C. jejuni. One unique 

CGF40 pattern was identified among untypeable Campylobacter isolates, with all 40 

genes absent. Two birds from different flocks (sampled in October) were identified with 

two different CGF40 patterns; two unique C. jejuni patterns differing at 6 loci were 

isolated from one bird, whereas both C. jejuni and untypeable Campylobacter were 

isolated from the other bird.  

A total of 5 clusters were identified in the UPGMA dendrogram using a 90% 

cutoff for similarity among CGF40 patterns (Figure 2.2). Cluster 5 represented only 

untypeable Campylobacter, and the remainder of the clusters contained C. jejuni patterns. 

Clusters 2 to 5 contain CGF40 patterns from birds sampled in the fall, whereas cluster 1 

includes birds sampled in all three seasons. Most of the positive birds had Campylobacter 

CGF40 patterns in cluster 1, with 17 birds in total. All untypeable Campylobacter were 

obtained from birds sampled at site A. In flocks with more than one Campylobacter 

positive bird, median similarity scores among patterns from each bird were at least 85% 

in 4 out of 5 flocks. The remaining flock had a median similarity score of 60%, but two 

species of Campylobacter were identified in this flock (Table 3.10).  

Spatial scan statistics  

Three statistically significant spatial clusters were observed: high Campylobacter 

prevalence at site A, low Campylobacter prevalence at sites B and C, and low prevalence 

of E. coli colistin resistance at site A (Table 3.11). Three statistically significant temporal 

clusters were detected. A cluster of high Campylobacter prevalence was seen from 

September to October (Table 3.12). A high cluster of E. coli resistance to colistin was 
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noted in July, and a high cluster of E. coli resistance to ≥2 classes of antimicrobials was 

observed from July to August (Table 3.12). Three statistically significant space-time 

clusters were detected. A high cluster was noted for Campylobacter prevalence at site A 

in October, whereas the sites B and C were identified as a low cluster of Campylobacter 

prevalence from May to July (Table 3.13). A high cluster for E. coli resistance to colistin 

was identified at site D in July (Table 3.13). No significant space-time clusters were 

identified using the space-time permutation model.  

DISCUSSION  

Similar to findings in Chapter 2, Salmonella was not isolated from any bird 

samples obtained during 2016. This was not an unexpected finding considering the low to 

zero prevalence cited by other studies examining this pathogen in Canada geese (Feare et 

al., 1999, Converse et al., 1999). The overall prevalence of Campylobacter in our study is 

similar to previous years (Chapter 2), and within the prevalence range noted by other 

researchers (0-50%) (Fallacara et al., 2001, Converse et al., 1999). We noted that the 

prevalence of Campylobacter, including untypeable Campylobacter and C. jejuni, 

changed seasonally, with peak isolation occurring in the fall. Unfortunately, we cannot 

compare this finding with our previous work (Chapter 2), due to limited samples obtained 

during the fall in 2015 (n=14). Work by Broman et al. (2002) found a similar peak in C. 

jejuni in the fall among samples from black-headed gulls (Chroicocephalus ridibundus) 

in southern Sweden over two years. Another study found that C. jejuni prevalence was 

highest in late spring and summer, in wild starlings (Sturnus vulgaris) on farms in the UK 

during a four-year period (Colles et al., 2009). Our findings of a peak prevalence of 

Campylobacter in the fall coincides with increased bird movement during that period of 
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time. By late summer and early fall, young of the year become capable of flight (Purdy 

and Malecki, 1984), and from personal observations, we noted that birds were highly 

mobile during fall sampling. In fact, two sites were not sampled during the fall due to an 

absence of birds on the sites (B & C). We suspect that geese may be increasingly exposed 

to environmental sources (e.g., agricultural sources) of Campylobacter during the seasons 

when they are most mobile (i.e., spring, winter and fall). Another possible explanation for 

the seasonal peak of Campylobacter may be related to increased survival of 

Campylobacter in the geese and/or the environment. Broman et al. (2002) found a similar 

fall peak of Campylobacter and suggested that enhanced survival of Campylobacter in 

surface waters may occur in the fall due to lower UV exposures and/or protective 

biofilms in cold water. Additional data are needed to verify these potential seasonal 

associations with the isolation of Campylobacter species from Canada geese. 

Although there were only five flocks with more than one Campylobacter positive 

bird, the high median similarity scores (≥85%) for CGF40 patterns among flockmates in 

four out of five flocks suggest that birds which associate with one another often carry 

similar Campylobacter subtypes. The lower median similarity score (60%) in the 

remaining flock can be attributed to the presence of both untypeable Campylobacter and 

C. jejuni (Table 3.10). The high median similarity scores could be related to exposure of 

birds within flocks to the same environmental sources of Campylobacter and/or increased 

transmission of Campylobacter organisms between birds within a flock. The seven 

CGF40 subtypes identified in the current study were identical to seven of 26 

Campylobacter CGF40 subtypes previously identified in Canada goose samples collected 

in southern Ontario (2013-2015) (Chapter 2). This finding suggests that although there is 
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some diversity in Campylobacter subtypes within a region, the CGF40 patterns do not 

radically differ between years. Overall, CGF40 patterns among all C. jejuni identified in 

this study were very similar; the lowest median similarity score identified among all 

CGF40 types in this Campylobacter species was 80%. 

