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ABSTRACT 

 

INVESTIGATING THE PREVALENCE AND TRANSMISSION OF CAMPYLOBACTER 

ON FARMS IN THE UNITED STATES AND CANADA 

 

Mikayla Plishka                                                                                                  Advisors: 

University of Guelph, 2020                                                                                Dr. Jan Sargeant  

                                                                                                                              Dr. Amy Greer       

                                           

Campylobacter are common food-borne bacteria that represent a substantial burden of 

illness in humans. Although chickens are a common source of human infection, Campylobacter 

infects many different food animal species. However, there is limited research that quantifies the 

presence of Campylobacter in livestock species at the beginning of the farm-to-fork production 

chain in the United States and Canada. A systematic review and meta-analysis was conducted to 

calculate the overall prevalence of Campylobacter in live dairy cattle, beef cattle, chicken, 

turkey, and swine. Further, a deterministic model was developed to examine the wide variation 

in the observed prevalence that is reported in chickens. Findings show that Campylobacter is 

widely prevalent in livestock and poultry farms, and that prevalence in chickens may be 

impacted by the time at which the flock is exposed to the pathogen. This research provides 

baseline data for future investigations into control interventions that reduce the on-farm 

prevalence of Campylobacter.  
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CHAPTER ONE  
 

Introduction, Literature Review and Thesis Objectives 

 

INTRODUCTION 

 

Foodborne diseases are a major cause of diarrheic illnesses globally, emphasizing the 

need to understand the interactions between humans, animals, and our environment. Although 

many pathogens responsible for foodborne illnesses in the United States also cause illnesses in 

developing countries, the relative importance of pathogens differs around the world (King et al., 

2000). In the United States, roughly 30% of foodborne illnesses are caused by bacteria, 3% by 

parasites, and 67% by viruses (Mead et al., 1999). Campylobacter is one of the largest 

contributors to the burden of foodborne illness in the U.S. and Canada, accounting for an 

estimated 9% of foodborne illnesses in the U.S. and 8% in Canada, making these bacteria the 

third most common cause of foodborne illness in both countries (Scallan et al., 2011; Thomas et 

al., 2013). Although Campylobacter usually causes self-limiting symptoms, it produces a 

significant burden on the economy and can cause severe infection in the immunocompromised 

and elderly (Buzby et al., 1997; Kaakoush et al., 2015). Human infection with Campylobacter is 

most often associated with consuming raw chicken; however, these bacteria can be shed in the 

feces of other animals farmed for meat, highlighting the importance of quantifying species-

specific risks (Wilson et al., 2008).   

Despite the public health importance, the prevalence of Campylobacter on farm and 

transmission within farms is not well documented. As a result, much remains unknown regarding 

the frequency of occurrence and transmission at the start of the farm-to-fork production chain. 

Identifying the occurrence and frequency on farm can inform consumers of their risks and 
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producers of a potential need for effective interventions to reduce the prevalence of 

Campylobacter. Further, modelling the transmission on the farm provides information regarding 

the transmission dynamics, which could be important information for deciding best practices to 

control on-farm shedding of Campylobacter. The objectives of this literature review are: 

1) To summarize the scientific literature pertaining to the importance of foodborne 

diseases, 

2) To summarize published literature pertaining to the significance of Campylobacter in 

humans and in animals, 

3) To describe and explain the analytic approaches used in Chapter Two to quantify the 

on-farm prevalence of Campylobacter in multiple livestock species,  

4) To describe and explain mathematical modelling in the context of infectious diseases, 

as implemented in Chapter Three. 
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LITERATURE REVIEW 

 

An Overview of Foodborne Diseases 

 

Food contaminated with pathogenic bacteria, viruses, toxins and parasites can cause 

foodborne illnesses, colloquially referred to as “food poisoning”. Symptoms vary among the 

different causes of foodborne diseases; however, infected consumers often experience 

gastrointestinal symptoms such as nausea, vomiting, stomach cramps and diarrhea (Igwaran & 

Okoh, 2019). In fact, diarrhoeal diseases are responsible for the vast majority of the global 

burden of foodborne diseases (Havelaar et al., 2015). Despite the largely self-limiting nature of 

most foodborne illnesses, approximately 1 in 10 people become ill from consuming 

contaminated food every year around the globe, with 420,000 cases resulting in death (WHO, 

2015). Children under the age of 5 experience the highest risk of death. Despite making up only 

9% of the global population, they account for 30% of the foodborne illness-related deaths 

(WHO, 2015). However, since many foodborne disease outbreaks are poorly investigated due to 

the lack of resources in a given region, and because many individuals with foodborne illness do 

not seek medical advice, these estimates are an under-estimate of the true global burden of 

foodborne diseases (World Health Organization [WHO], 2008).  

There are an estimated 36 million cases of domestically acquired foodborne illnesses in 

the United States and 4 million cases in Canada every year (Scallan et al., 2011; Thomas et al., 

2013). There are 31 pathogens that are known to cause foodborne illnesses (Scallan et al., 2011). 

However, a known pathogenic agent is identified in less than half of the reported cases of 

foodborne illnesses (Scallan et al., 2011). In the United States and Canada, norovirus, 

Clostridium perfringens, Campylobacter spp., and Salmonella spp. are responsible for the 

majority of domestically acquired foodborne illnesses, with norovirus the most common cause of 
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foodborne illness in both countries (Scallan et al., 2011; Thomas et al., 2013). The mortality risk 

for the most common causes of foodborne illnesses is low, at less than 1% each (Scallan et al., 

2011). However, other foodborne pathogens can cause more severe illness, with higher mortality 

risks. For instance, although rare, Listeria monocytogenes causes death in 16% of cases (Scallan 

et al., 2011).  

Since many different disease-causing microbes can contaminate foods and cause 

foodborne illnesses, pathogens can be contracted through various routes. Many of the enteric 

bacteria, such as those commonly causing disease through the foodborne route, live in the 

intestinal tracts of animals and could potentially be found on skin or coats contaminated with 

faeces (Pintar et al., 2015). In addition, the animal product is at risk of becoming contaminated 

with the bacteria during processing due to cross-contamination or through washing procedures 

using contaminated water (Figueroa et al., 2009). As a result, consuming inadequately cooked 

foods of animal origin may pose a risk. Similarly, fruits and vegetables can become 

contaminated in the field directly, through the use of organic fertilizers, such as animal manures, 

or through the use of untreated wastewater for irrigation (Heaton & Jones, 2008). Thus, produce 

may become cross-contaminated in the field, posing a risk to consumers.  

In addition, individuals can become infected through direct contact with infected 

livestock (Igwaran & Okoh, 2019). Although producers and farm workers are at an increased risk 

due to their consistent contact with livestock, a single contact can be sufficient for exposure to 

pathogenic bacteria. Between 2004 and 2005, 3 outbreaks of E. coli infections occurred among 

visitors who attended an agricultural fair, festival and petting zoo in North Carolina, Florida and 

Arizona, respectively (DebRoy & Roberts, 2006). Similarly, in 2015, 60 people in Washington 

state became ill with E. coli O157:H7 from exposure to a contaminated barn at a dairy farm 
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following school field trips (Curran et al., 2017). Moreover, pets can be infected with enteric 

bacteria that cause foodborne illness, even while appearing healthy. In 2019, 30 people in 13 

states became ill with Campylobacter jejuni which was linked to puppies purchased from pet 

stores (Center for Disease Control [CDC], 2019). These enteric bacteria can also be transmitted 

from person-to-person through contamination with fecal particles. During an E. coli O157:H7 

outbreak at a daycare in Waterloo, Ontario, 9 children and 2 adults became infected (Gilbert et 

al., 2008). Person-to-person outbreaks are more common in daycares and pre-schools, where 

unobserved child toileting and poor handwashing are potential risk factors contributing to 

transmission between children (Gilbert et al., 2008). Foodborne diseases can transmit through 

oral contact with contaminated food, objects, or people. Adequate meal preparation and hand-

hygiene is essential in reducing the risk of transmitting and acquiring foodborne diseases. 

Viruses can also be transmitted to humans through contaminated food, the most 

commonly known one being norovirus (NoV) (Koo et al., 2010). Often referred to as the “winter 

vomiting disease”, NoV is spread through the fecal-oral route including person-person and 

fomite contamination (i.e., inanimate objects which have been contaminated with a pathogen) 

(Koo et al., 2010). However, unlike many bacterial foodborne pathogens, animals are not 

thought to act as reservoirs in the transmission of this virus to humans (Villabruna et al., 2019). 

Instead, food acts as a vehicle of transmission, where it becomes a fomite following 

contamination with human feces (Koo et al., 2010). For example, NoV on the hands of a food 

handler can transfer to and between utensils, surfaces and food (Hardstaff et al., 2018). Overall, 

the main route of transmission is fecal-oral; however, transmission can be facilitated through 

various vehicles, such as fecally contaminated food, water, or surfaces (Gaythorpe et al., 2018).  

Campylobacter: The Organism 
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Campylobacter are corkscrew-shaped gram-negative rods that range in size from 0.5 to 5 

μm long and 0.2 to 0.9 μm wide (Facciolà et al., 2017). It is the causal agent of 

campylobacteriosis, a disease exhibiting gastrointestinal symptoms. Although there are 26 

different species and 9 subspecies of the bacteria, C. jejuni followed by C. coli are the most 

significant contributors to human infection (Kaakoush et al., 2015). Emerging species of 

Campylobacter that also cause gastroenteritis in humans include Campylobacter concisus, C. 

ureolyticus, C. upsaliensis, and C. lari (Kaakoush et al., 2015). However, due to the lack of 

specialized cultivation techniques, these emerging species often go undetected in laboratory 

analyses (Kaakoush et al., 2015).  

Further, the infective dose C. jejuni and C. coli is low. A 1988 challenge study by Black 

et al. where healthy humans were inoculated with C. jejuni found that doses as low as 800 

organisms could cause symptoms. For reference, the infectious doses of Salmonella and E. coli 

are estimated to be 103 and 108 organisms, respectively (Government of Canada, 2011; 

Government of Canada, 2012). Due to the low infective dose of Campylobacter, it is critical that 

those in direct contact with reservoirs of infection, such as livestock, contaminated water, and 

raw dairy milk enforce adequate hygiene and sanitation procedures to prevent infection and 

reduce transmission. 

 

Campylobacter in Humans 

 

Epidemiology in Humans 

 

Globally, infection with Campylobacter is one of the leading causes of diarrhea in both 

developed and developing countries, with C. jejuni and C. coli accounting for the vast majority 

of cases (Kaakoush et al., 2015). Although Campylobacter occurs in all ages, infection is most 
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common in children under 4 and adults between 15 and 44 (Kaakoush et al, 2015). There are 

estimated to be just under a million cases annually of campylobacteriosis in the U.S., and it is 

estimated that 1% of the human population of Europe is affected yearly by the disease 

(Kaakoush et al., 2015). Campylobacter can occur in a population as a sporadic case or as part of 

an outbreak (i.e., multiple individuals with linkage to the same common source). The number of 

cases of campylobacteriosis is increasing in North America, Europe, and Australia; in 2012, 

there was a 14% increase in campylobacteriosis incidence compared to the 2006-2008 time 

period. Conversely, the incidences of Cryptosporidium, Listeria, Salmonella, Shigella, E. coli 

O17, and Yersinia decreased over the same period (Kaakoush et al., 2015). In the United States, 

the annual incidence rate was estimated by the U.S. Foodborne Diseases Active Surveillance 

Network to be 14.3 per 100,000 people and in Canada, the annual incidence rate of 

campylobacteriosis was estimated to be 35.2, 49.69 and 38.0 cases per 100,000 people in 

Quebec, the Waterloo region of Ontario, and British Columbia, respectively (Arsenault et al., 

2012; Keegan et al., 2009; BC Centre for Disease Control, 2011).  A potential explanation for 

this difference in incidence rate between the two countries could be a result of the difference in 

health care systems. Due to the lack of universal health care coverage in the U.S., people 

exhibiting symptoms may become discouraged from seeking medical attention, particularly if the 

illness is self-limiting and not life-threatening.  

Outbreaks in developing countries are highly underreported and thus data are scarce 

(Kaakoush et al., 2015). However, the prevalence of campylobacteriosis in the developing world 

has increased in recent years (Kaakoush et al., 2015). First, it is estimated that between 2007 and 

2010, 1.6% of the urban and 0.37% of the rural population in Beijing, China experienced illness 

due to infection with Campylobacter (Wang et al., 2013). Further, the probability of illness 
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caused by C. jejuni due to chicken consumption in Beijing is approximately six out of one 

million consumers per day in urban areas and one out of one million consumers per day in rural 

areas (Wang et al., 2013). In Africa, data are extremely limited, although a small number of 

studies have studied the epidemiology of Campylobacter. In Blantyre, Malawi, 21% of 

hospitalized children with diarrhea were positive for C. jejuni and C. coli between 1997 and 

2007 (Mason et al., 2013). Similarly, Campylobacter was isolated from 8.9% of diarrhoeic 

samples in Madagascar between 2010 and 2012 and 34.8% of Tanzanian children with 

gastroenteritis were positive for C. jejuni or C. coli (Randremanana et al., 2014; Platts-Mills et 

al., 2014). In the same Tanzanian study, 30.4% of children without gastroenteritis were positive 

for the bacteria. Despite the lack of epidemiological data in developing countries making it 

difficult to accurately assess the burden of Campylobacter, the current data suggest that there is 

an increasing incidence in Asia and that Campylobacter may be endemic in children in some 

African nations (Kaakoush et al., 2015). 

 

Illness 

 

People with Campylobacter infection usually experience gastrointestinal symptoms, 

including diarrhea, nausea, vomiting, stomach cramps and fever (Galanis, 2007). These 

symptoms are usually self-limiting, beginning 2-5 days after ingestion of the bacteria and lasting 

approximately one week (Wieczorek & Osek., 2013; Acheson & Allos., 2001). Typically, 

shedding of the bacteria occurs when infected individuals are showing during clinical signs; 

however, people may occasionally continue to excrete the bacteria in their stools weeks after 

symptoms reside (Acheson & Allos., 2001). Despite the relatively mild nature of the disease, 

complications can occur in immunocompromised patients, the elderly and young children. These 
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complications include inflammatory bowel disease (IBD), esophageal diseases, periodontitis, 

celiac disease, cholecystitis, colon cancer, Guillain-Barre syndrome (GBS) and bacteremia 

(Kaakoush et al., 2015). Although the disease most commonly results in mild symptoms, illness 

contributes to an economic burden. A 1996 study estimated the annual cost of 

campylobacteriosis in the United States (Buzby & Roberts., 1996). Cost-of-illness estimates are 

calculated from the number of cases, the number of cases that develop secondary complications 

with their corresponding medical costs, and lost productivity costs for all individuals affected, 

including parents of ill children. It was estimated that, in 1995, the total annual cost of 

Campylobacter was up to $6.6 billion (Buzby & Roberts., 1996). These estimates likely 

undervalue the true cost of Campylobacter since not all complications linked to Campylobacter, 

such as Guillain-Barre syndrome (GBS), were included (Buzby & Roberts., 1996). Another 

study included the burden of Campylobacter-associated GBS and reported an updated cost-of-

illness to be around $8 billion (Buzby et al., 1997). Thus, Campylobacter infection can result in 

severe complications for high-risk individuals and, although usually mild in the 

immunocompetent, can have a major economic burden due to lost productivity and resulting 

medical costs.  

Treatment for campylobacteriosis is dependent on the severity of the illness. In most 

cases, particularly in healthy individuals, treatment is focused on managing the symptoms and 

preventing dehydration (Eiland & Jenkins., 2008). Due to the usually self-limiting nature of the 

disease, antibiotics are only recommended in patients with a persistent fever, bloody diarrhea for 

7 days, and those having 8 or more bowel movements a day (Eiland & Jenkins., 2008). 

Antibiotics are also warranted in patients known to be at greater risk of complications, such as 

immunocompromised patients (Eiland & Jenkins., 2008).  
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Route of Transmission 

 

Campylobacter can be transmitted to humans through multiple routes, including 

consuming contaminated animal products or produce, contaminated water, direct contact with an 

infected person or fomite, or direct contact with livestock. Chicken, followed by cattle, are 

reported to be the most common sources of Campylobacter infection acquired from food animals 

(Wilson et al., 2008). However, the study did not differentiate between direct contact or 

consumption of food products as the main transmission route (Wilson et al., 2008). A 2012 

systematic review evaluating the source attribution of human campylobacteriosis found that 

consumption of undercooked chicken, environmental exposure (i.e., untreated water) and direct 

contact with farm animals were significant risk factors for human campylobacteriosis 

(Domingues et al., 2012). Among food-associated transmission routes, consuming undercooked 

chicken, eating chicken in a restaurant and consuming unpasteurized dairy products were 

significant sources of human campylobacteriosis (Domingues et al., 2012). Although chickens 

are considered the most common source of human Campylobacter infection, Campylobacter are 

present in many species, and thus poultry are not the only food animal species that poses a risk to 

humans. For instance, a recent study in Denmark showed that cattle were the source of up to 

17% of human cases of campylobacteriosis (Boysen et al., 2014). Thus, based on the previously 

published literature, individuals consuming undercooked meat and individuals in direct contact 

with livestock remain at risk for contracting infection.  

Additionally, contaminated water and unpasteurized milk have been implicated in a 

number of outbreaks of C. jejuni and C. coli in humans. Not only can contaminated water infect 

humans who drink the water, water from farms that utilize a private water supply may not be 
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disinfected and thus may be a source of Campylobacter for livestock (Fischer et al., 2019). In 

addition, recreational water can act as a source of infection (Guy et al., 2018). In Quebec 413 

water samples were collected from 22 beaches, of which 33.9% were positive for C. jejuni and 

49.7% for C. spp (Guy et al., 2018). Lastly, person-to-person transmission, although uncommon, 

is possible. This transmission can occur through either the fecal-oral route or through fomites. In 

these instances, an infected individual with fecal particles on their hands touches another 

individual or an object, where the second person then touches their mouth. The Health Protection 

Agency in the United Kingdom found that person-to-person transmission was the predominant 

mechanism in 3% of the outbreaks of campylobacteriosis between 1992 and 2009 (Little et al., 

2010). Due to the wide variety of ways in which an individual can become infected from 

exposure to Campylobacter, it is important for public health purposes to consider all possible 

routes of transmission.  

 

Campylobacter in Livestock 

 

Epidemiology in Livestock 

 

 In addition to Campylobacter, particularly C. jejuni and C. coli, being a common cause of 

enteritis in humans, these bacteria may be present in the gastrointestinal tracts of many 

domesticated animals, including livestock. The occurrence of Campylobacter in poultry flocks is 

variable, and studies on the epidemiology of the bacteria in other livestock is limited (Newell & 

Fearnley., 2003). Despite these research gaps, it is known that many species asymptomatically 

shed the organism in their feces. Campylobacter spp can infect cattle, sheep, chickens, turkeys 

and pigs and previous research has indicated that prevalence in all of these species is greater than 

20% (Ogden et al., 2009). In addition, retail prevalence has been reported to be 89.1%, 0.1% and 
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3.5% in chicken, pork and beef, respectively (Wong et al., 2007). Finally, over 95% of human 

cases are attributable to livestock as opposed to wild animals (Wilson et al., 2008). Chickens are 

the source of 56.5% of human cases, cattle 35% of human cases, and pigs 0.8% of human cases 

(Wilson et al., 2008).  

In addition to the wide distribution of Campylobacter across species, animals often 

become long-term carriers of Campylobacter, making it difficult to control in animal 

populations. It is generally accepted that colonization in broilers lasts the lifespan of the broiler, 

which can vary widely between 6 and 9 weeks of age (MacDonald 2008); however, experimental 

studies have shown that colonization may reduce after 8 weeks (Newell & Fearnley., 2003). 