Although the prevalence of E. coli resistance to antimicrobials has been reported 

as high as 72% and 100% among Canada goose samples from the Mid-Atlantic and 

southern United States (Cole et al., 2005; Middleton et al., 2005), we report a relatively 

low prevalence (less than 6%), which was comparable to data previously collected in 

southern Ontario (Chapter 2). Unlike Campylobacter, no seasonal associations with 

resistance in E. coli to antimicrobials from the standard CIPARS panel were noted in 

2016 based on exact logistic regression. This finding is in contrast with previous findings 

from Chapter 2, where the prevalence of E. coli resistance to at least one class of these 

antimicrobials was significantly greater in the spring (20%) compared to the summer 

(0%). It is important to note that these previous seasonal findings were potentially 

confounded by location of sampling and time of year, with spring samples obtained from 

agricultural regions in March, and summer samples obtained from urban recreational 

areas in peri-urban areas in Guelph from May to September. Our current data 

demonstrate that although the prevalence of resistant E. coli from urban recreational areas 

in the summer is not 0% as it was in 2015, it is still quite low (3.8% for single class 

resistance). In 2016, the earliest samples were obtained in May, and we cannot comment 

on variation in resistance in earlier seasons; however, it appears that E. coli resistance 

may not be as affected by increasing bird movement in the fall as we had previously 

hypothesized (Chapter 2). Although there were no significant differences in the 
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prevalence of resistant E. coli collected in different seasons, no resistant E. coli samples 

were collected in the early summer (May and June) when birds are less mobile (due to 

nesting). In contrast, samples obtained in later seasons (i.e., late summer, fall) 

demonstrated higher levels of resistant E. coli (Table 3.2). Although logistic regression 

methods did not detect any seasonal trends in multiclass resistant E. coli, spatial scan 

statistics identified a significant temporal cluster in July and August (Table 3.12). 

Resistance to Category I drugs according to the Veterinary Drugs Directorate was 1% or 

less, with the exception of colistin (5.95%) (Table 3.4). Similarly, we found a low 

prevalence of E. coli resistance to ≥2 classes of antimicrobials (1.7%), and we obtained 

only two positive ESBL E. coli (Table 3.2). Despite low levels of resistance to critically 

important antimicrobials and multidrug resistant E. coli, the potential risk posed to public 

health should be examined in the context of Canada goose social behaviour, as these 

birds frequently gather in large flocks, which may increase the probability of 

transmission to humans, other animals and the environment.  

Our previous work highlighted the importance of accounting for clustering of 

birds by flock in statistical analyses (Chapter 2). With our current study data, less than 

half of our models accounted for clustering due to the following: 1) flock effects were 

negligible; and 2) a multilevel model was not used due to omitted observations due to 

zero prevalence of the outcome in certain categories of the independent variable. In 

general, the low prevalence of the outcome, as in the case of resistant E. coli, may have 

limited our ability to detect flock as a significant random effect. In the models where 

flock was a significant random effect, ICCs had wide confidence intervals. This finding is 

consistent with findings in our previous study (Chapter 2), and confirms that although 
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there is not a high degree of certainty in the ICC estimates themselves, observations from 

the same flock are not independent.  

Overall, the clusters identified by spatial scan statistics were consistent with our 

univariable statistical analyses, with the exception of a high cluster identified by scan 

statistics but not by univariable analysis, from July to August among E. coli resistant to 

≥2 classes of antimicrobials. The scan statistic was selected to detect clusters using our 

spatial and temporal data, with a null hypothesis that cases are randomly distributed in 

space, time, and space-time. The alternative hypothesis of the scan statistic claims that 

the risk of a case is elevated or decreased within a region compared to the outside region. 

In this respect, the scan statistic was more sensitive than our univariable analyses, and 

detected this temporal cluster by comparing the prevalence of E. coli resistant to ≥2 

classes of antimicrobials in July and August to all other months collectively.  

Several limitations of this study relate to the cross-sectional study design, as well 

as minimally invasive wildlife sampling techniques. This type of study design does not 

permit us to draw strong inferences about specific environmental exposures of the birds 

that have led to the acquisition of certain organisms. We also did not uniquely identify 

birds, as they were not handled, thus resampling may have occurred between sampling 

dates. This could bias the results, in that duplicate CGF40 and AMR patterns may in fact 

represent the same bird, if samples were obtained on different sampling dates. Finally, 

our conclusions about seasonal effects in Campylobacter are based on one year of fall 

data (with sufficient sample size), but a transient exposure of geese to a source of 

Campylobacter is another plausible explanation for our findings.  
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The detection of phenotypic colistin resistance in urban wildlife raises a number 

of questions. It is unknown whether these isolates would be resistant in a clinical setting, 

as the observed resistance may be an artifact of laboratory conditions. Based on our 

results, it is unclear if the seasonal pattern in colistin resistance reflects true seasonal 

effects or a transient exposure to bacteria resistant to this drug. The absence of mcr-1 and 

mcr-2 genes suggests a non-mobile genetic mechanism for resistance, but the exact 

mechanism of resistance is unknown.  

The mcr-1 gene is rarely found in wildlife, but it has been identified in a number 

of wild bird species, worldwide (Liakopoulos et al., 2016). Several kelp gulls (Larus 

dominicanus) in Argentina were identified with mcr-1, and in Lithuania, a single 

European herring gull (Larus argentatus) was positive for mcr-1 (Ruzauskas et al., 2016; 

Liakopoulos et al., 2016). All phenotypic colistin resistance identified in our study was 

independent of both mcr-1 and mcr-2. This is similar to the findings of Ruzauskas et al. 

(2016) who identified mcr-1 independent resistance in seven European herring gulls 

(overall prevalence 5.98%), and Dotto et al. (2016) who reported a similar prevalence 

(5.3%) of colistin resistance in E. coli from domestic and wild lagomorphs in Italy. With 

a renewed interest in colistin as a last resort antimicrobial and additional 

testing/screening, perhaps the collective findings represent a case of background 

antimicrobial resistance that is naturally occurring in the environment and in wildlife, and 

which is unrelated to direct or indirect anthropogenic sources.  
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Figure 3.1. Sample sites for Canada goose fecal samples collected in urban 
recreational areas within Guelph, Ontario from May to October 2016 
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*Season categories are defined as: early Summer: May and June; late Summer: July and August; fall: September and October. 

 

Figure 3.2. Five clusters of Campylobacter CGF40 patterns from Canada geese in Guelph, Ontario (2016) based  

on a dendrogram with UPGMA (unweighted pair-group method with arithmetic mean) and a 90% similarity cutoff 

Cluster Number 
of birds 

Season Site 

1 17 fall,  
early summer, 
late summer 
 
 

A & D 

2 6 fall A 

3 2 fall D 

4 1 fall A 

5 8 fall  A 

Campylobacter	jejuni 

Untypeable	Campylobacter 
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Table 3.1: Prevalence of E. coli and Campylobacter by season among Canada geese from urban recreational areas in 

Guelph, Ontario (2016) 

Season‡ Number 
of samples 

Prevalence of E. coli     
(95% CI) 

Prevalence of 
Campylobacter     

(95% CI) 

Prevalence of 
Campylobacter jejuni  

(95% CI) 

Prevalence of 
untyped 

Campylobacter 
(95%CI) 

Early 
Summer 
 
 

120† 71.4% (61.4-80.1%) 0.8% (0.02-4.5%) 0.8% (0.0-4.5%) 0% (0-3.0%)* 

Late 
Summer 
 
 

117 74.3% (65.5-82.0%) 2.6% (0.5-7.3%) 2.6% (0.5-7.3%) 0% (0-3.1%)* 

Fall 
 
 

107 72.9% (63.4-81.0%) 26.2% (18.1-35.5%) 19.6% (12.6-28.4%) 6.5% (2.7-13.0%) 

Overall 344 73.0% (67.8-77.7%) 9.3% (6.4-12.9%) 7.3% (4.7-10.5%) 2.0% (0.8-4.1%) 

*one-sided, 97.5% confidence interval. 
†n= 98 for E. coli samples tested for antimicrobial resistance. 
‡Season categories are defined as: early Summer: May and June; late Summer: July and August; fall: September and October. 
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Table 3.2: Prevalence of resistant§ E. coli and multiclass resistant§ E. coli by season among Canada geese from urban 

recreational areas in Guelph, Ontario (2016) 

Season‡ Number 
of 

samples 

Number 
of E. coli 
positive 
samples 

Frequency† of 
resistance    
(95% CI) 

Frequency† of 
multiclass 
resistance        
(95% CI) 

Frequency of 
colistin resistance 

(95% CI) 

Frequency of 
ESBL|| resistance 

(95% CI) 

Early 
Summer 

 

98 70 0% (0-3.7%)* 0% (0-3.7%)* 1.4% (0.0-7.7%) 1.4% (0.0-7.7%) 

Late 
Summer 
 
 

117 87 5.7% (1.9-12.9%) 4.6% (1.3-11.3%) 16.1% (9.1-25.5%) 0% (0-4.15%)* 

Fall 
 
 

107 78 5.1% (1.4-12.6%) 0% (0-3.4%)* 0% (0-4.6%)* 1.3% (0-6.9%) 

Overall 322 235 3.8% (1.8-7.1%) 1.7% (0.5-4.3%) 6.0% (3.3-9.8%) 0.8% (0.1-3.0%) 

*one-sided, 97.5% confidence interval. 
†Frequency among birds where an isolate was collected.  
‡Season categories are defined as: early Summer: May and June; late Summer: July and August; fall: September and October. 
§This includes resistance to antimicrobials in the Canadian Integrated Program for Antimicrobial Resistance Surveillance test panel 

(see Appendix I). Colistin was considered separately.    
||Extended Spectrum Beta-Lactamase. 
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Table 3.3: Unique E. coli resistance patterns identified among Canada geese from urban recreational areas in Guelph, Ontario 

(2016) 

Season‡ and 
(frequency†) AMC AMP AZM FOX TIO CRO CHL CIP GEN NAL STR SOX TCY SXT CT 

 
Late Summer (1) R R S R R R S S S S S S S S S 
 
Late Summer (1) S R S S S S S S S S S S R S S 
 
Late Summer (1) 
Fall (1) S R S S S S S S S S S S S S S 
 
Late Summer (1) S S S S S S S S S S S R R R S 
 
Fall (1) S S S S S S S S S S S R S R S 
 
Fall (1) S S S S S S S S S S S S R S S 
 
Early Summer (1) 
Late Summer (13) S S S S S S S S S S S S S S R 

AMC, amoxicillin/clavulanic acid; AMP, ampicillin; AZM, azithromycin; FOX, cefoxitin; TIO, ceftiofur; CRO, ceftriaxone; CHL, 

chloramphenicol; CIP, ciprofloxacin; GEN, gentamicin; KAN, kanamycin; NAL, nalidixic acid; STR, streptomycin; SOX, sulfisoxazole; TCY, 

tetracycline; SXT, trimethoprim/sulfamethoxazole; CT, colistin.  
†Frequency of unique patterns by season. 
‡Season categories are defined as: early Summer: May and June; late Summer: July and August; fall: September and October.  
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Table 3.4: Prevalence of resistant E. coli isolates among Canada  

geese from urban recreational areas in Guelph, Ontario (2016) to 15 

antimicrobials 

Antimicrobial Prevalence of 
resistant isolates 

(n=235) 

95% CI for 
prevalence 

Ciprofloxacin 0% 0-1.6%* 

Gentamicin 0% 0-1.6%* 

Nalidixic Acid 0% 0-1.6%* 

Azithromycin 0% 0-1.6%* 

Chloramphenicol 0% 0-1.6%* 

Streptomycin 0% 0-1.6%* 

Ceftiofur 0.42% 0.01-2.3% 

Amoxicillin/ Clavulanic Acid 0.42% 0.01-2.3% 

Cefoxitin 0.42% 0.01-2.3% 

Ceftriaxone 0.42% 0.01-2.3% 

Trimethoprim/ Sulphamethoxazole 0.85% 0.1-3.0% 

Sulfisoxazole 0.85% 0.1-3.0% 

Ampicillin  2.13% 0.7-4.9% 

Tetracycline 2.55% 0.9-5.5% 

Colistin 5.95% 3.3-9.8% 

*one-sided, 97.5% confidence interval. 
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Table 3.5: Antimicrobial resistance patterns of E. coli isolated from flocks of Canada geese from peri-urban areas in Guelph,  