Chronic shedding of Campylobacter in cattle is also common, with over 60% of the animals 

shedding the bacteria over a 4-month period in one study (Inglis et al., 2004). Thus, colonization 

with Campylobacter may be chronic in many animals, with shedding occurring for a substantial 

period of time. 

 

Illness 

 

 Although many animals are asymptomatic carriers of Campylobacter (Taema et al., 

2008), C. jejuni and C. coli can occasionally cause enteritis in younger animals such as piglets 

and calves (Newell, 2001). Similarly, in newly hatched chickens and turkeys, diarrhea can occur, 

followed by death in some animals (Shane, 1992). This is in contrast to adult poultry, which have 

a high rate of colonization, though rarely develop any clinical signs. Some species of 

Campylobacter are pathogenic in food animals.  C. fetus subsp. fetus can cause bovine 

campylobacteriosis (vibriosis), which results in infertility and abortions, and C. fetus subsp. fetus 

and C. jejuni causes abortions in sheep (Hoffer, 1981; Sahin et al., 2008). Overall, most species 
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of Campylobacter rarely cause clinical symptoms in animals, making it difficult to identify and 

control.    

 

Route of Transmission 

 

 As with humans, C. jejuni and C. coli are transmitted by the fecal-oral route in animals. 

Cattle, sheep, poultry and pigs excrete the bacteria in their feces, contaminating the environment. 

This environmental contamination places other animals at risk of ingesting the bacteria. 

Environmental shedding can also contaminate the water supply, infecting livestock that ingest 

the bacteria through the water.  In addition, wild rodents and houseflies may be mechanical 

vectors, contributing to environmental contamination through fecal droppings, increasing the 

burden of Campylobacter on the farm (Meerburg & Kijlstra., 2007; Ekdahl et al., 2005).  

Campylobacter species prefer moist environments, allowing the bacteria to survive up to 

6 days in feces and 3-7 days in milk when stored at 4°C (Smith et al., 2016; Ahmed et al., 2013; 

Solomon & Hoover., 2004). Campylobacter can also survive for many weeks in water at 4°C, 

but only a few days when the temperature is greater than 15°C and for 2-10 hours when exposed 

to drying (Borriello et al., 2005; Murphy et al., 2006; Nachamkin & Skirrow., 1998). The 

animals’ natural behaviours in combination with the ability of the bacteria to survive in farm 

environments suggests that Campylobacter may occur frequently on farms.  

 

Detecting Campylobacter on Farm 

 

Measuring Prevalence 

 

 Prevalence is the proportion of individuals in a specified population that have a condition 

of interest. Although the concept is simple, there are 3 different types of prevalence: point 
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prevalence, period prevalence, and lifetime prevalence (McGrath et al., 2008). Point prevalence 

measures the proportion of a population with a disease at a single point in time. Period 

prevalence is the proportion of a population that has the condition over some specified time 

period. Lifetime prevalence is the proportion of the population that experiences a condition or 

disease at some point in their lives. Thus, the time period over which prevalence is measured is 

the main difference between prevalence types. Despite the differences in definition, all three 

types of prevalence utilize the same basic equation: 

𝑃 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑛𝑖𝑚𝑎𝑙𝑠 𝑖𝑛𝑓𝑒𝑐𝑡𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑛𝑖𝑚𝑎𝑙𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛
  

In addition, prevalence can be measured at the individual level, the pooled (composite) level or 

the farm level. First, and using Campylobacter in feces as the exemplar, for determining 

individual-level prevalence of Campylobacter, fecal samples are collected from individual 

animals. These samples can be taken directly from the animal or through the collection of 

individual fecal droppings or fecal pats on the barn floor. Second, pooled-level prevalence is 

measured through the collection of composite fecal samples. One composite sample includes 

feces from multiple animals. This process is done either through the collection of a manure 

sample containing feces from multiple animals, or the collection of feces from several individual 

animals and pooling them together. The pool is then tested for Campylobacter and deemed to be 

either positive or negative. The number of individuals per pool is usually decided prior to sample 

collection and is consistent throughout all samples. Third, farm-level prevalence is the number of 

farms, out of a population of farms, that test positive for a specified disease. In this level, a 

specified number of samples on a farm are tested, using either individual or pooled-level 

sampling. Then, the farm is considered either positive or negative based on the a priori decision 
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of the number of positive samples required in order to call a farm “positive” for the disease. In 

most cases, 1 or 2 positive samples on the farm is the required number.  

 

Laboratory Methods 

 

Conventionally, culture-based methods are used to isolate Campylobacter, followed by 

tests that allow speciation. Commonly, culture for Campylobacter would involve 25g of fecal 

matter added to 100 ml of Bolton broth with antibiotics, which are used to suppress the growth of 

other enteric bacteria (Hunt et al., 2001). The pre-enrichment step follows, where the sample is 

incubated under microaerobic conditions for either 4 hours at 37°C or for 3 hours at 30°C 

followed by 2 hours at 37°C (Hunt et al., 2001).  After pre-enrichment, the sample is incubated 

in microaerobic conditions for 20-44 hours at 42°C, and then streaked onto an isolation agar, 

which typically is either be Abeyta-Hunt-Bark (AHB) agar or modified Campy blood-free agar 

(mCCDA) (Hunt et al., 2001). Lastly, a polymerase chain reaction (PCR), a DNA-based method, 

is often performed following the culture identification of Campylobacter to speciate the bacteria, 

identifying the specific genus (Linton et al., 1996; Winters & Slavik., 1995). Previous research 

has indicated that PCR is a highly sensitive method for the speciation of Campylobacter (Singh 

et al., 2011; Kulkarni et al., 2002; Vanniasinkam et al., 1999).  

 

Importance of on-Farm Detection 

 

 The farm is the start of the farm-to-fork production chain, which refers to the movement 

of edible products through the supply chain, beginning at the level of the farm and ending at the 

consumer. By quantifying the occurrence of Campylobacter at the start of the production stage, 

consumers and producers understand where the risk begins. Reducing infection on the farm will 
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ultimately lead to a reduction further down the production stage. On farm interventions to reduce 

Campylobacter may reduce the risk of cross-contamination during the transportation and during 

the slaughter process, as a lower proportion of infected animals are leaving the farm. Ultimately, 

this could result in a smaller number of contaminated animal products reaching consumers. 

Furthermore, individuals in direct contact with livestock could benefit from understanding the 

burden of the pathogen on the farm. Workers as well as visitors who have contact with infected 

animals remain at risk of exposure to Campylobacter. It is important to inform workers and 

visitors that Campylobacter (and other zoonotic pathogens) are present in live animals on farms 

and contact with livestock remains a risk factor for contracting the bacteria in order to improve 

the adherence to adequate sanitation practices after directly interacting with livestock.  

Therefore, estimating the prevalence of Campylobacter on farms is important in reducing risk 

further down the production stage as well as reducing the risk in individuals who have direct 

contact with livestock. 

 

On-Farm Reduction of Campylobacter 

 

A previous review article discussing the colonization and control strategies of 

Campylobacter in poultry reported a link between strict biosecurity and farm hygiene measures 

in the reduction of Campylobacter (Silva et al., 2011). Installing hygienic barriers between 

internal and external environments, controlling the entry of personnel, strict hygiene rules (i.e., 

handwashing and sanitizing), and changing boots and coveralls before entering houses have been 

shown to be effective in reducing Campylobacter in flocks (Silva et al., 2011). However, the 

presence of boot baths at the entrance of broiler houses and partial de-population (i.e., thinning) 

appear to be risk factors for increased prevalence (Allen et al., 2008). During thinning, a process 
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where part of the population is moved to slaughter, it is difficult to maintain biosecurity and thus, 

an all-in/all-out system is best for the purpose of improved biosecurity (Allen et al., 2008). In 

addition, limiting direct contact between staff and broilers may protect broilers from acquiring 

Campylobacter infection (Battersby et al., 2016). Once a flock is infected, it is very difficult to 

eliminate Campylobacter from the flock, and thus it is important to prevent the introduction of 

the bacteria (Sibanda et al., 2002).  

In swine, Campylobacter can be introduced through vehicles and vectors, such as boots 

and clothes, or by contact with rodents (Fosse et al., 2009). Weijtens et al., 1999 reported that 

housing pigs in separate stalls could result in a lower prevalence compared to group housing. 

Therefore, individual housing could be an effective management practice in reducing the 

presence of Campylobacter on swine farms. However, this method is impractical for raising 

swine under commercial conditions and could have substantial welfare implications due to the 

small confinement space.  

Critical control points to reduce the shedding of Campylobacter in cattle herds are largely 

unknown (Klein et al., 2013). The presence of poultry on a dairy cattle farm may be a risk factor 

for Campylobacter (Klein et al., 2013). Management practices after birth also are associated with 

the odds of a calf becoming infected with Campylobacter, with the odds increasing when dairy 

calves are not immediately separated from their dams compared with farms where calves are 

immediately separated (Klein et al., 2013). Thus, it is advised to transport calves as quickly as 

possible from the calving area to clean, individual housing (Klein et al., 2013). Also, using 

artificial teats without cleaning between calves, compared to individual bucket feeding, as well 

as the feeding of waste milk, are risk factors for Campylobacter infection (Klein et al., 2013).  
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In summary, there are a number of management and biosecurity practices that are 

associated with increased transmission of Campylobacter on farms. Understanding risk factors 

associated with Campylobacter transmission will allow producers and veterinarians to 

collaborate and implement various biosecurity interventions, such as increased disinfecting of 

barns and strict hygiene practices for workers, and management procedures to reduce the 

prevalence of Campylobacter on poultry, swine and cattle farms.  

 

Evidence Synthesis 

 

 Evidence synthesis can be defined as combining information from multiple sources in 

order to develop an overall understanding of a topic (Belsher et al., 2019). Ultimately, the results 

of evidence synthesis can be used to inform policy makers, healthcare institutions, clinicians, 

industry workers, researchers and the public (Belsher et al., 2019). A common type of evidence 

synthesis is a systematic review (Belsher et al., 2019). For intervention studies, systematic 

reviews with a meta-analysis are at the top of the evidence hierarchy since they are generally 

considered to provide the best evidence for interventions under a “real-world” setting, as they are 

based on the findings of multiple studies that were identified in comprehensive literature 

searches (Sargeant et al., 2014). Due to the inclusion of multiple studies to summarize the 

evidence in order to answer a question, precision can be improved, and selection bias can be 

minimized if the selected studies are representative of all available literature.  However, 

systematic reviews do not always provide the best evidence; this largely depends on the 

methodological rigor of the review (Mallett et al., 2012). For example, although randomized 

control trials are below systematic reviews and meta-analyses in the hierarchy, a well-designed 

randomized control trial may be better than a systematic review of poorly designed studies.  The 
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strongest evidence for intervention efficacy is a high-quality systematic review of well-designed 

and well-executed randomized control trials (Sargeant et al., 2014).  

Systematic review with meta-analysis was the methodology chosen to answer the 

research question addressed in Chapter Two. In general, a comprehensive literature search is 

undertaken to identify previous research that addresses the research question. Next, all of the 

identified relevant literature is evaluated and synthesized, while a meta-analysis, defined as the 

statistical combination of results from multiple studies, is performed to estimate an overall 

summary effect or effect size (Sargeant & O’Connor., 2020). Thus, estimates of intervention 

effect sizes or disease frequency measures (effects) from multiple studies are summarized to 

create one single overall estimate to quantify the efficacy of an intervention or the frequency of 

disease. In addition, systematic reviews can allow us to determine whether or not the estimates 

from all included research are similar to each other. This information is important when 

interpreting the results.  

 

Systematic Review  

 

A systematic review is a useful tool in research to investigate the answer to a question by 

combining the results from multiple studies. Often, the same research question has been studied 

more than once, for example, in different locations and under different conditions. This provides 

a body of research that may conflict or may apply to only a portion of the population, depending 

on study conditions. As a result, it can make clinical decision making, policy making, and public 

health education difficult. Systematic reviews combine results across studies, providing a more 

generalizable outcome. Multiple steps are involved in a systematic review, including the protocol 

development, literature search, screening based on the inclusion and exclusion criteria, data 
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extraction, quality assessment of studies, risk of bias assessment, and presentation of the results 

(Khan et al., 2003). During the protocol development, the search terms, inclusion and exclusion 

criteria (e.g., eligibility criteria) and data that will be extracted are determined. This serves as the 

guide for conducting the specific systematic review and any deviations after the publication of 

the protocol must be described in the manuscript. Following the protocol development and 

comprehensive search of the literature based on a set of established search terms, studies are 

chosen for inclusion in the systematic review based on the eligibility criteria described in the 

protocol for the study (Haidich, 2010). The search results from systematic reviews are often 

presented in a four-phase flow diagram, which outlines the identification, screening, eligibility, 

and included phases of the literature search (Haidich, 2010). This diagram is presented in the 

PRISMA statement (Moher et al., 2009). In addition, prevalence studies included in the review 

should be assessed for quality, where assessment is performed using design-based quality 

checklists (Khan et al., 2003). Quality assessments can inform whether or not a meta-analysis is 

suitable and provide recommendations for future research. However, the Risk of Bias In Non-

randomized Studies of Interventions (ROBINS-I) tool is recommended for assessing risk of bias 

in systematic reviews of non-randomized studies of interventions (Stern et al., 2010). Further, 

publication bias may be present in systematic reviews of intervention studies (Khan et al., 2003). 

Positive results in small studies and large studies regardless of the results are more likely to be 

published than small studies with negative or non-significant results (Schmucker et al., 2014). 

This phenomenon is referred to as “small study effects” or “publication bias”. A funnel plot can 

be generated to examine the impact of publication bias on intervention studies included in the 

meta-analysis, where a symmetrical shape indicates that publication bias does not appear to be 

present (Haidich, 2010).  
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Meta-analysis 

 

Meta-analysis is the analytical component of systematic reviews where data from 

published literature are statistically combined to generate an overall numerical representation of 

the research question, usually in the form of an effect or effect size. In addition to calculating a 

combined effect size, meta-analyses examine any heterogeneity and variation that exists between 

studies (Haidich, 2010). 

The risk ratio (relative risk) and odds ratio are the most common measures of effect size 

used for intervention studies where the results are presented as dichotomous data. Meta-analyses 

of intervention studies where the results are presented as continuous data commonly utilize the 

standardized mean difference (SMD) for estimation (Haidich, 2010). In contrast, meta-analyses 

of proportions, which includes studies examining the proportion of a population positive for a 

condition, calculates the combined prevalence. Meta-analysis results are often presented in a 

forest plot, where the risk ratio (RR), odds ratio (OR), standard mean difference (SMD) or 

combined prevalence, as well as the heterogeneity value, results from individual studies, and 

confidence intervals are presented in a method that is clear to the reader.   

 

Estimating a summary effect or effect size 

 

When conducting a meta-analysis, either a fixed-effect or random-effects model is used 

for weighting the contributions of individuals studies to the summary estimate (Haidich, 2010). 

A fixed-effect model assumes that the only source of variation in the observed outcomes is 

occurring within a study, and thus there are no differences in the underlying study populations 

(Haidich, 2010). In a random-effects model, there is an underlying assumption that a distribution 
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of effects or effect sizes exists (Haidich, 2010). Since the assumption that the effect is the same 

in all populations is unlikely in most situations, the random-effects approach is most commonly 

used (Haidich, 2010).  

 

Transformations  

 

 Meta-analyses are appropriate for data that are normally distributed or, in the case of 

binary outcomes, are normally distributed on the log-odds scale. However, for meta-analyses of 

outcomes such as prevalence, the distribution of outcomes is asymmetrical and skewed (Higgins 

& Green, 2011c). Transformation of the original outcomes can reduce this skew, approximating 

a normal distribution (Higgins & Green, 2011c). The meta-analysis is then conducted using the 

transformed data. The double-arcsine transformation is a common transformation applied to 

meta-analysis data that are estimating proportions prior to the calculation of the summary effect. 

The results are often back transformed for ease of interpretation. The double-arcsine 

transformation addresses the issue of variance instability. In a meta-analysis of prevalence, 

extreme estimates cause the variance to move towards zero (Barendregt et al., 2013). For 

instance, studies with a prevalence nearing 0% or 100% could have very minimal, or negligible, 

variance. Thus, the variance weight is over-estimated in the meta-analysis and undue weight is 

put on the studies at the extreme (Barendregt et al., 2013). For this reason, it is necessary to 

transform the data prior to performing the meta-analysis. The double-arcsine transformation 

stabilizes the variance. The meta-analysis is then carried out using the inverse of the transformed 

variance as study-weights, where studies with extreme prevalence estimates no longer have a 

large influence on the summary effect size (Barendregt et al., 2013). 
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Forest Plots 

 

Forest plots are a graphical representation of results from multiple studies addressing a 

similar question and are often used to display the results of a meta-analysis, where each study is 

shown with its effect sizes or prevalence estimate and corresponding confidence intervals 

(Haidich, 2010). Although forest plots are commonly used to represent the results from 

randomized controlled trials to determine the effect size, they may also be used in observational 

meta-analyses and meta-analysis of prevalence. They are a method of presenting results clearly, 

enhancing interpretability, and summarizing most of the essential information in a meta-analysis.  

In a meta-analysis of prevalence, a forest plot consists of three columns and a graphical 

representation of the prevalence estimates in each study. The orientation of the information on 

the plot may vary across studies; however, the included information will be the same. As an 

example layout, from left to right, a forest plot includes the study author and year, number of 

positive cases, total number of samples, the proportion with the outcome (prevalence), and the 

95% confidence interval. A graph is then presented on the right, with each square representing 

the point estimate for the proportion of positive cases, along with a line representing the 

confidence interval. Larger squares correspond to larger sample sizes. A summary prevalence 

estimate with a 95% confidence interval is presented at the bottom of the forest plot. Graphically, 

this value is usually shown as a diamond, with the width corresponding to the size of the 

confidence interval. Metrics quantifying heterogeneity are reported at the bottom of the graph. 

Heterogeneity is represented by the I2 value and Cochran’s Q. T2 is also presented, which is the 

variance of true effect sizes among a population of studies.   
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Heterogeneity 

 

Once the summary measure has been calculated, the model results are examined for 

heterogeneity. If heterogeneity is present, the summary measure must be interpreted with caution 

as this indicates substantial variability exists between study results beyond that expected by 

chance (Haidich, 2010). However, this can provide opportunity to further examine sources of 

heterogeneity, which may lead to more effective prevention and treatment strategies (Haidich, 

2010).  

Heterogeneity refers to the variation in effects or effect sizes between studies and is 

measured with Cochran’s Q and I2. Cochran’s Q examines the null hypothesis that all studies are 

evaluating the same effect (Higgins & Green., 2003). The corresponding p-value represents 

whether or not there is a significant difference between the individual studies’ results, beyond 

what is expected by chance (Israel & Richter., 2011). However, the power of this test is low, 

which can be problematic since the number of studies included in a meta-analysis is often small 

(Higgins & Green., 2003). Due to the low power of the Q-test to detect true heterogeneity, a p-

value that is normally interpreted as non-significant should not be used as an indication of 

homogeneity (Higgins & Green., 2003). In contrast, the I2 value is the more informative measure 

of heterogeneity because it quantifies the amount of heterogeneity beyond chance and since it 

can be calculated and compared across meta-analyses of different sizes, types of data, and 

outcomes (Higgins & Green., 2003). This statistic describes how much total variation is due to 

heterogeneity beyond that expected due to chance. The value of I2 is between 0% and 100%, with 

lower values indicating little variability between studies that cannot be explained by chance 

(Higgins & Green., 2003). Although there is no threshold for I2 when determining what value 

corresponds to low, moderate, and high levels of heterogeneity, values below 40% are generally 
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considered to not indicate substantial heterogeneity (Higgins & Green., 2011a). Further, testing 

for the extent of heterogeneity is more important than testing for the existence of heterogeneity, 

since some amount of heterogeneity is expected in meta-analyses of observational studies as the 

purpose of a meta-analysis is to combine different studies to come to a single conclusion. As a 

result, the I2 value provides more useful information as it quantifies the amount of heterogeneity 

beyond that expected by chance (Higgins & Green., 2003).  