Ontario (2016) 

Flock 
identification 
number† 

Season‡ Site Number 
of birds 
tested 

Number 
of E. coli 
positive 
samples 

Number of 
resistant   

E. coli 

AMR patterns  Number of birds 
with AMR 

pattern 

49 Early Summer B 17 17 1 CT 1 

52 Late Summer A 20 14 3 AMP 1 
      AMP-TCY 1 
      CT 1 
53 Late Summer D 20 18 6 CT 6 
54 Late Summer C 17 15 3 CT 3 
55 Late Summer B 13 8 2 CT 2 
56 Late Summer A 16 11 2 AMC-AMP-FOX-TIO-CRO 1 
      CT 1 
57 Late Summer A 16 15 1 AMP-TCY 1 
58 Late Summer D 15 6 1 SOX-TCY-SXT 

 
1 

59 Fall D 20 14 2 TCY 1 
      AMP 1 
60 Fall A 20 17 1 SOX-SXT 1 
64 Fall A 10 9 1 TCY 1 

AMC, amoxicillin/clavulanic acid; AMP, ampicillin; FOX, cefoxitin; CRO, ceftriaxone; NAL, nalidixic acid; SOX, sulfisoxazole; STR, 

streptomycin; SXT, trimethoprim/sulfamethoxazole; TCY, tetracycline; TIO, ceftiofur; CT, colistin. 
†Unique identification numbers assigned to a group of birds sampled on a given date at a given site.  
‡Season categories are defined as: early Summer: May and June; late Summer: July and August; fall: September and October.
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Table 3.6: Multi-level logistic regression models or exact logistic regression models examining the 

association between the prevalence of Campylobacter and season, bird age, and sampling site among 

Canada geese in Guelph, Ontario (2016) 

Independent 
variable 

OR (95% CI) p-value Variance 
components  

(95% CI) 

p-value|| Intraclass 
correlation 
coefficients  

(95% CI) 

Season‡ 

 

  0.58 (0.11-2.97) 0.008 15.1% (3.4-47.5%) 

Fall 
 

Ref     

Early Summer 
 

0.02 (0.002-0.18) 0.001    

Late Summer 
 

0.06 (0.01-0.30) <0.001    

Age 
 

  2.87 (0.84-9.87) <0.001 46.6% (20.2-75.0%) 

Adult  
 

Ref     

Juvenile 
 

2.0 (0.74-5.42) 0.192    

Site 
 

  n/a§ — n/a§ 

A 
 

Ref     

B 
 

0.08 (0-0.47)* 0.004    

C 
 

0.08 (0-0.46)* 0.004    

D 0.44 (0.15-1.10) 0.077    

*median unbiased estimates. 
†A random intercept was included for flock where flock was defined as a group of birds sampled on a 

unique date and site. 
‡Season categories are defined as: early Summer: May and June; late Summer: July and August; fall: 

September and October. 
§Exact logistic regression model used. 
||Based on likelihood ratio test comparing random effects model vs. ordinary logistic model. 
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Table 3.7: Multi-level logistic regression models or exact logistic regression models 

examining the association between the prevalence of colistin resistance in E. coli and 

season, bird age, and sampling site among Canada geese in Guelph, Ontario (2016) 

Independent 
variable 

OR (95% CI) p-value Variance 
components 

(95% CI) 

p-value|| Intraclass 
correlation 
coefficients  

(95% CI) 

Season‡ 

 

  n/a§ — n/a 

Late Summer 
 

Ref     

Early Summer 
 

0.08 (0.002-0.58) 0.004    

Fall 
 

0.05 (0-0.33)* <0.001    

Age 
 

  2.60 (0.47-14.28) <0.001  44.1% (12.6-81.3%) 

Adult  
 

Ref     

Juvenile 
 

0.99 (0.28-3.47) 0.988    

Site 
 

     

A 
 

Ref  1.72 (0.26-11.23) 0.008 34.3% (7.4-77.3%) 

B 
 

13.00 (0.66-254.7) 0.091    

C 
 

5.00 (0.29-85.0) 0.265    

D 3.73 (0.28-49.0) 0.317    

*median unbiased estimates. 
†A random intercept was included for flock where flock was defined as a group of birds sampled on a 

unique date and site. 
‡Season categories are defined as: early Summer: May and June; late Summer: July and August; fall: 

September and October. 
§Exact logistic regression model used. 
||Based on likelihood ratio test comparing random effects model vs. ordinary logistic model. 
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Table 3.8: Multi-level logistic regression models or exact logistic regression models 

examining the association between the prevalence of E. coli resistant to at least one class of 

antimicrobials¶ and season, bird age, and sampling site among Canada geese in Guelph, 

Ontario (2016) 

Independent 
variable 

OR (95% CI) p-value Variance 
components 

(95% CI) 

p-value|| Intraclass 
correlation 
coefficients  

(95% CI) 

Season‡ 

 

  n/a§ — n/a 

Late Summer 
 

Ref     

Early Summer 
 

0.18 (0-1.33)* 0.099    

Fall 
 

0.89 (0.17-4.29) 0.999    

Age 
 

  0.39 (0.002-53.3) 0.323 10.7% (0.1-94.2%)  

Adult  
 

Ref     

Juvenile 
 

2.15 (0.41-11.16) 0.362    

Site 
 

  n/a§ — n/a 

A 
 

Ref     

B 
 

0.55 (0-3.96)* 0.370    

C 
 

0.39 (0-2.79)* 0.334    

D 0.96 (0.15-4.68) 0.999    

*median unbiased estimates. 
†A random intercept was included for flock where flock was defined as a group of birds sampled on a 

unique date and site. 
‡Season categories are defined as: early Summer: May and June; late Summer: July and August; fall: 

September and October. 
§Exact logistic regression model used. 
||Based on likelihood ratio test comparing random effects model vs. ordinary logistic model. 
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Table 3.9: Multi-level logistic regression models or exact logistic regression models 

examining the association between the prevalence of E. coli resistant to at least two classes 

of antimicrobials¶ and season, bird age, and sampling site among Canada geese in Guelph, 

Ontario (2016) 

Independent 
variable 

OR (95% CI) p-value Variance 
components  
(95% CI) 

p-value|| Intraclass 
correlation 
coefficients  

(95% CI) 

Season‡ 

 

  n/a§ — n/a 

Late Summer 
 

Ref     

Early Summer 
 

0.22 (0-1.86)* 0.129    

Fall 
 

0.20 (0-1.67)* 0.123    

Age 
 

  n/a§ — n/a 

Adult  
 

Ref     

Juvenile 
 

2.11 (0.17-112.13) 0.646    

Site 
 

  n/a§ — n/a 

A 
 

Ref     

B 
 

1.19 (0-11.33)* 0.634    

C 
 

0.84 (0-8.02)* 0.584    

D 0.63 (0.01-8.10) 0.999    

*median unbiased estimates. 
†A random intercept was included for flock where flock was defined as a group of birds sampled on a 

unique date and site. 
‡Season categories are defined as: early Summer: May and June; late Summer: July and August; fall: 

September and October. 
§Exact logistic regression model used. 
||Based on likelihood ratio test comparing random effects model vs. ordinary logistic model. 
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Table 3.10: Campylobacter positives and unique CGF40 patterns by overall flock and season from Canada geese in urban recreational 

areas in Guelph, Ontario (2016) 

Flock 
identification 
number† 

Season‡ Sampling 
site 

Campylobacter 
species 

Number 
of birds 
tested 

Number of 
Campylobacter 

positive 
samples 

Unique 
CGF40 
patterns 

identified* 
and 

(frequency§) 

Median 
similarity 

score|| 

Dendrogram 
clusters 

represented¶ 

 
45 

 
Early 

Summer 

 
A 

 
jejuni 

 
15 

 
1 

 
6(1) 

 
- 

 
5 

 
52 

 
Late 

Summer 

 
A 

 
jejuni 

 
19 

 
1 

 
4(1) 

 
- 

 
5 

 
56 

 
Late 

Summer 

 
A 

 
jejuni 

 
16 

 
1 

 
4(1) 

 
- 

 
5 

 
58 

 
Late 

Summer 

 
D 

 
jejuni 

 
15 

 
1 

 
4(1) 

 
- 

 
5 

 
59 

 
Fall 

 
D 

 
jejuni 

 
20 

 
2 

 
5(2) 

 
1.0 

 
3 

 
60 

 
Fall 

 
A 

 
jejuni 

 
20 

 
1 

 
2(1) 

 
- 

 
2 

 
61 

 
Fall 

 
A 

 
jejuni, 

untypeable 

 
19 

 
5 

 
1^(6), 4(1), 

7(1) 

 
1.0 

 
1 & 5 

 
62 

 
Fall 

 
D 

 
jejuni 

 
18 

 
4 

 
3(2), 4(2) 

 
0.87 

 
4 & 5 

 
63 

 
Fall 

 
A 

 
jejuni, 

untypeable 

 
20 

 
11 

 
1^(2), 3(4), 

4(2), 6(5) 

 
0.85 

 
1, 4 & 5 

 
64 

 
Fall 

 
A 

 
jejuni, 

untypeable 

 
10 

 
5 

 
1^(4), 6(2) 

 
0.60 

 
1 & 5 
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Table 3.10 continued. 

 

*Each unique pattern was assigned a number from 1 to 7. 
†Unique identification numbers assigned to a group of birds sampled on a given date at a given site.  
‡Season categories are defined as: early Summer: May and June; late Summer: July and August; fall: September and October. 
§Frequency of birds not isolates, except for the inclusion of two isolates per bird for two birds identified with two different CGF40 

patterns (flocks 63 & 64).   
||Among unique patterns for birds within a flock, using the simple matching method. 
¶Based on unweighted pair-group method (UPGMA) with arithmetic mean and a 90% similarity cutoff (see Figure 3.2).  

^Untypeable Campylobacter pattern. All other patterns represent C. jejuni.  
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Table 3.11: Statistically significant spatial clusters of Campylobacter and AMR E. coli positive samples collected from Canada 

geese in Guelph, Ontario (2016) using spatial scan statistics with Bernoulli models  

Dependent variable Number 
of birds 

High or 
low cluster Site(s) Radius Observed/Expected Relative 

Risk p-value 

Campylobacter 
prevalence 78 low B & C 1.05km 0 0 0.001 

Campylobacter 
prevalence 157 high A 0km 1.63 3.87 0.003 

Prevalence of E. coli 
resistant to colistin 115 low A 0km 0.29 0.17 0.033 
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Table 3.12: Statistically significant temporal clusters of Campylobacter and AMR E. coli positive samples collected from 

Canada geese in Guelph, Ontario (2016) using spatial scan statistics with Bernoulli models  

Dependent variable Number of 
birds 

High or low 
cluster Month Observed/Expected Relative Risk p-value 

Campylobacter 
prevalence 107 high September to 

October 2.81 15.50 0.001 

 
Prevalence of E. coli 
resistant to colistin 

55 high July 3.66 19.64 0.001 

Prevalence of E. coli 
resistance to ≥2 

classes of 
antimicrobials 

87 high July to August 2.70 ∞ 0.039 
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Table 3.13: Statistically significant space-time clusters of Campylobacter and AMR E. coli positive samples collected from 

Canada geese in Guelph, Ontario (2016) using spatial scan statistics with Bernoulli models 

Dependent 
variable 

Number 
of birds 

High or 
low cluster 

Month and 
sampling site Radius Observed/Expected Relative 

Risk p-value 

Campylobacter 
prevalence 

30 high  
A in October 0km 5.73 10.47 0.001 

Campylobacter 
prevalence 95 low 

 
B & C from 
May to July 

 