 

Subgroup Meta-Analysis 

 

 A subgroup meta-analysis involves categorizing the studies into subgroups and is usually 

performed when there is moderate (greater than 30%) or substantial (greater than 50%) 

heterogeneity in a meta-analysis in an attempt to investigate reasons for this heterogeneity using 

potential effect modifiers, for example, age of the study population. However, the importance of 

the I2 value depends on the strength of evidence for heterogeneity (e.g., I2 confidence intervals or 

the significance value for the χ2 test) (Higgins & Green, 2011a). The amount of heterogeneity is 

then determined within each of the subgroups. If I2 is lower within subgroups than the overall 

value for the meta-analysis, the within subgroup studies are more homogenous than all of the 

studies in the meta-analysis. Thus, it is suggested that the grouping variable could explain some 

or all of the heterogeneity. Potential modifiers should be specified in the protocol for the meta-

analysis and not selected during the study. Although subgroup meta-analyses may suggest 

potential moderating variables that may impact the results, the findings cannot be presented as 

definitive conclusions since systematic reviews are observational and not experimental.  
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Meta-regression 

 

 Similar to a subgroup meta-analysis, meta-regression can be used to explore 

heterogeneity. Meta-regressions can be considered an extension of a subgroup meta-analysis and 

allow for the effect of one or more moderating variables to be investigated to examine the 

significance of their association with the outcome (Higgins & Green., 2011d). Meta-regression is 

used to investigate how categorical study characteristics impact the combined effect.  In a meta-

regression, the outcome variable (i.e., a summary effect or summary effect size) is predicted 

according to the values of one or more explanatory variables (i.e., a moderator). The amount of 

heterogeneity that is accounted for after including the moderator is then calculated. A meta-

regression can examine the combined prevalence (or other summary outcome) while controlling 

for differences across studies (i.e., adding a moderator into the model) and determining which 

study-level moderators account for heterogeneity (Morton et al., 2004). During a meta-

regression, the relationship between moderators in a set of studies is analyzed, while quantifying 

the effect that a moderator has on the results (Wang, 2018). Meta-regressions can be performed 

on one moderating variable (univariable meta-regression) or multiple variables simultaneously 

(multivariable meta-regression). However, similar to subgroup meta-analysis results, any 

associations found in a meta-regression are considered hypothesis-generating and should not be 

considered proof of causality (Baker et al., 2009).  

 

Mathematical Modelling of Infectious Diseases 

 

Background of Mathematical Modelling 

 

Mathematical modelling of infectious diseases involves the use of equations to describe 

the dynamics of a disease in a population over time, which can be used to inform public health 
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interventions. Combining clearly articulated assumptions about the disease’s natural history and 

population demographics, along with a set of parameter values, the trajectory of a disease with 

and without various interventions (e.g., vaccination and handwashing) can be described 

(Blackwood & Childs., 2018). Mathematical modelling of infectious diseases demonstrates how 

a disease behaves in a system consisting of specific “rules”. Modelling can be particularly 

helpful in preparing for, and responding to, infectious disease epidemics, which is the increase in 

frequency of a disease in a population above the baseline or expected level of disease. Disease 

modelling has been used in pandemic periods including during the 2009 (H1N1) influenza A 

pandemic to understand the impact that school closure, mass vaccination and policy for anti-viral 

drugs might have on the attack rate (i.e., frequency of disease) (Suh et al., 2010). Further, 

mathematical modelling has been used to determine the vaccination rate necessary to prevent a 

measles epidemic in specific populations (Allen et al., 1991). In addition, endemic diseases, such 

as malaria, have also been modelled, where both the human and mosquito population can be 

modelled to examine the impact that infected individuals have on the spread of the disease 

(Wedajo et al., 2018). Lastly, modelling can be used to forecast the timing and intensity of 

seasonal diseases, such as influenza (Osthus et al., 2017). Through modelling, the mechanisms of 

disease spread can be understood, future outbreaks can be predicted, the expected number of 

cases at a given point in time can be estimated, and the effectiveness of various interventions can 

be evaluated.  

 

Types of Models 

 

 Infectious diseases can be modelled using either a static or dynamic model, which can be 

further divided into more specific model types. In a static model, parameters do not depend on 
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the current state of the system and the rate of flow from one compartment to another is constant 

(Pitman et al., 2012). These compartments will be discussed in more detail below, but the rate of 

flow from being susceptible to being infectious stays constant in static models. These types of 

models are useful for measuring the direct effects of an intervention by assuming the population 

is subjected to a constant risk of disease exposure (Ndeffo-Mbah et al., 2018). Time does not 

play a role in static models. In contrast, dynamic models include at least one parameter that 

varies over time and depends on the current state of the system (Pitman et al., 2012). These 

models are nonlinear and less intuitive than static models. Dynamic models are time-dependent, 

where the risk of infection is dependent on the number of infectious agents in the population at 

any given point in time (Pitman et al., 2012). Thus, one parameter being dependant on the 

proportion or number of individuals in a compartment. For example, as more individuals become 

infected, the transmission rate increases. Thus, the force of infection onto a susceptible 

individual depends on the proportion of infectious individuals in the population. Due to the 

complexity of dynamic models and the fact that disease spread depends on the current state of 

the system at a given time, they usually require more assumptions than static models since 

assumptions about contact patterns (e.g., nature of mixing between age groups), duration of 

immunity following infection, changes in infectiousness overtime and competition between 

pathogen strains are included in the model (Pitman et al., 2012). Although no model is 

completely accurate, the choice of model type depends on the research question, the population 

dynamics, and the presumed effect of an intervention on the force of infection.  

Dynamic models can, in some instances, be more useful than static models as they have 

less limitations. Static models only account for the direct health effect of a disease control 

intervention by assuming individuals are subject to a constant rate of exposure, whereas dynamic 
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models account for disease transmission dynamics and capture the direct and indirect effects of 

an intervention (Ndeffo-Mbah et al., 2018). As a result, dynamic models are more suitable for 

studying infectious diseases. For the purpose of this thesis, two types of dynamic models will be 

discussed: deterministic transmission models using ordinary differential equations (ODEs) and 

stochastic compartmental models. First, deterministic transmission models examine the 

transmission of a disease by including an ODE that represents the rate of transmission, as well as 

the direct or indirect effects of treatments or interventions on the behavior of the disease 

(Ndeffo-Mbah et al., 2018). The following compartmental diagram displays the basic structure 

of an SIR model, a common type of deterministic transmission model.  

 

 

Here, the susceptible (S), infected (I), and recovered (R) health states are modelled through a 

series of compartments (Worden & Porco., 2017). At the beginning of the model, a specified 

number (or proportion) of the population are in each of the compartments, which is defined as 

the initial conditions. As the model runs, the individuals move from one compartment to another 

at specified rates. The movement between the compartments can be easily understood by looking 

at the following set of ordinary differential equations (Worden & Porco., 2017). 
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The parameters will be discussed in more detail below, however, β and γ represent the 

transmission rate and recovery rate, respectively. Each of the three equations describes the rate of 

change in the susceptible compartment (S), infected compartment (I), and recovered 

compartment (R). In short, the susceptible individuals become “converted” into infected 

individuals at a rate of β multiplied by the number of susceptible and infected, which is indicated 

by the subtraction sign. These individuals enter the infected compartment, which they eventually 

leave at a rate of γ multiplied by the number infected. Again, individuals leaving the 

compartment are represented by the subtraction sign. The above model is extremely simple, and 

most populations are better described by more complex model structures to represent both 

differences in population dynamics and the natural history of the pathogen of interest. For 

example, individuals often leave a population through death and enter a population through birth. 

This introduces additional complexity into the model structure and can be represented by the 

following compartmental diagram and set of differential equations (Worden & Porco., 2017): 
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In this model that considers births and deaths as a feature of the population, it is assumed that the 

number of births is equal to the number of deaths. It is also assumed that everyone born into the 

population is susceptible. Therefore, each compartment has individuals leaving at a rate of μ 

multiplied by the number of individuals in that compartment. Individuals are born into the 

population at a rate of μ multiplied by the total population size (N). These are the basics of a 

deterministic disease transmission models for a pathogen with SIR characteristics. Other 

common model structures include an SIS (susceptible-infected-susceptible) model, SI 

(susceptible-infected) model, and SEIR (susceptible, exposed, infected, recovered) model. 

However, the choice of model compartment aligns with what is known about the natural history 

of the pathogen. In addition, adding various interventions (i.e., vaccination and handwashing) to 

baseline models of disease transmission is a common approach for understanding the potential 

impact of those interventions on the long-term disease dynamics in the population but can also 

complicate a model further as this requires additional parameters and assumptions to be included. 

The basics of deterministic disease transmission models are quite simple to understand; however, 

a model can get complex extremely quickly when considering a population’s dynamics and 

characteristics. Thus, these types of models provide us with trajectories of how a specific disease 

performs through time in various different populations and systems.  

Stochastic compartment models are similar in design to deterministic transmission 

models; however, instead of using static parameter values, these models incorporate the role of 

chance (Pitman et al., 2012). Deterministic models always give the same results for the same set 

of initial conditions and parameter values, whereas stochastic models can give a different 

trajectory during each model run (Pitman et al., 2012). In fact, one simulation of an infectious 

disease may result in complete colonization whereas another simulation using the same 
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parameter values and model structure can result in extinction of the pathogen. Stochastic models 

are useful in scenarios where stochastic effects are important, such as in small populations or 

when incidence is generally very low. In these cases, chance effects are very important and small 

changes in model parameters can result in more dramatic changes to the model outcomes of 

interest. Models for the eradication of diseases often employ stochastic models since these 

models are more representative of the inherent randomness that occurs in a population (Billings 

et al., 2013) and disease extinction is a stochastic event. For instance, demographic stochasticity 

(i.e., random fluctuations in population size due to births and deaths) and environmental 

stochasticity (e.g., fluctuations in environmental conditions) all have an impact on the population 

dynamics and are taken into account in stochastic models. The type of model one chooses to use 

depends upon the population and pathogen of interest, available resources (e.g., computationally 

fast computer), available data, time frame, and the overall goal of the model.  

 

Parameters 

 

 Compartmental models consist of initial conditions, which describe the initial population 

conditions, and parameter values, which describe the rate at which individuals move from one 

compartment to another (Worden & Porco., 2017). The number of susceptible, infected, and 

recovered individuals at the beginning of the model are the initial conditions, which can be 

expressed as a raw number, proportion of the population, or density. Each of these conditions 

represents a compartment in an SIR model. The flow between the compartments is determined 

by the structure of the host population and the pathogen biology. Parameter values are often 

selected based on the results of previously published research, which are often primary 

experimental studies. In the examples in the previous section, β describes the rate of 
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transmission, or the contact rate multiplied by the probability of transmission given an infected 

contact (Ridenhour et al., 2014). The β parameter moves individuals out of the susceptible 

compartment into the infected compartment. Next, γ is the recovery rate, and is calculated as the 

inverse of the length of infection (Ridenhour et al., 2014). Further, the above examples include a 

birth and death rate, which are assumed to be equal in this example and represented by μ. It is 

assumed that everyone born into the population is susceptible, and thus the birth rate is only 

present in the susceptible compartment to indicate that individuals are added to the population. 

The death rate, in this example, does not include those who die from the disease of interest, so 

stays stable in all compartments (e.g. natural or non-disease induced background mortality rate). 

In models that include an exposure compartment, a parameter is included for those exposed to 

the disease but not yet infectious. This value is the inverse of the latent period, so this value is 

very small when the disease has a long latent period (Ridenhour et al., 2014). After the inclusion 

of all of these factors into a mathematical framework, projections can be made about the number 

of individuals who are expected to be infected with a disease of interest during an epidemic or 

specified length of time.  

Finally, it is important to discuss the role of the basic reproduction number (R0) in 

modelling the trajectory of an infectious disease, which has often been described as one of the 

most fundamental metrics for the study of infectious disease dynamics (Delamater et al., 2019). 

R0 is defined as the number of secondary infections produced by one infectious individual, 

assuming that the entire population is susceptible. For instance, when R0 = 3, then, on average, 

one infected individual will infect three susceptible people in the population. An epidemic can 

only occur when R0 > 1, which leads to exponential growth in an entirely susceptible population 

when no interventions are implemented. In contrast, when R0 < 1, the disease eventually dies out 
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since the pathogen is unable to maintain itself in the population. A disease is endemic when R0 = 

1 since the disease remains at a steady, constant rate over time. However, in reality, many people 

retain immunity overtime through infection or vaccination and thus, an entire population is not 

always susceptible. In these instances, an effective reproduction number, expressed as Rt, is 

calculated, which does not assume complete susceptibility in the population (Delamater et al., 

2019). The effective reproduction number is often useful in vaccination studies to determine the 

effectiveness of vaccination and the number can be specified over time to trace changes in R0 as 

population susceptibility decreases through the spread of disease (Delamater et al., 2019). In 

addition, since there is often heterogeneity among individual behaviours and infectiousness 

within a population, the value of R0 does not represent an individual’s risk of spreading a disease 

and is, instead, an average value of transmission potential in a population and a given 

environment. Further, understanding the value of R0 can provide important information about the 

disease and its epidemic potential. R0 varies greatly between diseases and over time, with a 

reported R0 of 2-4 for Severe Acute Respiratory Syndrome (Lipsitch et al., 2003), 1.7 for H1N1 

during the 2009 pandemic (Petersen et al., 2020), and a frequently cited R0 of 12-18 for Measles 

(Guerra et al., 2017). Finally, R0 is used to calculate the β parameter, where R0 is the value of β 

multiplied by the duration of infectiousness. Thus, the value of R0 influences the trajectory of 

diseases in mechanistic transmission models that use ODEs.  

 

Assumptions 

 

 Mathematical modelling is a tool that relies on assumptions about the biology of the 

pathogen and the dynamics of the population and the environment. The number of assumptions 
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made depends on the complexity of the model, however, a number of basic assumptions are 

often included for a simple SIR model structure which include (Huppert & Katriel., 2013): 

1) The population is well-mixed, assuming that each individual is equally likely to come 

into contact with any other individual and often ignoring the fact that contacts are 

much more heterogenous in natural populations. However, this assumption ignores 

the social groups that exist in populations.   

2) Homogeneity of the population, which assumes all susceptible individuals are the 

same and all infectious individuals are the same. For instance, this assumption does 

not take into account the differences that exist within individuals (i.e., some 

individuals may be more prone to infection than others). 

3) The duration of infection is exponentially distributed, where an individual becomes 

infected immediately following contact with an infectious individual and they recover 

at a rate that is not dependent on the time that has passed (i.e., recovery rate does not 

increase with days since infection),  

4) The population is assumed to be very large, since the model is formulated in terms of 

fractions of the population. However, in small populations, such as a school, 

stochastic effects are more important. 

Since the results of a mathematical model are dependent upon the assumptions used, 

mathematical modelling should not be used as proof of causation or a metric of certainty when 

measuring the progress of a disease outbreak. However, modelling is a very useful method of 

projecting the expected course of a disease based on assumptions about a population and the 

biological properties of the disease.  
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Review of Existing Mathematical Models of Campylobacter 

 

Human cases of campylobacteriosis are most commonly attributed to the consumption of 

poultry (Chapman et al., 2016). The burden of Campylobacter in Canada is high, demonstrating 

the need for the development of farm-to-fork models in the context of North American 

production systems (Chapman et al., 2016). A recent comprehensive literature search was 

conducted to identify Quantitative Microbial Risk Assessment Models (QMRA) and Consumer 

Process Models (CPM) in order to provide insight into persistent knowledge gaps and current 

modelling techniques (Chapman et al., 2016).  QMRA models cover all stages through broiler 

rearing and processing to retail, whereas CPM models focus on contamination at retail and the 

consumer level (Chapman et al., 2016).  Following examination of the currently developed 

models for Campylobacter in poultry, the majority of models did not include live poultry and, 

instead, focused on contamination during processing, at retail, and at the level of the consumer. 

Several models included on-farm prevalence as a portion of the model, however, the model 

objective extended beyond that of the farm. When Chapman et al. was published in 2016, models 

by Hartnett et al. (2001), Katsma et al. (2007) and Van Gerwe et al. (2005) were the only models 

that examined the on-farm prevalence and concentration, including on-farm transmission, of 

Campylobacter. The lack of on-farm transmission models identifies a critical gap in current 

research examining the prevalence and transmission of Campylobacter in live broilers.   

 

THESIS OBJECTIVES  

 

Infection with Campylobacter has important public health implications, as illness caused 

by these bacteria can result in economic loss due to sick days and severe disease in vulnerable 

populations. The beginning of the farm-to-fork continuum is an important starting point for 
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pursuing research into the burden of this disease, as this information can provide knowledge of 

risk for those in direct contact with animals and suggest areas to focus biosecurity practices and 

additional research. Current research into the prevalence of Campylobacter on the farm is 

limited, particularly in non-poultry animals, and the number of published on-farm transmission 

models are minimal. As a result of this gap in literature, the objectives of this thesis were: 

1) To estimate the prevalence of Campylobacter (C. coli, C. jejuni, C. spp) in livestock 

and poultry on farms run under commercial conditions in the United States and 

Canada based on the results of previously published research. 

2) To model the on-farm transmission of Campylobacter in broiler chicken flocks in an 

attempt to explain the high variation in prevalence observed in Chapter Two 

(objective 1).  

The completion of these objectives will provide further insight into the burden of 

Campylobacter on farms in the United States and Canada, which will be useful for informing 

researchers of areas for future research and possible implementation of biosecurity and other 

management interventions.  
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CHAPTER TWO  

The Prevalence of Campylobacter in Live Cattle, Turkey, Chicken, and Swine in the United 

States and Canada: A Systematic Review and Meta-analysis 

 

Accepted for publication as: Plishka M, Sargeant JM, Greer AL, Winder C, Hookey S. (2020). 

The prevalence of Campylobacter in live cattle, turkey, chicken, and swine in the United States 

and Canada: A systematic review and meta-analysis. Foodborne Pathogens and Disease. 

 

ABSTRACT 

 

Campylobacter cause gastroenteritis in humans and may be shed in the feces of livestock 

and poultry species, including cattle, chicken, turkey, and swine. However, a synthesis of the 

prevalence on farms in the U.S. and Canada is currently lacking. Thus, our objective was to 

conduct a systematic review and meta-analysis to estimate the prevalence of Campylobacter coli 

(C. coli), Campylobacter jejuni (C. jejuni) and Campylobacter spp (C. spp) on livestock and 

poultry farms operated under commercial conditions in the U.S. and Canada. The relevant 

literature was identified and examined for eligibility based on a priori inclusion and exclusion 

criteria. Relevant data were extracted, and a meta-analysis was performed. The data were 

transformed using the Freeman-Tukey arcsine transformation to stabilize the variance. A 

separate meta-analysis was performed for each animal species, level of sampling (individual 

versus pooled), and species of Campylobacter, for a total of 29 meta-analyses. C. jejuni and C. 

spp were present in all livestock and poultry species of interest, whereas C. coli was found in all 

species of interest with the exception of chickens. Furthermore, substantial heterogeneity was 

observed in most meta-analyses. In an attempt to account for this, subgroup analyses were 
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performed on potential moderators. However, with the exception of beef cattle, where studies in 

feedlot cattle reported a consistently higher prevalence compared to adult cattle on pasture, 

significant heterogeneity remained in the majority of meta-analyses after accounting for potential 

moderators. The results of this review can be used to inform future risk assessment, consumer 

and producer awareness, and resource allocation, and identify gaps for future research.  
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INTRODUCTION 

 

Foodborne illnesses affect 1 in 10 people globally every year (Kearney et al., 2018), with 

Campylobacter having an annual incidence rate of 11.4 and 28.5 per 100,000 laboratory-

confirmed cases in the United States and Canada (Geissier et al., 2017; Hodges et al., 2019), 

respectively, with many additional cases unreported. Illness in humans is generally mild, lasting 

5 – 7 days and presenting with enteric symptoms (Kim et al., 2018). However, severe illness and 

death may occur in young children, the elderly, or those with a compromised immune system 

(Same & Tamma., 2018). Although rare, complications, such as bacteraemia, hepatitis, 

pancreatitis, and Guillain-Barré syndrome may occur (Louwen et al., 2012).  The high incidence 

results in a substantial economic burden; Campylobacter costs the United States’ economy up to 

$2 billion annually (Hoffmann et al., 2013).  

 

Rationale 

 

The most common species of Campylobacter in humans are Campylobacter jejuni (C. 

jejuni) and Campylobacter coli (C. coli), with poultry being the most frequent source of human 

infection (Nohra et al., 2016; Bae et al, 2005). Following consumption of undercooked chicken, 

environmental exposure and direct contact with farm animals are known risk factors for human 

campylobacteriosis (Domingues et al., 2012). Similarly, farmers and employees in the 

agricultural production industry have a higher risk of campylobacteriosis compared to workers in 

other industries (Su et al., 2017). Although infection with Campylobacter often causes 

gastrointestinal symptoms in humans, animals are usually asymptomatic (Wagenaar et al., 2013). 

Accordingly, quantifying the occurrence of Campylobacter in livestock populations is essential 

to efforts directed at reducing the risk of foodborne illnesses.  
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Currently, a synthesis of the prevalence of Campylobacter species across multiple 

livestock and poultry species on farms in the U.S. and Canada is lacking. Although animals and 

animal products can become positive for the bacteria during any stage of the farm-to-fork 

production chain, it is useful to examine the prevalence of Campylobacter in live animals on 

farm.  By determining the relative frequency of Campylobacter, efforts can be made at 

identifying the types of livestock operations where future research is necessary to address the 

spread on farms and reduce prevalence. Ultimately, decreasing the prevalence at the beginning of 

the farm-to-fork production chain can result in a reduced burden of campylobacteriosis in 

consumers. 

 

Objectives 

 

The objective of this systematic review and meta-analysis was to estimate the prevalence 

of Campylobacter (C. coli, C. jejuni, C. spp) in live cattle, chicken, turkey and swine on farms 

operating under commercial conditions in the United States and Canada. 

 

METHODS 

 

 

Protocol and registration 

 

A protocol for this review was created a priori and archived in the University of 

Guelph’s repository (The Atrium: https://atrium.lib.uoguelph.ca/xmlui/handle/10214/10046) on 

May 13th, 2019 and published online with Systematic Reviews for Animals and Food (SYREAF; 
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http://www.syreaf.org/). Reporting follows the Preferred Reporting Items for Systematic reviews 

and Meta-Analysis (PRISMA) guidelines (Liberati et al, 2009). 

 

Eligibility criteria 

 

Eligibility was limited to studies published in English or French during the search, with 

language confirmed through screening questions. No date limits were imposed, aside from that 

of the databases themselves. Studies evaluating live beef cattle, dairy cattle, chicken, turkey, and 

swine at any production stage on farms operating under commercial conditions (e.g., non-

backyard operations) or upon recent arrival at a slaughter plant in the United States and Canada 

were eligible. Due to the limited amount of research on the prevalence of Campylobacter on 

eggshells or in yolk, layer chickens were excluded (Messelhäusser et al., 2011). Commodity 

type, live status of the animal, and the source of the sample (e.g., fecal, cecal, or cloacal) was 

evaluated through screening questions and was not included in the search terms. The eligible 

outcomes were prevalence of C. coli, C. jejuni, and C. spp. Search terms are presented in 

Appendix 1.  

Study design eligibility was determined during the screening stage. Eligible studies were 

observational studies that reported on the prevalence of Campylobacter. Experimental studies 

were eligible if a baseline prevalence estimate was provided. Ineligible studies included non-

primary research studies, studies with a deliberate disease induction, case-control studies, studies 

that sampled a diseased population, and studies that only reported farm-level prevalence. The last 

exclusion was a protocol deviation, as it was considered more relevant to the research question to 

report individual-level or pooled-level prevalence.  
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Information sources 

 

A literature search was carried out in MEDLINE (PubMed), CAB Abstracts (CAB 

Interface), Science Citation Index (Web of Science) and Agricola (Proquest) on May 13th and 

May 14th, 2019. The FoodNet Canada annual reports and the USDA APHIS website were 

searched as sources of grey literature during the week of June 24th, 2019. Grey literature sources 

were publications that were not subject to academic publishing and were not available on the 

traditional databases listed above.  

Screening, data extraction, and risk of bias assessments were performed in DistillerSR© 

(Evidence Partners Inc., Ottawa, ON). EndNote Online© was used as the reference management 

software. Citations identified by the searches were uploaded into the reference management 

software and duplicates were removed. After the remaining references were uploaded to 

DistillerSR©, additional duplicates were detected automatically and removed.  

 

Study selection 

 

Eligibility assessment was performed independently by two reviewers during title and 

abstract screening and full-text screening, with any disagreements resolved by consensus. During 

title and abstract screening, the following questions were used to assess eligibility:  

1) Does the primary study report the prevalence of Campylobacter (C. coli, C. jejuni, C. 

spp)? YES, NO, UNCLEAR 

2) Does the study include live chicken farmed for meat, swine, cattle or turkey at any stage 

of production? YES, NO, UNCLEAR 

3) Is the study an observational study, excluding case-control studies, or was it an 

experimental study that included a baseline prevalence estimate? YES, NO, UNCLEAR 
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4) Is the article available in English or French? YES, NO, UNCLEAR 

Citations where both reviewers answered NO for at least one question were excluded. Full-text 

articles were then obtained for all citations where both reviewers answered YES or UNCLEAR 

for all questions.  

The second screening stage involved screening of full-text articles for eligibility using the 

following questions: 

1) Is the full text more than 500 words? YES, NO 

2) Is the full text available in English or French? YES, NO 

3) Is the full text based out of the United States or Canada, or are the authors affiliated with 

one or both countries? YES, NO 

4) Is the primary study observational, excluding case-control studies, or was it an 

experimental study that included a baseline prevalence estimate? YES, NO 

5) Does the primary study report the prevalence of Campylobacter using individual or 

pooled samples from healthy animals? YES, NO 

6) Does the study include fecal, cecal or cloacal samples? YES, NO 

7) Does the study report the prevalence of non-resistant Campylobacter? YES, NO 

8) Are the livestock raised under commercial conditions? YES, NO 

Farm-level studies and studies conducted in sick animals were excluded at question five. 

Following the full-text screening stage, data were extracted from articles where for all questions 

were answered in the affirmative.  

 

 

 



 

 59 

Data collection process  

 

Data from the included studies were independently extracted by two reviewers and any 

disagreements were resolved by consensus.  

 

Data items 

 

Study characteristics. Study-level characteristics extracted included authors, year of 

publication, location where the study was conducted (state, province, or country) or countries of 

the affiliated authors if study location was not specified, and time period that the data were 

collected (month, year, or season). 

Farm characteristics. Farm-level characteristics extracted included commodity (beef 

cattle, dairy cattle, chicken, turkey, or swine), source of samples (fecal, cecal, or cloacal), 

laboratory method (DNA-based or culture-based), production stage, level of sampling (individual 

or pooled), number of herds sampled, number of pens or flocks sampled, number of individuals 

or pools sampled, and number of samples per pool.  

Outcomes. Data were collected for species of Campylobacter (C. coli, C. jejuni, C. spp) 

along with the corresponding prevalence estimate by livestock species. The number of samples 

or pools positive and the total sample size were extracted when reported.   

For studies reporting prevalence at multiple sampling times, we used the estimate closest 

to when the animals would be marketed, as this is the most relevant for public health purposes. 

Furthermore, in studies that compared conventional production systems to organic or antibiotic-

free (ABF) production systems, we extracted the overall prevalence estimates when it was 

provided. If no overall estimate was reported, we recorded the estimate from conventional 
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production systems. This was a decision rule enforced to ensure consistency in the extracted 

data.  

 

Risk of bias assessment in individual studies 

 

The quality of each study in the meta-analysis was assessed using the Quality Assessment 

of Diagnostic Accuracy Studies (QUADAS-2) tool as modified for prevalence studies (Broen et 

al, 2012). This tool was further modified for this review question (Appendix 2). The modified 

tool considered three aspects of study quality: the representativeness of the sample, whether 

determining prevalence was the study objective, and whether the statistical power was sufficient. 

A study was considered representative if the entire source population was sampled, the sample 

was randomly selected, or systematic sampling was implemented. Prevalence was determined to 

be the objective or by-product of a study by evaluating the objectives statement of each study. 

Lastly, a sample size of 140 was used to determine whether a study was adequately powered to 

detect a prevalence of 10% (or 90%) with a 5% allowable error, based on author defined estimate 

of expected prevalence and allowable error.  

 

Summary measures 

 

Data analysis was performed in RStudio®. A meta-analysis was performed for each 

commodity (beef cattle, dairy cattle, chicken, turkey and swine), sampling level (pooled or 

individual), and species of Campylobacter (C. coli, C. jejuni, C. spp). C. spp included studies 

that did not speciate Campylobacter and was included as this was the only estimate reported by 

many studies.  
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Synthesis of results 

 

To stabilize the variance, data were transformed using the Freeman-Tukey double arcsine 

transformation (Barendregt et al., 2013). This transformation was chosen to account for potential 

prevalence estimates that are very high or very low, which we anticipated at the time of protocol 

development. The meta-analyses were conducted on the transformed proportions using a random 

effects approach given the a priori assumption of heterogeneity. A summary prevalence estimate 

for each meta-analysis was calculated and reported as a back-transformed percentage. 

Heterogeneity was assessed using I2 and Cochran’s Q test (Higgins & Green, 2011a). I2 assesses 

the proportion of heterogeneity beyond what would be expected due to chance. The meta-

analyses and subgroup meta-analyses were performed using the DerSimonian and Laird method 

(Higgins & Green, 2011b) and were conducted using the R code obtained from Wang, 2018. In 

contrast, a random effects multilevel meta-analysis was performed using the REML method 

when there was more than one prevalence estimate per study. The multilevel meta-analysis 

included a random effect estimate for within study. This analysis was not described in the 

protocol but was included to account for non-independence between samples within the same 

study. The R code used to conduct the multilevel meta-analysis was obtained from Harrer et al., 

2019.  

 

Additional Analyses 

 

Subgroup meta-analyses were performed to explore possible sources of heterogeneity. A 

subgroup meta-analysis was performed if at least two of the categories had multiple studies. 

Potential sources of heterogeneity evaluated included laboratory method, production stage, 

sampling source, and whether determination of Campylobacter prevalence was a study objective.  
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RESULTS 

 

A total of 3,616 citations were retrieved from the four databases, and 34 articles were 

retrieved from grey literature sources (Figure 2.1); after relevance screening, data were extracted 

from 83 eligible articles. Of these, five articles were excluded from the meta-analysis as they did 

not report sufficient prevalence information (n=3), did not specify cattle type (n=1), or did not 

specify whether the samples were pooled or individual-level (n=1). There were 78 articles with 

sufficient information to be included in the meta-analysis. These articles are referenced in 

Appendix 7. 

As some of the 78 studies had multiple prevalence estimates (“datasets”), the same study 

could be included multiple times within a single meta-analysis and across multiple meta-

analyses. These studies often reported prevalence estimates for multiple production stages, 

species of Campylobacter, species of livestock, or level of sampling.  

 

Study Characteristics 

 

Characteristics of the 78 studies included in the meta-analyses are summarized in 

Appendix 3. The majority (n=58) were from the U.S., with 20 studies from Canada. Studies were 

conducted between 1984 and 2019, with eight conducted before 2000. There were 26 studies that 

evaluated beef cattle, 21 that evaluated dairy cattle, 24 that evaluated chickens, 14 that evaluated 

turkeys, 22 that evaluated swine, and 15 that evaluated multiple livestock species. Individual-

level sampling was performed in 60 studies, pooled-level sampling was performed in 21 studies, 

and both levels of sampling were performed in three studies. The majority of studies (40/78) 

used a combination of DNA-based and culture-based laboratory methods to identify 

Campylobacter. Culture-based methods were used as the sole laboratory method in 27 studies, 
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and the laboratory method was not reported in 11 studies. In total, there were 214 datasets from 

78 articles (Appendix 4).  

 

Risk of bias within studies  

 

Results from the risk of bias analysis are presented in Appendix 5. The majority of the 

datasets (152/214) were from studies where the sampling method was not reported and most 

datasets (182/214) were from studies that reported prevalence as the objective of the study. Most 

(91/123) individual-level datasets were sufficiently powered, based on the sample size criteria 

that we set for the purposes of this review. In contrast, in beef cattle, dairy cattle, and swine 

sampled at the pooled level, most (44/66) of the datasets were not sufficiently powered. 

However, the sample size used to evaluate whether the power was sufficient was based on 

individual samples and thus the number of pooled samples required for adequate power would be 

lower.  

 

Results of individual studies 

 

Extracted outcomes are presented in Appendix 6. C. coli was the only species of 

Campylobacter examined in 4 studies, C. jejuni was the only species examined in 10 studies, and 

an estimate for C. spp, without speciation, was provided in 33 studies. Prevalence estimates for 

multiple species of Campylobacter were reported in 31 studies. The number of flocks or pens 

sampled was reported in 21 studies, and the number of farms sampled was reported in nearly all 

(71/78) studies. Few pooled-level studies (4/21) reported the number of samples in each pool.  
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Synthesis of results 

 

Appendix 4 reports the number of datasets in each meta-analysis. A total of 29 meta-

analyses were performed across two sampling levels, three species of Campylobacter, and five 

species of livestock (Table 2.1). Eleven of the meta-analyses included multiple estimates within 

studies and therefore included a random effect to adjust for non-independence within study. 

Studies measuring both species of Campylobacter were identified for each of the eligible 

livestock species, with the exception of C. coli, which was not evaluated in chickens. The 

majority of the meta-analyses showed high heterogeneity between studies, meaning these 

summary prevalence estimates should be interpreted with caution. Although high heterogeneity 

was common across both levels of sampling, pooled-level meta-analyses typically had lower 

heterogeneity compared to the individual-level sampling of the same species of Campylobacter 

and livestock. However, many pooled-level meta-analyses included multiple estimates within a 

single organization, and showed similarity between these estimates (Figure 2.5).  

 

Additional analyses 

 

The results of all subgroup meta-analyses are presented in Table 1.2 – 1.4. Heterogeneity 

remained high within most of the subgroups. Some (n=5) pooled-level meta-analyses in beef and 

dairy cattle had an apparent lower heterogeneity compared to the individual-level analyses. 

Whether or not estimating prevalence was the study objective did not appear to account for any 

of the observed heterogeneity. In contrast, laboratory method and production stage accounted for 

some of the observed differences between studies in some subgroup meta-analyses. Accordingly, 

there was lower heterogeneity when estimates were grouped by laboratory method for C. coli 

and C. spp in beef cattle sampled at the individual and pooled level. Similarly, lower 
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heterogeneity was present when estimates were grouped by laboratory method for C. coli, C. 

jejuni, and C. spp in dairy cattle, and for C. coli and C. jejuni in swine sampled at the pooled 

level. In addition, production stage explained some of the heterogeneity observed in beef and 

dairy cattle (Figure 2.2 – Figure 2.4), where adult cattle on pasture generally had a lower 

prevalence of C. coli, C. jejuni and C. spp compared with feedlot cattle.   

 

DISCUSSION 

 

Summary of evidence 

 

Our results indicate that C. coli, C. jejuni, C. spp were present in beef cattle, dairy cattle, 

turkeys, and swine on farms operated under commercial conditions in the U.S. and Canada, and 

C. jejuni and C. spp were present in chickens.  

Although Campylobacter were found in all species, heterogeneity in the prevalence 

estimates between studies was high in all meta-analyses from studies reporting data at the 

individual-level. Despite our attempt to explain this heterogeneity through subgroup meta-

analyses, most of the potential moderators did not have a substantial moderating effect on the 

combined prevalence estimates, with significant heterogeneity remaining after accounting for 

these variables. However, our findings related to differences among production stages in beef 

cattle for C. coli, C. jejuni, and C. spp suggest that Campylobacter is more common in feedlot 

cattle compared to adult cattle on pasture. Although exploring reasons for the higher apparent 

prevalence in feedlot cattle was beyond our scope, potential explanations may include age of 

cattle and stocking density. Feedlot cattle are younger than adult cattle on pasture and generally 

reside in a denser environment. Previous research has suggested that animal density could be a 

risk factor for C. jejuni in cattle (An et al., 2018). 
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Multiple explanations for the lower heterogeneity observed in the meta-analyses of 

studies reporting pooled data were considered. First, many of the studies in these meta-analyses 

of beef cattle, dairy cattle, chicken, turkey, and swine were published by the Public Health 

Agency of Canada (PHAC), which reported a similar prevalence for all studies. Geographical 

reasons could potentially account for the differences between PHAC prevalence estimates and 

estimates published by other organizations in the pooled-level meta-analyses. PHAC collects 

data from three sentinel sites across Canada, which are all located in the Middlesex-London 

Health Unit of Ontario, Fraser Health Region of British Columbia, and Calgary and Central 

Zones in Alberta (Public Health Agency of Canada [PHAC], 2015b). Prior to 2014, the Region 

of Waterloo was the Ontario sentinel site. Therefore, results could be consistent when 

periodically sampling the same region, and PHAC advises caution when extrapolating results to 

areas beyond the sentinel sites (PHAC, 2017a). Further, although some of the lower apparent 

heterogeneity observed in pooled-level meta-analyses may be due to the inclusion of PHAC data, 

this could also be a function of the sampling method. Studies that sample pools often sample a 

larger number of individuals since multiple individuals are included in each pool. Assuming that 

the level of detection is not affected by the dilution of positives, we would expect there to be less 

variation between pools than between individuals. As a result, the prevalence of positive pools 

may lead to more stable estimates.  

The results from this meta-analysis can be used to inform producers and consumers of 

risks associated with Campylobacter in livestock and poultry species, and basline data for future 

research into control options. For instance, biosecurity can be an effective measure to reduce the 

colonization of Campylobacter on the farm in broilers (Georgiev et al., 2017; Smith et al., 2016). 

Installing hygienic barriers between external and internal environments, restricting the entry of 
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personnel, changing boots and clothing prior to entering the barn, and handwashing have been 

shown to be effective in minimizing the introduction of Campylobacter to a flock (Silva et al., 

2011). Understanding the on-farm prevalence of Campylobacter is important in providing 

support for future research into possible control measures that aim to limit the entry of the 

bacteria to the farm. 

Insight into the on-farm prevalence is useful for protecting producers and farm visitors 

who have direct contact with the livestock or poultry, as well as consumers at the end of the 

farm-to-fork continuum. These results provide baseline data, which can be useful for future 

research into the effectiveness of biosecurity practices or other potential interventions in 

reducing the prevalence of Campylobacter on the farm.  