1.05km 0 0 0.001 

Prevalence of       
E. coli resistant to 

colistin 
18 high D in July 0km 5.60 9.04 0.004 
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CHAPTER 4: 

 

DISCUSSION AND CONCLUSIONS 

 

With increasing urbanization and human encroachment into wildlife habitat, wildlife-

human interactions are becoming more common (Soulsbury and White, 2015). Wildlife have 

been implicated in the transmission of pathogenic and antimicrobial resistant organisms to 

humans and livestock, however, the degree to which wildlife contribute to dissemination of these 

organisms in the environment is unknown (Kruse et al., 2004; Smith et al., 2014). In North 

America, foodborne illness and antimicrobial resistant infections are important causes of 

morbidity in humans, and may even cause life-threatening infections (Scallan et al., 2011; 

Tanwar et al., 2014). Additionally, infections with these microorganisms may result in serious 

long-term health sequelae; for example, previous infection with Campylobacter jejuni has been 

identified as a risk factor for Guillain-Barré syndrome and reactive arthritis (Nachamkin et al., 

2002).  

Wild birds have been a major focus of research on zoonotic diseases and antimicrobial 

resistance in recent years, due to their highly mobile nature (Reed et al., 2003; Wang et al., 

2017). This thesis examined the role of wild birds, Canada geese specifically, as potential 

sources of pathogenic and resistant bacteria. We examined the patterns of carriage of 

Campylobacter, Salmonella, and antimicrobial resistant E. coli among Canada geese in southern 

Ontario using a cross-sectional study design, using samples collected from hunted birds, 
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diagnostic specimens, and live birds. Using multi-level models that accounted for clustering by 

flock, associations between the carriage of these organisms and the following risk factors were 

examined: source type (e.g., hunted birds), season, bird age, bird sex, sampling location. In 

addition, the diversity of E. coli antimicrobial resistance patterns and molecular subtypes of 

Campylobacter in different flocks of geese were explored, with the latter outcome employing 

unweighted pair group method with arithmetic mean (UPGMA) dendrograms and median 

similarity scores.  

 This thesis represents the first study investigating carriage of antimicrobial resistant 

organisms by Canada geese in Canada, and contributes to the limited research that has examined 

the carriage of pathogens by Canada geese in Canada (Van Dyke et al., 2010; Jokinen et al., 

2011). Furthermore, with a renewed interest in colistin as a critically important antimicrobial, the 

detection of mcr-1 and mcr-2 independent colistin resistance in E. coli isolates from Canada 

geese contributes to the existing body of knowledge regarding colistin resistance among 

Enterobacteriaceae in wildlife, which is poorly understood, and for which there is limited 

research performed to date (Wang et al., 2017).  

This study is novel in its use of Campylobacter subtyping using comparative genomic 

fingerprinting based on a 40-gene assay (CGF40) to characterize the patterns and diversity of 

Campylobacter found in Canada geese. This subtyping method offers several major advantages 

over the leading method of Campylobacter subtyping, multi-locus sequence typing (MLST) 

(Taboada et al., 2012). In contrast with MLST, CGF40 is rapid, and low cost; furthermore, 

CGF40 is also a more discriminatory subtyping method compared to MLST (Taboada et al., 

2012). To date, there is limited wildlife research making use of this technique (Viswanathan, 

2015). Finally, our use of multilevel models to account for flock-level clustering is a novel 
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contribution to this field of research. Despite wide confidence intervals concerning variance 

estimates, the research findings in this thesis demonstrated that flock-level clustering is an 

important statistical consideration, with biological relevance.  

MAJOR FINDINGS 

The overall prevalence of Salmonella of 0% in our study was consistent with the 

literature, as Salmonella is infrequently isolated from Canada geese (< 1%) (Feare et al., 1999; 

Converse et al., 1999). The prevalence of Campylobacter detected by our study (9.3-11.2%) falls 

within the range reported in other studies (0-52%) (Feare et al., 1999; Fallacara et al., 2001). For 

fecal swabs from live birds, the prevalence of Campylobacter was associated with season in both 

years that live birds were sampled (2015 & 2016). A significantly higher prevalence of 

Campylobacter was detected in the spring of 2015, and in the fall of 2016. The isolation of 

certain species of Campylobacter also coincided with certain seasons; C. coli was exclusively 

isolated from spring samples in 2015, and detection of untypeable Campylobacter occurred only 

in fall samples in (2015 & 2016). Campylobacter coli is infrequently isolated from Canada geese 

(Rutledge et al., 2013; Keller et al., 2014), and in our study, was collected from birds in close 

proximity to swine facilities, which suggests that birds may have acquired this pathogen from 

swine. The isolation of Campylobacter coincides with times of year when geese are most mobile 

(i.e., spring, fall). Canada geese are unable to fly during the nesting period in May and June, as 

birds molt all flight feathers simultaneously. Our findings suggest that Canada geese that are 

mobile may be exposed to environmental sources of Campylobacter more frequently.  

 Several Campylobacter subtypes were identified using CGF40. Birds within the same 

flock tended to have similar CGF40 patterns, based on our findings of median similarity scores 
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of at least 80% for most flocks, unless multiple species of Campylobacter were isolated. 

However, CGF40 subtypes identified within this study were quite similar, with the lowest 

median similarity scores identified among C. jejuni being 70% and 80% for Chapters 2 and 3, 

respectively. The subset of Campylobacter CGF40 subtypes identified in 2016 (Chapter 3) were 

identical to subtypes which were identified in 2013-2015 (Chapter 2), suggesting that CGF40 

patterns do not radically change over time in a given geographic area.  