 

Limitations 

 

A limitation of this systematic review was the language restriction imposed during the 

search, which excluded any articles that were not in English or French. In addition, there were a 

low number of studies per subgroup in the subgroup meta-analyses, leading to low power to 

detect modifiers. Laboratory method and production stage were not clearly reported in many of 

the studies, making it difficult to evaluate the effect that the moderating variables had on the 

combined prevalence estimates. Additionally, we aimed to extract an overall prevalence 

estimate, or the estimate that was closest to market if the overall was not reported, within each 

production stage. However, inconsistencies in the time of sampling may increase heterogeneity 

as prevalence may depend upon the time of sampling within a production stage. It is important 

that future publications specify the age or production stage of the animal. Comprehensive 

research within individual production stages will provide a better description of the risk 
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throughout various production stages. Further, we extracted data on all species of 

Campylobacter, as the prevalence of C. spp often was the only value reported. However, 

grouping all species of Campylobacter does not provide us with information for understanding 

human risk, as many species of Campylobacter (i.e., C. fetus, C. lanienae, and C. mucosalis) 

rarely infect humans (Igwaran & Okoh, 2019; Levesque et al., 2016; Figura et al., 1993).  

Within the studies included in the meta-analysis, a number of studies did not provide the 

information needed to adequately address the quality assessment questions, limiting our 

confidence in the results.  Many of the studies did not clearly report the method used to obtain 

samples (e.g., random sampling), making it difficult to assess the quality of the study, and the 

majority of studies did not report the pool size. Reporting the sampling methods allow the reader 

to determine whether the population is representative, and thus can be generalized beyond the 

scope of one particular study. In order to ensure adequate reporting of research findings, 

researchers in the animal sciences should follow the STROBE-vet reporting guidelines to 

continue to improve the availability of well-reported research (Sargeant et al., 2016; O’Connor et 

al., 2016).  

Several areas were not evaluated in this review and could be pursued in future research. 

We did not examine the impact of country and study date on prevalence in the subgroup 

analyses. Heterogeneity remained high in most of the subgroup analyses after considering the 

laboratory method, production stage, and study objective. In the future, country and study date 

could be evaluated as moderators to examine the differences in prevalence estimates between 

studies. In addition, we included estimates of pooled samples as they are often reported in the 

literature. However, specific recommendations for methods of sampling were beyond the scope 

of this review. Future investigations into the best sampling methods to detect the prevalence of 
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Campylobacter would be a useful addition to the literature. Finally, farm-level prevalence is 

relevant for evaluating flock-level interventions, however, it was beyond the scope of this paper. 

This gap in research presents an area for future reviews.  

 

Conclusions 

 

This meta-analysis provides synthesized estimates for the prevalence of Campylobacter 

in live cattle, chicken, turkey, and swine across the U.S. and Canada. The results showed that the 

prevalence of Campylobacter across different species of livestock or poultry and Campylobacter 

varied, with C. coli the most prevalent in swine and turkey, and C. jejuni more common in cattle 

and chicken. In addition, heterogeneity was high between studies in most meta-analyses. 

Although production stage in beef cattle accounted for some of the observed heterogeneity, the 

majority of heterogeneity remained unexplained. Understanding prevalence and factors 

contributing to the high heterogeneity will help researchers and producers identify where risk of 

contracting Campylobacter remains the greatest. Future studies should report the information 

necessary to allow for a thorough comparison of the subgroups and assessment of the quality of 

the study. 
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TABLES 

Table 2.1: Summary prevalence estimates of Campylobacter in beef cattle, dairy cattle, chicken, 

turkey, and swine sampled at the individual and pooled level. 

Commodity Level of 

Sampling 

Summary 

Prevalence 

Estimate 

95% 

C.I. 

I2 Number of 

Datasets* 

Number of 

Unique 

Studies 

C. spp       

Beef cattle Individual 36.05% 18.11%; 

56.17% 

99.82% 15 13 

 Pooled 74.71% 70.46%; 

78.75% 

48.22% 9 9 

Dairy cattle Individual 35.93% 18.15%; 

55.87% 

98.80% 10 8 

 Pooled 64.69% 45.57%; 

81.74% 

97.25% 10 9 

Chicken Individual 68.43% 49.49%; 

84.65% 

99.38% 8 7 

 Pooled 27.47% 18.88%; 

36.98% 

94.41% 6 6 

Turkey Individual 84.09% 67.71%; 

95.66% 

98.97% 5 5 

 Pooled 59.47% 35.87%; 

80.97% 

99.01% 8 7 

Swine Individual 66.74% 52.84%; 

79.33% 

99.48% 15 12 

 Pooled 78.97% 58.23%; 

93.99% 

98.66% 8 8 

C. coli  

Beef cattle Individual 3.78% 0.64%; 

9.23% 

99.39% 10 9 

 Pooled 16.07% 10.59%; 

22.40% 

76.66% 6 6 

Dairy cattle Individual 2.87% 0.12%; 

8.36% 

92.38% 7 6 

 Pooled 6.52% 4.37%; 

9.04% 

44.34% 7 7 

Chicken Individual NA NA NA 0 0 

 Pooled 0% 0%; 

0.34% 

0% 3 3 

Turkey Individual 35.05% 28.71%; 

41.66% 

90.83% 4 4 

 Pooled 6.38% 4.48%; 

8.57% 

0% 2 2 
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Swine Individual 59.07% 39.43%; 

77.36% 

99.50% 10 8 

 Pooled 70.47% 51.10%; 

86.73% 

97.92% 7 7 

C. jejuni  

Beef cattle Individual 29.16% 13.04%; 

48.57% 

99.77% 13 11 

 Pooled 53.99% 50.17%; 

57.78% 

6.60% 6 6 

Dairy cattle Individual 21.87% 6.18%; 

43.55% 

99.22% 8 7 

 Pooled 48.39% 30.28%; 

66.71% 

96.70% 7 7 

Chicken Individual 40.27% 10.65%; 

74.39% 

98.54% 5 5 

 Pooled 17.29% 8.29%; 

28.65% 

95.50% 7 7 

Turkey Individual 41.62% 17.82%; 

67.62% 

99.55% 6 6 

 Pooled 37.92% 0%; 

95% 

99.43% 2 2 

Swine Individual 10.83% 0%; 

93.20% 

97.83% 4 3 

 Pooled 1.40% 0.37%; 

2.90% 

44.22% 6 6 

 

* A single study could have multiple outcome measurements  

Summary effect estimate of prevalence and I2 value, with the corresponding confidence intervals, 

for all included species of Campylobacter, species of livestock or poultry, and level of sampling. 

The number of datasets does not equal the number of studies in each category as some studies 

may have had multiple prevalence estimates. A study was unique if it was included only once in 

a meta-analysis. However, one study could be included in multiple meta-analyses if the study 

recorded different prevalence estimates for livestock species, species of Campylobacter or level 

of sampling.   
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Table 2.2: Subgroup analysis results for C. coli. 

Meta-analysis I2 Summary 

effect 

measurement 

Number of 

Datasets* 

Beef cattle    

 Individual 99% 3.78% 10 

  Lab method    

   Culture-based  32% 0.73% 3 

   DNA and culture-

based 

99% 5.86% 7 

  Production stage    

   Adult cows 0% 0.35% 3 

   Feedlot cattle 99% 9.93% 5 

  Study objective      

   Prevalence was 

objective 

100% 4.98% 6 

   Prevalence was by-

product 

98% 3.05% 4 

 Pooled 77% 16.07%  

  Lab method   6 

   Culture-based  0% 13.31% 2 

   Unclear 0% 22.08% 3 

Dairy cattle    

 Pooled 44% 6.52% 7 

  Lab method    

   Culture-based  0% 5.95% 2 

   DNA and culture-

based 

63% 3.96% 2 

   Unclear 0% 8.71 3 

Swine    

 Individual 99% 59.07% 10 

  Lab method    

   Culture-based  100% 62.60% 4 

   DNA and culture-

based 

98% 56.08% 6 

  Study objective      

   Prevalence was 

objective 

98% 51.69% 7 

   Prevalence was by-

product 

100% 76.29% 3 

 Pooled 98% 70.47%  

  Lab method   7 

   Culture-based  99% 61.53% 4 

   Unclear 0% 80.42% 2 
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* A single study could have multiple outcome measurements 

The amount of heterogeneity (I2) for each moderating variable in the subgroup analyses C.coli. A 

subgroup analysis was performed if there were at least 2 studies for at least 2 categories of the 

moderating variable. Categories and moderators with less than 2 studies have not been included 

in this table. An analysis is considered to have low heterogeneity if I2 < 40%.   
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Table 2.3: Subgroup analysis results for C. jejuni. 

Meta-analysis I2 Summary 

effect 

measurement 

Number of 

Datasets* 

Beef cattle    

 Individual 100% 29.16% 13 

  Lab method    

   Culture-based  100% 19.56% 6 

   DNA and culture-

based 

100% 38.74% 7 

  Production stage    

   Adult cows 96% 6.37% 4 

   Feedlot cattle 94% 55.12% 4 

   Pre-weaned calves 92% 37.26% 2 

  Study objective      

   Prevalence was 

objective 

100% 21.79% 6 

   Prevalence was by-

product 

100% 39.02% 7 

Dairy cattle    

 Pooled 97% 48.39% 7 

  Lab method    

   Culture-based  30% 61.28% 2 

   DNA and culture-

based 

96% 21.87% 2 

   Unclear 48% 58.17% 3 

Chicken    

 Individual 99% 40.27%% 5 

  Lab method    

   Culture-based  95% 38.70% 3 

   DNA and culture-

based 

100% 40.91% 2 

Swine    

 Pooled 44% 1.40% 4 

  Lab method    

   Culture-based  0% 2.51% 2 

   Unclear 0% 0.26% 2 

 

* A single study could have multiple outcome measurements 

The amount of heterogeneity (I2) for each moderating variable in the subgroup analyses C.jejuni. 

A subgroup analysis was performed if there were at least 2 studies for at least 2 categories of the 
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moderating variable. Categories and moderators with less than 2 studies have not been included 

in this table. An analysis is considered to have low heterogeneity if I2 < 40%.   
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Table 2.4: Subgroup analysis results for C. spp. 

Meta-analysis I2 Summary 

effect 

measurement 

Number of 

Datasets* 

Beef cattle    

 Individual 100% 36.05% 15 

  Lab method    

   Culture-based  100% 26.11% 7 

   DNA and culture-

based 

100% 44.88% 8 

  Production stage    

   Adult cows 94% 5.46% 4 

   Feedlot cattle 100% 62.23% 5 

   Steers 24% 75.29% 2 

  Study objective      

   Prevalence was 

objective 

100% 33.88% 12 

   Prevalence was by-

product 

100% 45.06% 3 

 Pooled 48% 74.71% 9 

  Lab method    

   Culture-based  0% 77.61% 2 

   Unclear 64% 73.65% 6 

  Production stage    

   Feedlot cattle  74% 64.39% 2 

   Unclear 0% 77.35% 7 

Dairy cattle    

 Individual 99% 35.93% 10 

  Lab method    

   Culture-based  89% 29.58% 4 

   DNA and culture-

based 

99% 39.59% 6 

  Production stage    

   Cows   99% 27.86% 6 

   Unclear 0% 38.17% 2 

 Pooled 97% 64.69% 10 

  Lab method    

   Culture-based  0% 77.64% 2 

   DNA and culture-

based 

82% 31.30% 4 

   Unclear  0% 77.48% 4 

  Production stage    

   Cows   62% 20.36% 2 

   Unclear 36% 76.42% 7 

Chicken    

 Individual 99% 68.43% 8 
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  Lab method    

   Culture-based  100% 67.46% 6 

   DNA and culture-

based 

96% 66.82% 2 

  Sampling source    

   Fecal 100% 63.73% 6 

   Cecal 38% 76.71% 2 

  Study objective      

   Prevalence was 

objective 

89% 63.76% 7 

   Prevalence was by-

product 

100% 75.06% 2 

 Pooled 94% 27.39% 6 

  Lab method    

   Culture-based  98% 44% 2 

   Unclear 93% 22.37% 4 

Turkey    

 Pooled 99% 59.47%% 8 

  Production stage    

   Chicks at arrival/on 

farm  

100% 35.83% 3 

   Unclear 87% 59.49% 5 

Swine    

 Individual 99% 66.74% 15 

  Lab method    

   Culture-based  100% 83.25% 4 

   DNA and culture-

based 

96% 65.57% 7 

   Unclear 99% 53.04% 4 

  Production stage    

   Grower-finisher pigs  100% 69.04% 6 

   All stages 99% 53.04% 4 

  Study objective    

   Prevalence was 

objective  

99% 59.67% 6 

   Prevalence was by-

product 

96% 96.44% 4 

 Pooled 99% 78.97% 8 

  Lab method    

   Culture-based  99% 74.86% 4 

   Unclear 65% 80.96% 3 

    

 

* A single study could have multiple outcome measurements 
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The amount of heterogeneity (I2) for each moderating variable in the subgroup analyses C.spp. A 

subgroup analysis was performed if there were at least 2 studies for at least 2 categories of the 

moderating variable. Categories and moderators with less than 2 studies have not been included 

in this table. An analysis is considered to have low heterogeneity if I2 < 40%.   
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FIGURES 

 

Figure 2.1: PRISMA Flow Diagram of studies included in the systematic review and meta-

analysis examining the prevalence of Campylobacter in live cattle, chickens, turkeys, and swine 

on farms run under commercial conditions in the United States and Canada. 
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Figure 2.2: The subgroup meta-analysis results for Campylobacter coli in beef cattle sampled at 

the individual level presented in a forest plot. Production stage is the moderating variable. 
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Figure 2.3: The subgroup meta-analysis results for Campylobacter jejuni in beef cattle sampled 

at the individual level are presented in a forest plot. Production stage is the moderating variable. 
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Figure 2.4: The subgroup meta-analysis results for Campylobacter spp in beef cattle sampled at 

the individual level are presented in a forest plot. Production stage is the moderating variable. 
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Figure 2.5: The summary prevalence estimate of Campylobacter spp in swine sampled at the 

pooled level presented in a forest plot. PHAC is an acronym for the Public Health Agency of 

Canada. 
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CHAPTER THREE  

Modelling the Introduction and Transmission of Campylobacter in a North American 

Chicken Flock 

 

ABSTRACT 

 

Campylobacter is the second leading cause of foodborne illness in the United States, 

resulting in an estimated 2 million cases of campylobacteriosis annually. Although many food 

production animals carry Campylobacter as commensal bacteria, consumption of poultry are the 

main source of human infection. Previous research has suggested that the biology of 

Campylobacter results in complete flock colonization within days. However, a previous 

systematic review found that the on-farm prevalence of Campylobacter varies widely, with some 

flocks reporting a low prevalence. We hypothesize that the low prevalence of Campylobacter in 

some flocks is driven by a delayed exposure of the flock to the pathogen. The objectives of this 

study were to (i) develop a deterministic SLSEI model that represents the biology of 

Campylobacter, (ii) identify the parameter values that best represent the natural history of the 

pathogen in poultry flocks, and (iii) examine the possibility that given the natural history of the 

pathogen, a delayed introduction is sufficient to replicate the observed low prevalence examples 

documented in the literature. A deterministic SLSEI compartmental model was developed to 

examine the dynamics of Campylobacter in chicken flocks over a 56-day time period prior to 

movement to the abattoir. The model was parameterized using values from the peer-reviewed 

literature. The model outcome of interest was the final population prevalence of Campylobacter 

at day 56 (8 weeks). The resulting model that incorporated a high transmission rate (β = 1.04) 

was able to reproduce the wide range of prevalence estimates observed in the literature. Overall, 

we established that the on-farm transmission rate of Campylobacter in chickens is high and can 
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result in complete colonization of a flock. However, delaying the time at which the pathogen 

enters the flock can reduce the prevalence observed at 56 days and differences among flocks in 

the timing of pathogen entry may be responsible for the range of on-farm estimates of 

Campylobacter observed in published studies. These results can inform producers of the 

importance of enforcing strict biosecurity measures to prevent or delay the introduction of the 

bacteria to the farm. 
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BACKGROUND 

 

Campylobacter species are a leading cause of bacterial-derived foodborne illnesses 

worldwide, infecting an estimated 400-500 million people annually, with Campylobacter coli 

and Campylobacter jejuni being responsible for nearly all Campylobacter infections in humans 

(Igwaran & Okoh., 2019; Sheppard & Maiden., 2015). Although infection in humans is generally 

mild and often resembles other bacterial gastrointestinal infections, the elderly and patients with 

weakened immune systems may experience severe illness and require medical intervention 

(Igwaran & Okoh., 2019). However, despite the relatively mild illness, the number of people 

infected and the resulting symptoms can have a large economic burden through medical costs 

and costs associated with lost productivity (Buzby et al., 1997). As a result, human 

Campylobacter infections present a major global public health concern.  

Campylobacter are most commonly transmitted through the fecal-oral route, through 

direct contact with infected animals, and through consumption of contaminated undercooked 

meats or unpasteurized milk (Igwaran & Okoh., 2019). The bacteria colonize the intestinal tracts 

of poultry, livestock, and companion animals, placing those in direct contact with these animals, 

such as pet owners and farm or abattoir workers, at risk of contracting Campylobacter (Igwaran 

& Okoh., 2019). Since cross contamination can occur at any point along the farm-to-fork 

continuum, reducing the prevalence of the pathogen at the pre-harvest (i.e., farm) stage could 

have important carryover effects further down the production chain (Epps et al., 2013). 

Examining the on-farm prevalence of the bacteria can be an important initial step in reducing its 

presence further down the chain, resulting in the eventual reduction of illness in consumers.  

 

Poultry and poultry products are the largest contributor to human Campylobacter infection and 

account for the majority (50% - 70%) of campylobacteriosis cases (Epps et al., 2013). Over 90% 
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of human Campylobacter infections are caused by C. jejuni, which is the most frequently 

observed species in poultry (Sheppard & Maiden., 2015; Epps et al., 2013). Although 

Campylobacter can occur frequently on poultry farms, the bacteria are asymptomatic colonizers 

in chickens, where they are shed in the feces and contaminate the environment (Johnson et al., 

2017). Thus, poultry producers often have no incentive to direct resources towards testing the 

animals as infection does not impact health or reduce productivity. As a result, Campylobacter 

may go undetected on farms (Johnson et al., 2017). This evidence suggests that contaminated 

poultry and contact with live poultry are critical sources of campylobacteriosis.  

Dynamic compartmental models (e.g., SIR models) have been used to model foodborne 

pathogens, including Salmonella and E. coli 0157 (Lurette et al., 2008; Lanzas et al., 2008; 

Turner et al., 2003). A mathematical framework allows for the examination of the transmission 

dynamics of a pathogen within a population and the potential effects of interventions on disease 

spread. The choice of model structure depends on which compartments and transitions most 

reasonably approximate the biology of the pathogen and demographics of the population. For 

commensal bacteria, such as Campylobacter, animals usually do not recover or receive treatment 

and thus the susceptible and infectious states are often considered in the model without the 

recovered state (Lanzas et al., 2008). These compartmental models can inform useful 

interventions, identify gaps in research, and project expected population outcomes. 

 

Rationale 

 

Previous research has indicated that significant variation exists in the prevalence of 

Campylobacter in chicken flocks. A recent systematic review and meta-analysis examining the 

prevalence of Campylobacter (C. jejuni, C. coli and C.spp) in multiple livestock and poultry 

species in the U.S. and Canada found that the on-farm prevalence for C. jejuni and C. spp in live 
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chickens ranged from 5% to 96% at time of slaughter, based on study-level estimates reported 

close to when the flock would be marketed (Plishka et al., accepted). However, it is frequently 

reported in the literature that once the pathogen enters a farm, it colonizes the flock rapidly and 

results in 100% prevalence at time of slaughter. (Evans & Sayers., 2000; Jacobs-Reitsma et al., 

1995; Gregory et al., 1997; Stern et al., 2001). Thus, the baseline biology of Campylobacter 

suggests that a flock can become completely colonized when transmission is unmitigated. 

Currently, only three models (Hartnett et al., 2001; Katsma et al., 2007; Van Gerwe et al., 2005) 

have been published that characterize the on-farm prevalence and concentration of 

Campylobacter in poultry, as reported in Brennan et al., 2016.  Hartnett et al (2001) and Katsma 

et al (2007) both developed models quantifying the risk of Campylobacter-infected chickens at 

the time of slaughter, whereas Van Gerwe et al aimed to determine the best-fit transmission rate 

parameter for the pathogen within chicken flocks. In addition to our previous systematic review, 

the results and gaps identified in Van Gerwe et al and Hartnett et al also influenced the 

development of our model.  