The overall prevalence of E. coli resistance to ³1 class of antimicrobials among Canada 

geese in this thesis (3.8-7.9%) is much lower than other reports from Canada geese sampled in 

the United States. In Maryland, one study found up to 100% of E. coli isolates from Canada 

geese were resistant to certain antimicrobials (Middleton et al., 2005). In another study, resistant 

E. coli were detected in 19-72% of isolates from Canada geese in Georgia and North Carolina 

(Cole et al., 2005). Resistance to Category I antimicrobials (i.e., of highest importance to human 

medicine) according to the Veterinary Drugs Directorate (2009) was identified in our study 

(measured by the CIPARS panel), but these represented less than 1% of E. coli isolates across all 

years. Resistance to colistin in E. coli was also examined in 2016, and was significantly 

associated with season, with a peak occurring in late summer (July & August), and an overall 

prevalence of 6%. However, with only one year of data, it is uncertain whether this represents a 

seasonal trend or a transient exposure to resistant bacteria. A number of AMR patterns were 

identified in E. coli isolates, and, in some cases, birds of the same flock carried identical 

resistance patterns, most likely as a result of exposure to the same contaminated environmental 

sources (e.g., food, water). Despite low levels of resistant E. coli in these birds, their tendency to 

gather in large groups and their increasing contact with humans and livestock may increase the 

concentration of resistant bacteria in an area, as well as the risk of transmission to other species.  
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 The prevalence of antimicrobial resistance (AMR) to ³1 antimicrobial in E. coli varied 

significantly depending on the source type (e.g., hunted birds vs. diagnostic specimens), which 

essentially acted as a surrogate for the location of sampling. In this analysis, the highest 

prevalence of resistant E. coli was identified in birds sampled in urban areas near Toronto 

(diagnostic specimens), and in live birds sampled in agricultural areas (fresh fecal samples). A 

significant seasonal trend was also identified among fresh fecal samples from live birds in 2015, 

with a complete absence of resistant E. coli in samples collected from urban recreational areas 

during the summer (May to September), compared to a higher prevalence of resistant E. coli 

among samples collected from live birds in agricultural areas in the spring (March) during that 

same year (20.0%). Unfortunately, location could not be statistically controlled for due to the 

study design, so in 2016 samples were only collected in urban recreational areas. Based on 

logistic regression, no seasonal trend was identified at these sites from May to October, 2016, 

with the exception of colistin resistance. However, based on spatial scan statistics, a significant 

temporal cluster of E. coli resistance to ≥2 classes of antimicrobials (CIPARS) was identified in 

July and August. Additional sampling in the early spring (March) is required to verify the 

possible seasonal trend identified in 2015. Although both source type and season were 

confounded by location in the 2013-2015 study, our findings do suggest that the local 

environment that geese are exposed to plays an important role in the acquisition of antimicrobial 

resistant bacteria and resistance genes. In our study, urban locations and sites proximate to 

livestock represent potential anthropogenic sources of resistant bacteria for Canada geese.  

LIMITATIONS  

This study has several limitations related to the cross-sectional nature of data collection 

and challenges related to obtaining samples from wildlife. Cross-sectional studies have a low 
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cost and time commitment. Unfortunately, this type of study design does not distinguish between 

factors associated with the duration of an outcome versus the incidence of that outcome. In spite 

of these limitations, a cross-sectional study design was appropriate for our exploratory, 

hypothesis-generating study.  

Convenience sampling limited our ability to assess seasonal effects across all sources of 

birds. For example, hunted birds could only be obtained during the hunting season, and not at 

other times of the year. Convenience sampling for diagnostic specimens meant that we had no 

control over sample size; this source type had too few samples to examine seasonal effects 

(n=23). With low overall prevalences of most outcomes, low effective sample sizes may have 

limited our ability to detect flock-specific effects. In addition, convenience sampling of dead 

birds submitted as diagnostic specimens may have resulted in a selection bias, in that these birds 

may have died of a cause that was related to the presence of pathogens such as Salmonella, and 

Campylobacter or resistant E. coli. An additional drawback related to our convenience sampling 

of different sources was that we were unable to account for differences in the prevalence of our 

outcomes related to the type of swab used (fecal vs. cloacal) due to confounding by source type.  

Due to the timing of when fecal swabs were obtained from live birds in 2015 and 2016, 

the described seasonal associations in Campylobacter are largely based on 2016 data, with 

inferences to our 2013-2015 study. Similarly, the seasonal peak in colistin resistance in E. coli 

represents one year of data as well, as testing for resistance to this antimicrobial was newly 

implemented in 2016 by CIPARS. It is therefore possible that these seasonal peaks captured 

transient exposure to bacteria in the environment, rather than a seasonal trend. Additional data 

are required to verify these findings.  
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Studies involving wildlife populations pose challenges for data collection, and must 

consider the invasiveness and potential negative impact on the well-being of the animals studied. 

Radio or GPS transmitters would have provided us with a form of bird identification, and 

allowed us to resample the same birds throughout a season, providing stronger inferences about 

seasonal effects and environmental exposures. For subsequent research projects, researchers may 

want to incorporate these tools into their studies, as they have proven invaluable in other research 

projects (Spencer et al., 1991, Bontadina et al., 2002). However, researchers should be aware of 

the potential costs of these methods, including not only financial and time expenses, but also 

potential negative fitness costs to birds wearing these transmission devices (Barron et al., 2010). 

A systematic review and meta-analysis of the effects of transmitters on wild birds found that 

these negative fitness costs may include reduced clutch sizes, reduced body condition, and 

poorer survival rates, among other measures of health (Barron et al., 2010).  

Finally, the Campylobacter CGF40 subtyping technique has its limitations. As a 

relatively new subtyping method, it has not yet been mapped within other subtyping methods 

such as MLST, which currently presents a challenge for data synthesis studies. However, 

Taboada et al. (2012) have established that MLST sequence types can be broken down into 

different CGF40 subtypes, which is promising for future research comparing Campylobacter 

subtyping results obtained using different genotyping methods.  

FUTURE STUDIES 

The studies in this thesis have generated hypotheses regarding the carriage of various 

organisms in relation to bird mobility and movement. Additional studies (i.e., longitudinal) 

employing the use of radio-tracking or GPS data are needed to more closely examine the 
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relationship between exposure to certain types of locations/environment and the subsequent risk 

of carriage of these organisms. A longitudinal study design would also help to shed light on 

potential sources of C. coli as well as other microorganisms not typically carried by Canada 

geese. Environmental samples would also provide insight as to potential sources of these 

microorganisms. Longitudinal studies following individual birds and flocks are indicated to 

verify potential seasonal associations in the prevalence of Campylobacter and colistin resistance 

in E. coli identified in our study. Future work should also focus on determining the mechanism 

of colistin resistance in these wild birds, as well as examining potential environmental sources of 

contamination with this antimicrobial. Source attribution studies that compare CGF40 patterns 

found in Canada geese, other wildlife, and agricultural species with human isolates would be 

extremely valuable in furthering our understanding of the role of wild birds as a source of 

Campylobacter infections in humans.   

CONCLUSIONS 

Our work examined the patterns of carriage of several major enteric bacteria and 

associated AMR in Canada geese in Ontario. Seasonal peaks in Campylobacter and mcr-1 and 

mcr-2 independent colistin resistance in E. coli were identified, although longitudinal data are 

needed to verify seasonal associations and rule out a transient peak related to environmental 

exposure. We suspect that the increased mobility of Canada geese outside of the nesting season 

may increase their risk of exposure to these organisms in the environment. Further research using 

radio-tracking or GPS data is needed to test specific hypotheses regarding environmental 

exposures of birds. Our studies have provided evidence that statistical analyses should 

incorporate flock as a random effect, when possible, to more accurately represent groups of wild 

birds. Although a low prevalence of Salmonella, Campylobacter and antimicrobial resistant      
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E. coli was identified, these birds may pose a risk to human health due to large numbers of geese 

that defecate in urban and agricultural areas, increasing the concentration of these organisms in 

these environments, which may then increase the risk of transmission. Source attribution studies 

examining Campylobacter CGF40 subtypes from geese are needed to better understand Canada 

geese as a potential source of this pathogen, especially since migratory birds have the ability to 

disseminate this bacterium widely in the environment.  
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APPENDIX I 
Resistance breakpoints for antimicrobial susceptibility testing of generic E. coli isolates 

among Canada geese from southern Ontario (2013-2015) 

Antimicrobial Resistant 

(ug/ml) 

Class Category* 

Amoxicillin/clavulanic acid (AMC)1 ≥32 Penicillin-β-lactamase 
inhibitor combination 

I 

Ampicillin (AMP)1 ≥32 Penicillin II 

Azithromycin (AZM)2 ≥32 Macrolide II 

Cefoxitin (FOX)1 ≥32 Second-generation 
cephalosporin 

II 

Ceftiofur (TIO)3 ≥8 Third-generation 
cephalosporin 

I 

Ceftriaxone (CRO)1 ≥4 Third-generation 
cephalosporin 

I 

Chloramphenicol (CHL)1 ≥32 Chloramphenicol III 

Ciprofloxacin (CIP) 1 ≥1 Fluoroquinolone I 

Gentamicin (GEN) 1 ≥16 Aminoglycoside II 

Kanamycin (KAN) 1 ≥64 Aminoglycoside II 

Nalidixic Acid (NAL) 1 ≥32 Quinolone II 

Streptomycin (STR)2 ≥64 Aminoglycoside II 

Sulfisoxazole (SOX) 1 ≥512 Sulfonamide III 

Tetracycline (TCY)1 ≥16 Tetracycline III 

Trimethoprim/ 
Sulphamethoxazole (SXT) 1 

≥4 Sulfonamide combination II 

1CLSI M100-S23 interpretive criteria. 
2CLSI Interpretive criteria not available for this antimicrobial. Breakpoints based on distribution of MIC’s 

and were harmonized with National Antimicrobial Resistance Monitoring System-Enteric Bacteria 

(NARMS): Government of Canada. Canadian Integrated Program for Antimicrobial Resistance 

Surveillance (CIPARS) 2014 Annual Report. Public Health Agency of Canada, Guelph, Ontario, 2016.  
3CLSI M31-A3 Interpretive criteria. 
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Appendix I continued.  

 

*Category I –antimicrobials of highest important in human medicine used for the treatment of life-

threatening infection bacterial infections, may be no other alternatives in case of resistant infection; 

Category II – antimicrobials of high importance in human medicine used to treat severe infections, 

alternatives are generally available; Category III-antimicrobials of medium importance in human 

medicine used to treat non-life-threatening bacterial infections, used as first line drugs, and alternatives 

for resistance usually available (Veterinary Drugs Directorate, Health Canada 2009).  
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APPENDIX II 
Zone of inhibition resistance breakpoints and interpretation for Extended Spectrum Beta-

Lactamase testing of Enterobacteriaceae isolates from Canada geese in Guelph, Ontario 

(2016) 

Antimicrobial Resistant  

 

Ceftazidime1 

 

<22mm 

 

Ceftazidime-clavulanic acid1 

 

<27mm 

 

Cefotaxime2 

 

<27mm 

 

Cefotaxine-clavulanic acid2 

 

<32mm 

1Ceftazidime & ceftazidime-clavulanic acid: there must be a ≥5mm difference between the 

ceftazidime and ceftazidime-clavulanic acid zone of clearing. Ceftazidime ≤ 22mm is resistant 

and ceftazidime-clavulanic acid ≥5mm increase in a zone diameter from ceftazifime is classed as 

positive. Both sets must be resistant to be considered presumptive ESBL positive. 
2Cefotaxime & cefotaxime-clavulanic acid: there must be a ≥5mm difference between the 

cefotaxime and cefotaxime-clavulanic acid zone of clearing. Cefotaxime ≤ 27mm is resistant and 

cefotaxime-clavulanic acid ≥5mm increase in a zone diameter from cefotaxime is classed as 

positive. Both sets must be resistant to be considered presumptive ESBL positive. 

 