        Our aim for this study was to develop a mathematical model to examine the projected 

prevalence of Campylobacter in chicken flocks under different assumptions. We hypothesize that 

the low prevalence of Campylobacter in some flocks can be explained entirely by a delayed 

introduction of the pathogen. The specific objectives were to: (i) develop a deterministic SLSEI 

model that represents the biology of Campylobacter, (ii) identify the parameter values that best 

represent the typical host-pathogen biology, and (iii) develop a late introduction case study, 

where we vary the time of pathogen introduction.  
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MATERIALS AND METHODS  

 

Since chickens with Campylobacter are thought to be colonized for the duration of their 

lifespan, the basic SIR model was not appropriate for examining the on-farm prevalence in 

chickens. Therefore, an SLSEI was used as it was more representative of the characteristics and 

dynamics of the poultry-bacteria interaction. This mechanistic description included a maternal 

immunity compartment (SL), a susceptible compartment (S), an exposed compartment (E), and 

an infected compartment (I). The decision to use this modelling approach was based on previous 

research indicating that chicks maintain maternal immunity for some duration of time (Sibanda 

et al., 2018; Conlan et al., 2007; Newell & Fearnley., 2003) and do not shed the bacteria 

immediately following natural infection but rather experience a latent period (E) before 

becoming infectious to others (Conlan et al., 2007; Yano et al., 2004).  

 

Model Construction 

 

We developed a deterministic SLSEI model, where the model structure represented the 

transfer of the bacteria through the chicken flock per unit time (days) from initial environmental 

introduction to the clinical detection of the bacteria in infected chickens at slaughter (day 56). 

Ordinary differential equations were used to describe the rate of change in each compartment. 

Since chickens are thought to maintain some maternal immunity, they were not immediately 

susceptible to infection at the beginning of the model simulation. The rate at which chickens 

became susceptible per unit time is the product of the reciprocal of the lag period (α) multiplied 

by the proportion of chickens that are protected by maternal immunity. Following the loss of 

maternal immunity, the product of the transmission coefficient (β) multiplied by the proportion 

of chickens susceptible to shedding the bacteria and the proportion that are infected was the rate 

at which chickens became exposed to Campylobacter. Previous research has indicated that 
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chickens begin to shed the bacteria 1-3 days following exposure (Van Gerwe et al., 2005; Yano 

et al., 2014). As a result, chickens moved to the infected compartment (I), where they were able 

to shed the bacteria into the environment, at a rate that was described as the reciprocal of the 

latent period (Ɛ) multiplied by the proportion of chickens exposed to the bacteria at a given point 

in time. The model was simulated using the deSolve package in R (Soetgert et al., 2010). The 

deterministic compartment model diagram is presented in Figure 3.1 and the model is described 

by the following equations:  

𝑑𝑆𝐿

𝑑𝑡
=  −𝛼𝑆𝐿          

𝑑𝑆

𝑑𝑡
=  𝛼𝑆𝐿 –  𝛽𝑆𝐼 

𝑑𝐸

𝑑𝑡
=  𝛽𝑆𝐼 −  𝜀𝐸    

𝑑𝐼

𝑑𝑡
=  𝜀𝐸 

 

Poultry Flock Demographics and Initial Conditions 

 

The model was parameterized to describe a representative flock within the North 

American commercial poultry setting. The model assumed a flock size of 20,000 birds, which is 

considered a standard flock size in the U.S. and has been used in previous research studies 

(United States Department of Agriculture [USDA], 2013; Van Gerwe et al., 2005). For 

simplicity, we began the model simulations with 19,999 chickens in the SL compartment, where 

they retained maternal immunity, and 1 chicken in the exposed compartment, where it had been 

exposed but was not yet shedding the bacteria. These initial conditions were included in the 

model as proportions of the overall flock size.  
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Parameterization  

 

The model incorporated three parameters (β, α, Ɛ) across four compartments, which were 

derived from the peer-reviewed literature and are outlined in Table 3.1. To begin with, previous 

research indicated that there was a lag period between when the chicks hatch and when they 

become susceptible to infection (Sibanda et al., 2018; Newell & Fearnley., 2003; Conlan et al., 

2007; Sahin et al., 2001, WHO et al., 2009). During this time, chicks were thought to maintain 

maternal immunity against Campylobacter (Sahin et al., 2001). This lag period was reported to 

be between 10 and 21 days. The rate at which chickens lose maternal immunity (α) was included 

as a parameter value in our model as the reciprocal of the lag period (Table 3.1).  

In addition, the latent period was the period between when a chick becomes exposed to 

the bacteria until the chicken begins to shed the bacteria. Estimations of the latent period were 

from studies where chicks and adults were experimentally inoculated; the published estimates 

ranged from 1-3 days (Van Gerwe et al., 2005; Yano et al., 2014). The latent period was used to 

inform our Ɛ parameter, which was the rate at which exposed chicks become infected and is 

included in the model as the reciprocal of the latent period (Table 3.1).  

Lastly, we used two published studies (Van Gerwe et al., 2004; Harnett et al., 2001) that 

empirically quantified the transmission rate of Campylobacter within a chicken flock to inform 

the model transmission rate (β), which affects the prevalence in a population per unit time and is 

defined as the product of the probability of infection given an infected contact and the contact 

rate. The range of transmission parameters reported by Hartnett et al., 2001 were calculated 

based on experimental data from Shanker et al. (1990). Whereas, Van Gerwe et al., 2004 

estimated a transmission rate of 1.04 using data from a published experiment by Jacobs-Reitsma. 

(1996).   
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Model Assumptions 

 

A number of simplifying assumptions have been made for the described SLSEI model. 

Assumptions include: (1) every individual chicken was equally susceptible and equally likely to 

shed the bacteria once colonized, (2) chickens within the flock were homogenously mixed such 

that each individual chicken mixes in a common environment and was equally likely to come 

into contact with any other chicken, (3) once a chicken was infected, the infection persists for the 

remainder of the life span of the chicken (Newell & Fearnley., 2003), which is generally 

accepted given the short lifespan of the average chicken in North America (56 days) (USDA, 

2013), and (4) the population was closed such that thinning was not practiced and the system was 

all-in/all-out. Thus, there were no chickens entering the flock after the first model time step, and 

we assumed that the natural mortality rate is sufficiently low that the impact of natural mortality 

was not an important driver of the population dynamics of this host-pathogen system (Neves et 

al., 2019; Bull et al., 2008).  

 

Model Simulations 

 

A total of 144 simulations were examined using all possible combinations of the three 

parameters (Table 3.1). The models were simulated to capture the dynamics of Campylobacter 

over a 56-day period, a typical North American production time (USDA, 2013). The outcome of 

interest was flock level prevalence of Campylobacter at 56 days. First, our aim was to develop a 

model that reflected the spread of the bacteria in a flock, which will be referred to as the biology 

of the bacteria. Thus, outcome values were compared graphically to the high prevalence (>99%) 

frequently reported in the literature at time of slaughter (Evans & Sayers., 2000; Jacobs-Reitsma 

et al., 1995; Gregory et al., 1997; Stern et al., 2001). Second, the parameter values that were best 
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able to capture the rapid transmission of Campylobacter within the flock were identified. We 

assumed that β, α and Ɛ values that produced high prevalence estimates (> 99%) would be 

considered the range most representative of unmitigated on-farm transmission of Campylobacter 

in chicken flocks. Third, following the identification of the parameter sets, we implemented the 

parameter combinations that best represented the bacteria’s biology in unmitigated transmission 

scenarios to develop a late introduction model to identify the possibility that delaying the 

introduction of the bacteria alone would be sufficient to generate the low prevalence values 

identified in a recent systematic review (Plishka et al., accepted). We hypothesized that lower 

prevalence estimates observed in the systematic review (i.e., 5% prevalence) could be the result 

of delayed introduction of the pathogen to the farm.  

Consequently, we modified the model’s initial conditions to consider the introduction of 

the pathogen into the flock at multiple time points. The model prevalence of Campylobacter at 

56 days was compared graphically to the prevalence estimates reported in the systematic review 

(Plishka et al., accepted). 

 

Sensitivity Analysis 

 

A Latin hypercube sensitivity (LHS) analysis was performed for all parameters in the 

base model without the delayed pathogen introduction, and partial rank correlation coefficients 

(PRCCs) were computed to assess model sensitivity. An LHS analysis is a useful tool to employ 

for uncertainty analysis, where each parameter’s range is divided into equal intervals and a 

sample is randomly drawn from each interval (Wu et al., 2013). The LHS/PRCC technique was 

used as it allows us to examine the entire range of each parameter in the model (Wu et al., 2013). 

The partial rank correlation coefficients were calculated for each of the three model parameters. 
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A parameter with a PRCC that was greater than 0.5 was considered to be highly influential on 

the model outcome (Cepin & Bris., 2017). Highly influential parameter values are important to 

identify as they represent areas for improved research focus and understanding.   

 

RESULTS 

 

Model Simulations 

 

The SLSEI model was used to simulate all possible combinations of the previously 

published ranges of the three parameter values (Table 3.1), resulting in a total of 144 simulations. 

The model results are presented in Figure 3.2 and demonstrate that the on-farm prevalence of 

Campylobacter at 56 days varies widely depending on the transmission rate parameter (β). The 

prevalence estimates for each β parameter ranged according to the values of α and Ɛ. The median 

prevalence at day 56 when β = 0.1, 0.2, 0.3 and 1.04 is 0.15% (range = 0.09 – 0.32), 2.62% 

(range = 0.85 – 11.17), 23.58% (range = 5.72 – 80.42) and 96.65% (range = 91.33 – 99.55).  

Low transmission rates were not able to capture what is assumed to be the unmitigated 

host-pathogen dynamics leading to near complete colonization of the flock. As a result, 

parameter combinations were subsequently restricted to the highest value of β in order to be 

representative of the baseline biology of the pathogen, where Campylobacter is able to colonize 

a flock rapidly and result in complete colonization at time of slaughter, as reported in the peer-

reviewed literature (Evans & Sayers., 2000; Jacobs-Reitsma et al., 1995; Gregory et al., 1997; 

Stern et al., 2001). Transmission rates between 0.1 and 0.3 alone did not produce high 

prevalence estimates and thus were not considered to be likely contributors to the on-farm 

prevalence of Campylobacter. However, a high transmission rate of 1.04 generated prevalence 

estimates of up to 99.55% and was considered to be most representative of the biology of the 
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pathogen and a likely driver of the high observed prevalence of Campylobacter. In addition to a 

high transmission rate, a lag period of 10 and 11 days, and a latent period varying between 1 and 

3 days were sufficient to produce the high (>99%) prevalence estimates often observed in the 

literature (Evans & Sayers., 2000; Jacobs-Reitsma et al., 1995; Gregory et al., 1997; Stern et al., 

2001). We subsequently used these parameter values to examine our third objective. The model-

based prevalence outcomes at time of slaughter for all combinations of parameters are presented 

in Appendix 9.  

A delayed introduction of the pathogen into the flock demonstrated much wider 

variability in the observed flock level prevalence at day 56. For comparison, the range of values 

reported in the systematic review are presented in Table 3.2.  In Figure 3.3, the pathogen was 

introduced at different points in time (day 25 - day 50) and we assumed a lag period of 10-11 

days and an incubation period of 1-3 days, as the combination of these parameter values 

generated the high prevalence of Campylobacter expected based on the pathogen’s baseline 

biology. Accordingly, varying the time of introduction with a high transmission rate was 

sufficient to generate substantial variation in on-farm prevalence of Campylobacter, similar to 

the prevalence estimates documented in the systematic review. This finding supports our 

hypothesis that the low prevalence observed in some flocks may be driven by delayed 

introduction of the pathogen into the flock.  

 

Sensitivity Analysis 

 

Partial rank correlation coefficients (PRCCs) were calculated based on defined 

biologically appropriate parameter ranges for each of the three parameter variables using the 

baseline model structure (Figure 3.5). The PRCC values indicated that the model outcome was 
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highly sensitive to the input values for the transmission rate (β) and the lag period (α) (PRCC 

values: 0.85 and 0.65, respectively), suggesting that both values contributed to uncertainty and 

imprecision in the outcome. The values indicated a positive relationship with larger input values 

associated with higher prevalence. The model outcome was relatively insensitive to the latent 

period across the range examined. The PRCC of the transmission rate was close to 1, indicating a 

near-perfect linear relationship with the outcome. The results from the LHS indicated that as the 

transmission rate increases, the prevalence of Campylobacter also increases, as represented by 

the positive sign of the PRCC.  

 

DISCUSSION 

 

Using a compartmental model structure, we developed an SLSEI model to 

mechanistically represent the biology of Campylobacter within poultry flocks. This model was 

then used to examine the potential mechanisms which may contribute to the high variation of 

Campylobacter prevalence in chicken flocks that was identified in a recent systematic review 

(Plishka et al., accepted). We determined that a transmission rate of 1.04, a lag period of 10 - 11 

days, and a latent period between 1- 3 days resulted in greater than 99% colonization of the flock 

at the time of slaughter in unmitigated transmission scenarios. Our hypothesis was that the low 

prevalence of Campylobacter in some flocks may be the result of delayed introduction of the 

pathogen. Our delayed introduction model suggests that this mechanism could be a possible 

explanation for high amount of variability documented in the systematic review. In general, we 

found that the transmission rate of Campylobacter is likely high (β = 1.04) in chickens, but the 

range of prevalence estimates in the literature does not represent a single mechanistic process; 

rather the lower prevalence estimates are more likely a function of delaying the introduction of 
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the pathogen to the flock and not solely reduced transmission opportunities in some flocks. This 

is an important step towards communicating the impact of preventing the introduction of 

Campylobacter at the start of the farm-to-fork production chain.  

The transmission rate implemented in our model (β = 1.04) appeared representative of the 

transmission of Campylobacter in chicken flocks. The literature reports wide variation in the 

transmission rates based on experimental data. The lower transmission rate values (β = 0.1 – 0.3) 

implemented in the compartmental model were not able to replicate the dynamics that are 

consistent with the observation that in unmitigated transmission scenarios, prevalence at 

slaughter is nearly 100%. The magnitude difference in transmission rates reported in the 

literature may be explained by the experimental conditions of the chickens (Conlan et al., 2007). 

Hartnett et al., 2001 used data to estimate the transmission rate per day from a previously 

published experiment where chickens were individually housed (Shanker et al., 1990). In this 

case, the values described by Hartnett et al (2001) likely significantly underestimate the 

transmission potential that exists in more typical poultry systems. However, apart from this 

experimental condition, transmission appeared to be unmitigated. In contrast, the density of the 

chickens in Jacobs-Reitsma., 1996, as reported in Van Gerwe et al., 2005, was more 

representative of commercial conditions, where 400 chickens were accommodated in a shed with 

a density of 20 chickens per m2. Since the transmission rate is heavily dependent on the contact 

rate, we can expect that chicken density is associated with transmission rate since contact rates 

tend to increase with density (Hu et al., 2013). Thus, it follows that the transmission rate of 1.04 

would best represent the most likely natural history of Campylobacter in poultry flocks, which is 

conditional on the underlying assumptions of the model. 



 

 103 

The Latin hypercube sensitivity analysis indicated that the transmission rate was the most 

sensitive parameter in the model, followed by the lag period as represented by a high PRCC. By 

implementing this tool to perform a sensitivity analysis, we are able to improve our 

understanding of the relative importance of each of the parameter values and interpret the 

relationship between parameters and the model outcome. These results show that our model is 

robust to changes in the latent period, however, the transmission rate and lag period have an 

influential role on the model outcome. The range for the lag period reported in the literature is 

wide and we were able to determine a smaller range of values that appear to better represent the 

biology of the pathogen in chickens.  

Delaying the introduction of Campylobacter has been shown to reduce the colonization 

of the bacteria within a flock, which may be accomplished through the implementation of 

biosecurity interventions that are initially effective but may become ineffective at some point 

during rearing of the flock. Various biosecurity practices, defined as a series of management 

practices that aim to keep the pathogen out of poultry flocks (USDA, 2013), have been reported 

to be effective at preventing the introduction of Campylobacter to a flock. For instance, using 

appropriate disinfection dips for boots (Meunier et al., 2015; Evans & Sayers., 2000) and 

enforcing various hygiene practices, such as handwashing, showering, scrubbing shoes with 

disinfectant and wearing clean clothes, are effective against entry of the pathogen to the chicken 

house and are recommended by the USDA (Gibbens et al., 2001; Ontario Ministry of 

Agriculture, Food and Rural Affairs [OMAFRA], 2016; United States Food and Drug 

Administration [USFDA], 2007; USDA, 2013). Moreover, partial depopulation (e.g., flock 

thinning) presents a biosecurity risk and can result in rapid colonization of a previously 

Campylobacter-free flock (Sahin et al., 2015; Allen et al., 2008). Thinning, where a portion of 
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the population is removed and slaughtered, may disrupt biosecurity measures due to the entry of 

personnel and use of contaminated catching equipment (Sahin et al., 2015). Overall, biosecurity 

practices have been shown to reduce the on-farm prevalence of Campylobacter and could 

contribute to the wide range of prevalence estimates seen in our late introduction case study.  

Despite the potential effectiveness of implementing hygiene protocols prior to entry to 

the barn and eliminating the process of thinning, many producers do not comply with these 

recommended protocols, suggesting that achieving complete exclusion of the pathogen from a 

flock is unreasonable. In a survey of Canadian chicken producers, less than half of producers 

reported that visitors washed their hands prior to entering the barn, approximately half required 

that visitors change their clothes before entering, and some (11%) used flock thinning (Young et 

al., 2010). Producers cited cost, not being necessary, time commitment, and lack of facilities or 

resources as reasons for their non-compliance with best-practices (Young et al., 2010). This 

reasoning indicates that adhering to protocols that enhance biosecurity may be difficult to 

achieve in practice. In our late introduction model, the timing of pathogen introduction is critical 

in determining the prevalence at day 56. Accordingly, 0% prevalence can be achieved if entry of 

the pathogen is delayed until at least day 40. If the pathogen enters the flock after day 40, our 

model indicates that prevalence is expected to be remain low at time of slaughter. Since 

preventing the introduction of Campylobacter indefinitely may be an unreasonable goal based on 

the relatively low compliance of some biosecurity practices, poultry producers and industry 

workers should aim to keep the pathogen out of the flock in the early production period as the 

highest priority. Although our model provides a more reasonable goal for producers, there 

remains the need for increased compliance of producers to enforce strict hygiene barriers and 

improved awareness of the risks that Campylobacter poses to consumers.  
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An advantage of our model is its simplistic nature, which is able to capture the variation 

in prevalence that was observed in a recent systematic review (Plishka et al., accepted). We were 

able to capture the variability between a full unmitigated introduction and a delayed introduction 

of Campylobacter by simply delaying the time at which the pathogen is introduced to the flock. 

In addition, our model indicates that early introduction of the pathogen can result in nearly 100% 

prevalence even with the inclusion of maternal immunity. Campylobacter spreads rapidly once 

introduced to the flock, and the timing of introduction is shown to be an important factor in 

reducing the prevalence at time of slaughter.  

 

 

Limitations 

 

Modelling foodborne diseases can be difficult due to the complex interaction between 

animals, humans and the environment. Developing a model to examine Campylobacter 

transmission within a chicken flock is complicated by chicken dynamics, which include 

heterogenous mixing within a flock and periods of time during which chickens maintain 

maternal immunity. As a result, a number of assumptions were made when creating this model. 

The model assumes that there is homogenous mixing within a flock, where chickens mix 

uniformly and randomly with each other such that contact patterns form a random network 

(Bansal et al., 2007). However, previous studies have indicated that chickens display social 

behaviour, which suggests that a model with heterogenous mixing may be more appropriate 

(Hartnett et al., 2001; Collias et al., 1966; Pamment et al., 1983). In addition, chickens have been 

shown to differ in the concentrations of bacteria shed, with some C. jejuni isolates failing to 

colonize in a small number of chickens and small proportion observed to be chronic shedders, 

indicating that transmission is not uniform (Achen et al., 1998). Further, our model assumed that 
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chickens did not die during the growth period, which is not a realistic assumption. Previous 

research has found that the mortality in broiler chicken flocks is around 7% (Tabler et al., 2002). 

The assumptions implemented in our model may limit the model’s generalizability.  

In addition, our model is rooted in the assumption that the lag period ranges between 10 

and 21 days, as reported in the literature. We determined the lag period that appears best 

representative of the biology of Campylobacter is between 10 and 11 days and our late 

introduction model used these values for the lag period. However, another explanation for the 

variation observed in our systematic review is the possibility that the lag period naturally varies 

widely, producing a larger range of prevalence at time of slaughter. As indicated in our 

sensitivity analysis, the lag period is highly influential and yet has a very wide range of 

biologically feasible values. Moreover, although investigators have reported the absence of 

Campylobacter in flocks younger than two weeks of age, previous experimental research has 

indicated that newly-hatched chicks are able to become colonized with Campylobacter, 

suggesting that there may not be an intrinsic protective mechanism producing the lag period 

(Shanker et al., 1990). Instead, the lag period may be a result of a natural delay in the build-up of 

Campylobacter in the environment (Shanker et al., 1990). However, research into the extent of 

maternal immunity in chicks and possible reasons for this lag period is limited. Consequently, 

specific focus for future research should include empirical research that can further refine these 

estimates about the lag period since these values and assumptions are critically important for 

model outcomes.  

 

Moreover, the model structure was influenced by data from a previous systematic review, 

which presents its own limitations. The systematic review reports variation in prevalence 
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estimates at the study level, whereas our model examines variation at the farm level. Thus, we 

are inferring that equal variation occurs at the farm-level. However, we do not believe this 

presents a major issue in our model since previous research has indicated that there is variation in 

prevalence of Campylobacter between farms, with estimates ranging from 0 to 100% (Stern et 

al., 2001; McCrea et al., 2006; AIFST, 2003). In addition, stress from transport may lower 

resistance to bacteria and result in increased spreading of intestinal bacteria, which could 

contribute to variations in the prevalence (Keener et al., 2004). However, out of the studies 

included in the systematic review, only one collected samples at the slaughter plant and thus the 

wide variation in prevalence estimates at day 56 generated by our late introduction model can be 

compared to the observed prevalence estimates in the systematic review. Despite the limitations 

in our previous systematic review, published literature has reported a wide variation in on-farm 

prevalence estimates for Campylobacter, justifying our choice to develop a model explaining the 

observed variation.    

Furthermore, the model assumes that a chicken infected with Campylobacter sheds the 

bacteria until they go to slaughter, which has been reported in naturally colonized chickens 

(Newell & Fearnley., 2003; Meunier et al., 2015). However, a previous experimental study 

where chickens were orally inoculated with Campylobacter reported that, although 70% of 

chickens were shedding the bacteria within 48 hours of inoculation, less than half of the chickens 

continued to shed the bacteria after 43 days (Achen et al., 1998). Thus, the proportion of 

chickens that are shedding Campylobacter may decrease as they reach market-age, which was 

not considered in our model, but may be an alternate explanation for the large variation in 

prevalence estimates observed in the systematic review.  
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Lastly, our model also assumed that chickens are slaughtered at 56 days (8 weeks) of age. 

Nevertheless, chickens can take between 5 and 12 weeks to reach slaughter weight (Dixon, 

2020). Due to this variation in slaughter ages, some of the prevalence estimates from the 

systematic review could have come from chickens that were older than 56 days of age. 

Differences in slaughter age could account for some of the variation observed in the systematic 

review. This model does not provide prevalence estimates for flocks that are slaughtered beyond 

8 weeks and thus results should be interpreted in this context.    

 

Conclusions  

 

A deterministic SLSEI model for the transmission of Campylobacter within a chicken 

flock was developed to describe the prevalence of the bacteria at 56 days old, the approximate 

age at which chickens go to slaughter. A number of different transmission rates were explored, 

and our model indicates that a high transmission rate is most appropriate to represent the biology 

of Campylobacter in chickens. Further, in our late introduction case study, the pathogen was 

introduced into the model at a later time point in the production cycle. Here, the model delayed 

introduction model was able to capture the wide range of prevalence values observed in a recent 

systematic review thus providing one possible explanation for the observation of low prevalence 

of Campylobacter in some flocks. In the future, sampling over time would be useful to improve 

our understanding of the dynamics and this model could be a foundation for additional research 

into the effects of different prevention and control strategies in a more mechanistic manner.  
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TABLES 

Table 3.1: Parameter values used in the SLSEI model and the range of values examined in the 

model sensitivity analysis. The baseline value is the median of the range of values presented in 

the literature. 

Parameter Description Baseline Value 

(range) 

Reference 

β Transmission rate 0.2 per day  

(0.1 – 0.3 per day, & 

1.04 per day) 

Hartnett et al., 2001; 

Shanker et al., 1990; 

Van Gerwe et al., 2005; 

Jacobs-Reitsma, 1996. 

α Time at which 

maternal immunity 

is lost and birds 

become susceptible 

to infection 

15 days   

(10 days -21 days) 

Sibanda et al., 2018; 

Newell et al., 2003; 

Conlan et al., 2007; 

Sahin et al., 2001; WHO 

et al., 2009 

Ɛ Time until an 

exposed chicken 

begins shedding 

bacteria (latent 

period) 

2 days 

(1 day – 3 days) 

 

Van Gerwe et al., 2005; 

Yano et al., 2014.  
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Table 3.2: Prevalence estimates reported in Plishka et al., accepted. The wide range of 

prevalence observed in the systematic review influenced the development of our model. 

Prevalence Number of 

Farms 

Level of 

Sampling 

Reference 

5% 30 Pooled PHAC, 2009 

6% 30 Pooled PHAC, 2010 

9.2% 30 Pooled PHAC, 2012 

10% 25 Pooled PHAC, 2008 

13.72% 82 Pooled PHAC, 2014 

18% 84 Pooled PHAC, 2016 

20.83% 4 Individual Genigeorgis et al., 1986 

24% ~60 Pooled PHAC, 2013 

28.25% 77 Pooled PHAC, 2015 

32% 77 Pooled PHAC, 2017 

51.36% … Individual Berghaus et al., 2013 

54.4% 4 Pooled Genigeorgis et al., 1986 

73% .. Pooled Bailey et al., 2019 

74.17% 4 Individual Gregory et al., 1997 

80% 2 Individual Hiett et al., 2007 

89.47% 1 Individual Luangtongkum et al., 2008 

95.63% 31 Individual Stern & Robach., 2003 

 

… number of farms not stated, however, 55 commercial broiler flocks were used  

. . Not available 
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FIGURES 

 

 

 

Figure 3.1: The compartmental diagram describing the transmission of Campylobacter in a 

broiler chicken flock. All chicks begin the model in the SL compartment where they maintain 

maternal immunity. This immunity ranges from 10 – 21 days. Chickens then enter the 

susceptible (S) compartment where they become susceptible to infection with the pathogen. The 

birds become exposed to the bacteria and move into the E compartment based on the 

transmission rate (β). Lastly, chicks move into the infected compartment (I). Our model assumes 

that chicks are only able to shed the bacteria once they enter the infected compartment (I). 
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Figure 3.2: A boxplot representing the point-prevalence of Campylobacter at day 56 for the 

various transmission rates (β), where the pathogen was introduced at day 0. A total of 36 

simulations are included for each value of β, where α and Ɛ vary between 10 – 21 days, and 1 – 3 

days. The maximum and minimum values are shown along with the mean prevalence. The 

prevalence often observed in unmitigated transmission is represented by the navy, dashed line. 

Previous research has reported that the spread of Campylobacter occurs rapidly once introduced 

to a farm, resulting in prevalence of greater than 99% (Evans & Sayers., 2000; Jacobs-Reitsma et 

al., 1995; Gregory et al., 1997; Stern et al., 2001). 
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Figure 3.3: A boxplot presenting the point-prevalence of Campylobacter at day 56 while varying 

the day of pathogen introduction assuming the highest transmission rate (β) 1.04, α is 1/10 and 

1/11 and ε varies between 1/1 and 1/3. Thus, a total of 6 simulations contributed to each box plot. 

The maximum and minimum values are shown along with the mean prevalence. The other 

parameter values continue to vary for each day of introduction, while the β parameter stays 

constant, producing the range of prevalence estimates represented. The prevalence often 

observed in unmitigated transmission is represented by the navy, dashed line. The range of 

prevalence estimates from the systematic review (Plishka et al., accepted) is included as a box 

for point of reference.  
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Figure 3.4: A Latin hypercube sensitivity (LHS) analysis was performed and partial rank 

correlation coefficients (PRCCs) were calculated for each of the parameters included in the 

model. Larger PRCCs suggest that the parameter is highly sensitive, contributing to uncertainty 

and imprecision in the outcome of the model. 
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CHAPTER FOUR  
 

Summary of Major Findings, Limitations and Conclusions 

 

 

SUMMARY OF MAJOR FINDINGS 

 

Campylobacter is the leading cause of food poisoning in the United States and Canada, 

causing an estimated 213,000 cases of campylobacteriosis in Canada in 2006, and an annual 

incidence of 2.1 – 2.4 million cases in the United States (Altekruse et al., 1999; Vieira et al., 

2015; Ravel et al., 2016; Geissler et al., 2017). Moreover, the economic consequences of 

infection with Campylobacter spp can be substantial, costing the U.S. economy up to 2 billion 

dollars in lost productivity and health care costs (Hoffmann, 2015). Thus, Campylobacter 

presents a major public health concern in North America and warrants extensive research.  

Campylobacter has a wide range of hosts, including cattle, sheep, poultry, and swine. The 

bacteria are capable of zoonotic transfer through the fecal-oral route where they can infect 

humans through ingestion of contaminated food and water, and following direct contact with 

infected animals (Wilson et al., 2008; Wagenaar et al., 2013). Cattle, chicken, turkey, and swine 

are reservoirs of the bacteria and potential sources of human infection (Wilson et al., 2008; 

Kashoma et al., 2014). For instance, the consumption of unpasteurized milk has been the source 

of a number of campylobacteriosis outbreaks in the U.S. between 2010 and 2012 (Mungai et al., 

2015) and 50-70% of human infections are reportedly caused by consumption of poultry meat 

(Facciola et al., 2017). Since many human cases are a result of consuming inadequately prepared 

meat and unpasteurized milk, it is important to determine the prevalence and transmission of 

Campylobacter on the farm in various livestock and poultry species since the farm is the 

beginning of the farm-to-fork production chain, with the end being the consumer (Andrzejewska 

et al., 2019). As a result of increased understanding of on-farm prevalence and the subsequent 
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control interventions, the potential for direct contact of people working on farms can be reduced. 

In addition, lower prevalence at time of slaughter will reduce the number of Campylobacter-

positive products being marketed. Together, the effects of reduced on-farm prevalence will 

minimize the burden of Campylobacter in consumers and handlers. The aim of this thesis work 

was to quantify the on-farm burden of Campylobacter (C. jejuni, C. coli, C.spp) in cattle, 

chickens, turkeys, and swine, as well as model the transmission of Campylobacter spp in North 

American chicken flocks. The overall goal was to present an extensive representation of the 

frequency of the bacteria at the start of the farm-to-fork production chain. 

To achieve this goal, Chapter Two consisted of a systematic review and meta-analysis on 

the prevalence of C. jejuni, C. coli, and C. spp in live dairy cattle, beef cattle, chickens, turkeys, 

and swine in the United States and Canada. Campylobacter was present in all livestock and 

poultry species studied, with the prevalence of Campylobacter species varying between animal 

species. There was a high degree of heterogeneity in the prevalence reported within animal 

species; therefore, subgroup meta-analyses were performed to identify potential moderators of 

prevalence. The subsequent analyses indicated that production stage accounted for some of the 

heterogeneity observed in beef cattle, with feedlot cattle showing a consistently higher 

prevalence of C. coli, C. jejuni and C. spp compared to adult cows on pasture. However, the 

moderators examined did not provide an explanation for the heterogeneity in the other animal 

species studied.  

A major limitation in this review was the poor reporting quality of the included studies, 

where many studies failed to report the production stage of the animals and method used to 

obtain samples. Moreover, the included studies had inconsistencies in time of sampling during 

the production cycle. As a result, firm conclusions could not be drawn regarding the effects of 
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the moderating variables on the heterogeneity observed. Future primary research studies should 

focus on adequate reporting of farm-level information, such as production stage, and information 

regarding study design, including sampling collection methods. Despite these limitations, this 

chapter adds to the body of evidence that Campylobacter is prevalent in a number of livestock 

and poultry species that are important sources of food for humans.  

Consequently, the findings in Chapter Two indicate that the study-level prevalence of 

Campylobacter varies widely in chicken flocks, influencing the goal in Chapter Three of 

developing a deterministic model, using ordinary differential equations (ODEs), to recreate the 

wide range of results that were observed in the systematic review. In Chapter Three, a 

deterministic SLSEI model was developed to represent the biology of Campylobacter and explain 

the low prevalence observed in some flocks. Previous research has observed that Campylobacter 

spreads rapidly once introduced to a flock, which may lead to complete colonization of the flock 

within days (Sahin et al., 2002; Wagenaar et al., 2006; Cawthraw et al., 1996; Hermans et al., 

2011). Accordingly, an SLSEI model was developed that was representative of the natural 

biology of the bacteria, which was consistent with the expectation that Campylobacter has the 

ability to colonize a flock rapidly following initial introduction and in the absence of control 

interventions. The values for the transmission rate, latent period, and lag period that resulted in 

rapid transmission once introduced to a flock were determined and used to examine the effects of 

delayed entry of the bacteria to a flock. The aim was to recreate the range of prevalence values 

observed in the systematic review. Overall, the wide range of prevalence estimates observed in 

the systematic review was generated by delaying the time at which the bacteria are introduced 

into a flock.  
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The results in Chapter Two showed that the high study-level heterogeneity observed in 

chickens could not be explained by the factors that were evaluated. In Chapter Three, scenarios 

for delayed introduction of the pathogen were modelled in attempt to explain the wide variation 

in prevalence observed. The model indicated that a wide range of on-farm prevalence among 

chicken flocks could be produced if the pathogen was introduced at different times during 

production. Biosecurity practices may be one approach to delay introduction of the bacteria, 

where biosecurity initially prevents introduction, but becomes ineffective at some point during 

the rearing of the flock, leading to the eventual introduction of the bacteria. Therefore, a potential 

reason for the wide range of estimations was explained, suggesting that delayed entry could be a 

factor influencing the on-farm prevalence of Campylobacter. Varying introduction times 

between studies included in the systematic review in Chapter Two could have accounted for 

some of the observed heterogeneity, but introduction time was not examined as a moderator in 

the chapter. However, this potential explanation assumes that the range at the farm-level is 

equivalent to the range observed at the study-level and should be interpreted with this in mind. 

Future research should continue to focus on explanations for the high study-level heterogeneity 

observed in Chapter Two.  

Chapter Three was largely limited by the limitations in Chapter Two, particularly the 

inconsistencies at time of sampling which may have resulted in prevalence estimates collected 

from chickens of varying ages. Hence, the prevalence estimates may not be from chickens 

sampled at 56 days, as sampling times varied between farms. However, the model was also 

limited by the modelling assumption of homogenous mixing, the absence of a mortality rate, and 

the assumption of lifelong infection. Assuming that mixing within flocks was homogenous and 

the mortality rate was sufficiently low that it would not affect the model outcome could limit the 



 

 127 

generalizability of the model. Further, assuming infection lasts for the duration of a chicken’s 

lifespan had a major influence on the structure of the model as this assumption influenced the 

decision to exclude a recovered compartment. Despite these assumptions, the results provide 

more specific values for the transmission rate and lag period for future model development and 

additional evidence for the potential effects of delaying the bacteria’s introduction into the farm. 

Lastly, Chapter Two reported study-level prevalence estimates, whereas Chapter Three examined 

the flock-level prevalence of Campylobacter. For instance, the results in Chapter Two were 

representative of the average across several flocks in a single study. However, since the aim of 

Chapter Three was to explain the low prevalence observed in some flocks, and it could be 

expected that there were individual flocks with a low prevalence within a study in Chapter Two, 

it was not expected that this difference had substantial effects on the interpretation of the results.  

The model created in Chapter Three produced a wide range of prevalence estimates, 

suggesting that there is a possibility of developing future models to examine the variation in 

prevalence in other livestock species. The model would likely need to be adjusted for the biology 

and dynamics of the population of interest; however, it presents one way that future research can 

examine the on-farm transmission in other livestock species and project the prevalence. For 

instance, a previous model examining the transmission of Campylobacter in a dairy herd 

included a modelling structure that was representative of the transmission dynamics of 

Campylobacter in this population (Parshotam, 2011). However, the model was tested against 

observed data and the results indicated that dairy herds were not vulnerable to Campylobacter 

infection and the persistence of infection, which are in contrast to findings in Chapter 2, which 

indicated that Campylobacter (C. coli, C. jejuni, and C. spp) prevalence in dairy cattle ranged 
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from 3% to 62% across studies. Thus, additional models should be developed to explore the 

results observed in Chapter Two.  

Despite the potential usefulness of modelling Campylobacter in other livestock species, 

published models using ordinary differential equations (ODEs) that examine the transmission of 

Campylobacter in livestock species are scarce, likely due to the commensal nature of 

Campylobacter in most livestock species and the relative importance of chicken as a source of 

human campylobacteriosis compared to other species (Fernandez & Hitschfeld., 2009; Wilson et 

al., 2008). As a result, there may be less motivation to conduct research modelling the 

transmission of Campylobacter in cattle, turkey, and swine. This gap in research presents an 

opportunity to develop models examining the range of prevalence in other livestock. Similarly, 

the model could be extended to other animal species in attempt to explain the heterogeneity 

observed in Chapter Two. Developing mathematical models examining the on-farm transmission 

of Campylobacter in other livestock and poultry species may allow research to explore possible 

explanations for the heterogeneity in prevalence observed in other species as well as the effects 

of implementing control interventions.  

The findings of this thesis suggest that Campylobacter is present in multiple livestock 

species and the transmission rate in chickens is high, both of which can have major public health 

implications. Prevalence further down the production chain could be impacted by the prevalence 

of Campylobacter on the farm, the first point of contact in the farm-to-fork continuum. Since 

consumers are the endpoint of this continuum, the results have implications for public health. 

On-farm prevalence results indicated that Campylobacter is present in beef cattle, dairy cattle, 

chicken, turkey and swine. Similarly, previous research has identified that handling raw or 

undercooked chicken and having direct contact with live animals are major risk factors for 
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human campylobacteriosis (Mughini et al., 2012; Mullner et al., 2009; Domingues et al., 2011). 

Understanding the prevalence at the farm level can motivate efforts directed at reducing disease 

at the beginning of the farm-to-fork continuum, when possible, which can have implications for 

those in direct contact with livestock and poultry as well as further down the production chain. 

For example, a reduction in prevalence on the farm can lead to a smaller proportion of infected 

livestock and poultry going to slaughter. The model developed in Chapter Three displayed the 

positive effects of delaying pathogen introduction in chicken flocks, leading to a smaller 

proportion of infected animals going to slaughter. As fewer infected animals are being 

slaughtered, cross-contamination can be reduced, eventually decreasing the amount of 

contaminated meat handled and consumed by consumers. Further, if the pathogen burden is 

minimized, production-level interventions are more likely to be successful. This will affect the 

transmission both through environmental and foodborne pathways, potentially having a greater 

impact than control further down the production chain (Wagenaar et al., 2013).  Similarly, 

previous research has indicated that control on the farm is important in reducing transmission to 

humans (Wagenaar et al., 2013; Sears et al., 2011; Hofshagen & Kruse., 2005). Therefore, 

examining the prevalence and transmission at the point of introduction into the production chain 

can demonstrate the need for control interventions to protect human consumers and handlers 

along all stages of the production chain.   

 

LIMITATIONS AND FUTURE RESEARCH RECOMMENDATIONS 

 

The poor reporting quality of the primary research studies used in Chapter Two was an 

important issue that arose during the development of this thesis. Some studies failed to report 

production stage, making it difficult to assess heterogeneity and come to conclusions regarding 
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explanations for the heterogeneity of Campylobacter prevalence within an animal species. 

Consequently, using the results from these studies in additional research can make it difficult to 

form strong conclusions. In Chapter Three, multiple prevalence values from the systematic 

review were excluded in the model due to the unclear reporting in the primary research study, 

limiting the amount of data used to compare against the model outputs. Further, many studies 

failed to clearly report the method used to obtain samples. As a result, it was not possible to 

adequately assess the quality of the studies using the Quality Assessment of Diagnostic Accuracy 

Studies (QUADAS-2) tool, as modified for prevalence studies (Broen et al, 2012). Thus, the 

accuracy of the model results may have been affected due to the inability to sufficiently assess 

the quality of the studies that were used to compare model outcomes. Since primary studies are 

often used to inform policy making, public health decisions, and influence additional research, it 

is important that future publications limit their reporting gaps by following the Strengthening the 

Reporting of Observational Studies in Epidemiology (STROBE)-Vet reporting guidelines 

(Sargeant et al., 2016; O’Connor et al., 2016). The incomplete reporting, and potential impact on 

subsequent research, should be motivation for better research reporting in the future.  

Moreover, in most cases, the heterogeneity in the systematic review was not explained by 

the moderators. This gap can influence future research to examine additional potential 

moderators that may explain the observed heterogeneity. As a result, it is difficult to conclude 

whether the on-farm prevalence varies with the addition of moderating variables or if there is 

biological variation in the prevalence. Future research can examine additional potential variables 

that may impact the on-farm prevalence of the bacteria. This additional information can 

determine subgroups wherein prevalence can be estimated with confidence.   
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Finally, bacterial concentration is important when considering risks associated with 

various livestock and poultry species. The concentration of Campylobacter measures the number 

of bacteria that are present in a sample. However, a change in the concentration may not have an 

effect on the prevalence. For instance, a reduction in concentration following an intervention 

may be significant, but the prevalence within a flock may not change. This outcome is due to the 

fact that a diagnostic test examines the presence or absence of the bacteria in a sample, which 

may not change if the concentration remains above the detection limit. However, previous 

research has indicated that the best control strategies for eradicating Campylobacter from poultry 

meat to prevent infected products from entering the market is a combination of interventions that 

reduce prevalence and concentration (Nauta et al., 2012) and that a reduction in concentration 

can reduce cases of human Campylobacter enteritis (Hansson et al., 2018). Despite the relevance 

of bacterial count in determining the effectiveness of public health interventions, bacterial 

concentrations were not frequently reported in the studies included in Chapter Two. 

Concentration and prevalence should be considered together to understand risk, as the best 

interventions both reduce flock prevalence and prevent products with high concentrations of 

Campylobacter from entering the market (Nauta et al., 2012).  Future research should aim to 

report prevalence and concentration simultaneously when feasible. 

 

CONCLUSIONS 

 

In conclusion, this thesis contributed to an improved understanding of the prevalence of 

C. coli, C. jejuni and C. spp in beef cattle, dairy cattle, chickens, turkeys, and swine in North 

America, while also explaining the wide variation observed in chicken flocks. This research 

demonstrated that Campylobacter was prevalent in all livestock species studied and was highly 
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transmissible in chicken flocks without any interventions to prevent its introduction into the 

farm. Despite the inability to explain much of the heterogeneity observed in prevalence estimates 

in Chapter Two, the research determined that feedlot beef cattle had a consistently higher 

prevalence of Campylobacter compared to adult cows on pasture. As such, Campylobacter is not 

simply a disease of poultry and consumers should consider risks prior to consuming and handling 

any animal product, as well as prior to interacting with live animals. The results in Chapter Three 

exhibited that transmission through chicken flocks was high; however, prevalence at time of 

slaughter could be reduced by delaying the time at which the flock was exposed to the pathogen. 

Since the results in the subgroup meta-analyses in Chapter Two did not explain the reason for the 

heterogeneity in chickens, the results in Chapter Three indicated that variations in when the 

pathogen enters the farm may provide one explanation for the wide range of prevalence estimates 

observed. Therefore, it is critical to focus on methods to delay a pathogen’s introduction, such as 

increasing biosecurity, in order to reduce prevalence at the time the chicken goes to slaughter. 

These studies demonstrate that Campylobacter is present on commercially operated farms in 

North America and, if introduction of the bacteria is not controlled, can colonize a farm rapidly, 

specifically in chicken flocks. However, this topic warrants further investigation to explain the 

variation observed in Chapter Two and to examine the transmission in other livestock species 

and the effects of control interventions, as done in Chapter Three.  
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APPENDICES 

 

Appendix 1: Search strategy, along with the initial search results, to identify articles with an 

estimate of the prevalence of Campylobacter in selected livestock and poultry species, as 

conducted in the Science Citation Index (Web of Science platform) on May 13th and 14th, 2019.  

# Searches Results 

1 TS= (cow* OR cattle OR calve* OR dairy OR beef OR bovine) 591,791 

2 TS= (chicken* OR poult* OR fowl OR cock* OR chick* OR hen* OR 

broiler* OR fryer* OR “gallus gallus domesticus”) 

2,579,380 

3 TS= (turkey*) 120,003 

4 TS= (swine OR porcine* OR sow* OR pig* OR hog* OR boar* OR 

“Sus scrofa”) 

895,176 

5 TS= (prevalence OR proportion* OR percentage* OR frequency OR 

portion* OR magnitude* OR fraction* OR distribution*) 

7,481,235 

6 TS= (Canad* OR United States OR North America OR U.S. OR U. S. 

OR U.S.A. OR US OR American* OR America OR states OR province* 

OR Ontario OR Quebec OR Nova Scotia OR Alberta OR Saskatchewan 

OR Manitoba OR Prince Edward Island OR P.E.I OR New Brunswick 

OR British Columbia OR B.C OR Washington OR Montana OR North 

Dakota OR Minnesota OR Wisconsin OR Michigan OR Ohio OR 

Pennsylvania OR New York OR Vermont OR Maine OR New 

Hampshire OR Massachusetts OR Rhode Island OR Connecticut OR 

New Jersey OR Delaware OR Maryland OR Washington D.C. OR West 

Virginia OR Virginia OR Indiana OR Illinois OR Iowa OR South 

Dakota OR Nebraska OR Wyoming OR Idaho OR Oregon OR Nevada 

OR California OR Arizona OR Utah OR Colorado OR Kansas OR 

Oklahoma OR Arkansas OR Missouri OR Tennessee OR Georgia OR 

Florida OR Alabama OR Alaska OR North Carolina OR Kentucky OR 

New Mexico OR Texas OR Louisiana OR Mississippi OR South 

Carolina) 

7,506,646 

7 TS= (Campylobacter OR Campylobacteriosis OR Campylobacter 

jejuni OR “Campylobacter coli” OR C. coli OR C. jejuni) 

25,304 

8 #1 AND #5 AND #6 AND #7 269 

9 #2 AND #5 AND #6 AND #7 482 

10 #3 AND #5 AND #6 AND #7 76 

11 #4 AND #5 AND #6 AND #7 149 
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Appendix 2: Risk of bias assessment criteria. The QUADAS tool was modified for prevalence 

studies in this review. A cut-off sample size of 140 was used to determine if a study was 

adequately powered. 

Criteria # Question 

1 The final sample should be representative of the target population. At least one of 

the following should apply for the study: 

1. An entire target population 

2. Randomly selected sample 

3. Systematic sampling or sampling throughout the environment, or 

describes a strategic approach to sampling 

2 Was the objective of the study to measure the prevalence of Campylobacter or 

was that a by-product of another study design? 

3 Was the study adequately powered to detect a prevalence of 10% (or 90%) with a 

5% allowable error? 
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Appendix 3: Study characteristics for all studies (n = 78) included in the meta-analysis. The study characteristics were used to 

categorize the data into separate subgroup meta-analyses. Multiple prevalence estimates may be present in a single study. 

Author and 

year 

Country Year(s), 

month(s) 

or 

season(s) 

the  

study was 

conducted 

Commodity 

of interest  

Stage 

of production 

Source 

of 

samples 

Laboratory 

method 

Outcome 

level 

Outcome 

Abley et al 

2012a 

U.S. October, 

2006 – 

March, 

2007 

Swine Live hogs at 

slaughter 

Fecal DNA-

based, 

culture-

based  

Individual C.spp 

Abley et al 

2012b 

U.S. April, 

2006 – 

May, 2006 

Beef cattle Steers Fecal DNA-

based, 

culture-

based 

Individual C.spp 

Acuff et al 

1986 

U.S. July, 1984 

– 

December, 

1984 

Turkey Chicks at 

slaughter-

plant 

Fecal Culture-

based 

Individual C.jejuni 

Agunos et al 

2018 

Canada 2013 – 

2015 

Chicken Chicks on 

arrival / 

during 

growth 

Fecal DNA-

based, 

culture-

based 

Pooled C.spp 

Bae et al 2005 U.S. February, 

2002 – 

April, 

2003 

Beef cattle, 

dairy cattle 

Pre-weaned 

beef calves, 

pre-weaned 

dairy calves, 

feedlot cattle, 

cows (first 

Fecal DNA-

based, 

culture-

based 

Individual C.coli, 

C.jejuni 
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lactation or 

later) 

Bailey et al 

2019 

U.S. NR Chicken Live chicks 

at slaughter 

Fecal DNA-

based, 

culture-

based 

Pooled C.spp 

Beach et al 

2002 

U.S. NR Beef cattle Adult cows 

(beef), 

feedlot cattle 

Fecal Culture-

based 

Individual C.spp 

Berghaus et al 

2013 

U.S. May, 2008 

– July, 

2009 

Chicken Chicks prior 

to shipment 

to slaughter 

Fecal DNA-

based, 

culture-

based 

Individual C.spp 

Cha et al 2017 U.S. 2012 Beef cattle, 

dairy cattle 

Unclear, 

cows (first 

lactation or 

later) 

Fecal DNA-

based, 

culture-

based 

Individual C.coli, 

C.jejuni 

Cox et al 2000 U.S.  NR Turkey Chicks at 

arrival / on 

farm 

Cecal Culture-

based 

Individual C.spp 

Cox et al 2002 U.S.  NR Chicken Chicks at 

arrival / on 

farm, breeder 

herd 

Fecal Culture-

based 

Individual C.spp 

Dale et al 

2015 

U.S. NR Chicken Chicks at 

arrival / 

during 

growth 

Cecal DNA-

based, 

culture-

based 

Individual C.spp 

Dodson et al 

2005 

U.S. April, 

2002 – 

September, 

2002 

Dairy 

cattle 

Adult dairy 

cows at 

slaughter 

Fecal DNA-

based, 

culture-

based 

Individual C.jejuni 
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Englen et al 

2007 

U.S. March, 

2002 – 

September, 

2002 

Dairy 

cattle 

Cows (first 

lactation or 

later) 

Fecal DNA-

based, 

culture-

based 

Individual C.spp 

Farzan et al 

2010 

Canada March, 

2005 – 

November, 

2007 

Swine Nursery 

piglets, 

grower-

finisher pigs, 

sows 

Fecal Culture-

based 

Pooled C.coli, 

C.spp 

Frye et al 2011 U.S. 2003 – 

2006 

Swine Grower-

finisher pigs 

Fecal DNA-

based, 

culture-

based 

Individual C.coli 

Gebreyes et al 

2005 

U.S. 2002 – 

2004 

Swine Grower-

finisher pigs 

Fecal DNA-

based, 

culture-

based 

Individual C.coli 

Genigeorgis et 

al 1986 

U.S. January, 

1984 – 

August, 

1984 

Chicken Chicks at 

time of 

slaughter 

prior to 

shipment 

Fecal Culture-

based 

Individual, 

pooled 

C.jejuni 

Gregory et al 

1997 

U.S. October, 

1993 – 

August, 

1994 

Chicken Chicks at 

time of 

slaughter 

prior to 

shipment 

Cecal Culture-

based 

Individual C.spp 

Guevremont et 

al 2014 

Canada June, 2011 

– August, 

2011 

Dairy 

cattle 

Post-weaned 

dairy calves, 

cows (first 

lactation or 

later) 

Fecal DNA-

based, 

culture-

based 

Individual, 

pooled 

C.coli, 

C.jejuni 



 

 142 

Hannon et al 

2009 

Canada Winter, 

2005; 

Summer, 

2005 

Beef cattle Feedlot cattle Fecal DNA-

based, 

culture-

based 

Individual C.spp 

Harvey et al 

2004 

U.S. August, 

2001 – 

October, 

2001 

Dairy 

cattle 

Cows (first 

lactation or 

later) 

Fecal DNA-

based, 

culture-

based 

Individual C.coli, 

C.jejuni, 

C.spp 

Hiett et al 

2007 

U.S. Winter; 

Spring; 

Summer; 

Fall 

Chicken Chicks at 

arrival / 

during 

growth 

Fecal DNA-

based, 

culture-

based 

Individual C.jejuni 

Hoar et al 

1999 

U.S. 1997 Beef cattle Adult cows 

(beef) 

Fecal Culture-

based 

Individual C.coli, 

C.jejuni, 

C.spp 

Hoar et al 

2001 

U.S. July, 1997 

– 

December, 

1997 

Beef cattle Adult cows 

(beef) 

Fecal Culture-

based 

Individual C.coli, 

C.jejuni, 

C.spp 

Kashoma et al 

2014 

U.S. October, 

2011 – 

March, 

2012 

Turkey Chicks at 

arrival / on 

farm 

Fecal DNA-

based, 

culture-

based 

Individual C.coli, 

C.jejuni, 

C.spp 

Kiess et al 

2007 

U.S. NR Turkey Chicks at 

arrival / on 

farm 

Fecal Culture-

based 

Pooled C.spp 

Krueger et al 

2008 

U.S. NR Beef cattle, 

dairy cattle 

Feedlot 

cattle, cows 

(first 

lactation or 

later), steers 

Fecal DNA-

based, 

culture-

based 

Individual C.spp 

Levesque et al 

2013 

Canada November, 

2005 – 

Beef cattle, 

dairy cattle 

Unclear Fecal DNA-

based, 

Individual C.spp 
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December, 

2007 

culture-

based 

Luangtongkum 

et al 2008 

U.S. NR Chicken Chicks at 

arrival / 

during 

growth 

Fecal Culture-

based 

Individual C.jejuni 

Myers et al 

1984 

U.S. April, 

1982 – 

May, 1982 

Beef cattle Pre-weaned 

beef calves 

Fecal Culture-

based 

Individual C.jejuni, 

C.spp 

Nayak et al 

2006 

U.S. February, 

2002 – 

October, 

2003 

Turkey Chicks at 

arrival / on 

farm 

Other Culture-

based 

Pooled C.coli, 

C.jejuni, 

C.spp 

PHAC 2008 Canada 2008 Beef cattle, 

dairy 

cattle, 

chicken, 

swine 

Unclear, 

chicks at 

arrival / 

during 

growth 

Fecal Culture-

based 

Pooled C.coli, 

C.jejuni, 

C.spp 

PHAC 2009 Canada 2009 Beef cattle, 

dairy 

cattle, 

chicken, 

swine 

Unclear, 

chicks at 

arrival / 

during 

growth 

Fecal Culture-

based 

Pooled C.coli, 

C.jejuni, 

C.spp 

PHAC 2010 Canada 2010 Beef cattle, 

dairy 

cattle, 

chicken, 

swine 

Unclear Fecal Unclear Pooled C.coli, 

C.jejuni, 

C.spp 

PHAC 2012 Canada 2011 – 

2012 

Beef cattle, 

dairy 

cattle, 

chicken, 

swine 

Unclear Fecal Unclear Pooled C.coli, 

C.jejuni, 

C.spp 
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PHAC 2013 Canada 2013 Beef cattle, 

dairy 

cattle, 

chicken, 

turkey 

Unclear Fecal Unclear Pooled C.coli, 

C.jejuni, 

C.spp 

PHAC 2014 Canada 2014 Beef cattle, 

dairy 

cattle, 

chicken, 

turkey 

Unclear Fecal Unclear Pooled C.spp 

PHAC 2015 Canada 2015 Chicken, 

turkey 

Unclear Fecal Unclear Pooled C.spp 

PHAC 2016 Canada 2016 Beef cattle, 

chicken, 

turkey 

Feedlot 

cattle, 

unclear 

Fecal Unclear Pooled C.spp 

PHAC 2017 Canada 2017 Beef cattle, 

chicken, 

turkey, 

swine 

Feedlot 

cattle, 

unclear 

Fecal Unclear Pooled C.spp 

Pradhan et al 

2009 

U.S. February, 

2004 – 

November, 

2004 

Dairy 

cattle 

Cows (first 

lactation or 

later) 

Fecal DNA-

based, 

culture-

based 

Individual, 

pooled 

C.spp 

Quintana-

Hayashi et al 

2012 

U.S. October, 

2008 – 

December, 

2010 

Swine Pre-weaned 

piglets, 

nursery 

piglets, sows, 

grower-

finisher pigs 

Fecal DNA-

based, 

culture-

based 

Individual C.spp 

Rao et al 2010 Canada Spring, 

2004; Fall, 

2004 

Beef cattle Feedlot cattle Fecal Culture-

based 

Individual C.coli, 

C.jejuni, 

C.spp 
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Riley et al 

2008 

U.S. September, 

2003 – 

October, 

2004 

Beef cattle Post-weaned 

beef calves 

Fecal DNA-

based, 

culture-

based 

Individual C.coli, 

C.jejuni, 

C.spp 

Rollo et al 

2010 

U.S. 2002 – 

2003 

Swine Grower-

finisher pigs 

Fecal DNA-

based, 

culture-

based 

Individual C.spp 

Rosengren et 

al 2009 

Canada May, 2004 

– 

September, 

2004 

Swine Grower-

finisher pigs 

Fecal Culture-

based 

Pooled C.coli, 

C.jejuni, 

C.spp 

Salaheen et al 

2016 

U.S. June, 2012 

– August, 

2014 

Chicken Unclear Fecal DNA-

based, 

culture-

based 

Individual C.jejuni 

Sanad et al 

2013 

U.S. Summer, 

2009 – 

Fall, 2009 

Dairy 

cattle 

Unclear Fecal DNA-

based, 

culture-

based 

Individual C.coli, 

C.jejuni, 

C.spp 

Sato et al 2004 U.S. March; 

September 

Dairy 

cattle 

Calves 

(unspecified), 

cows (first 

lactation or 

later) 

Fecal Culture-

based 

Individual C.spp 

Smith et al 

2004 

U.S. September, 

2002 

Turkey Breeder herd Fecal DNA-

based, 

culture-

based 

Individual C.coli, 

C.jejuni, 

C.spp 

Smith et al 

2018 

U.S. May, 2012 

– July, 

2012 

Beef cattle Feedlot cattle Fecal DNA-

based, 

culture-

based 

Individual C.coli, 

C.spp 
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Smitherman et 

al 1984 

U.S. April, 

1983 – 

July, 1983 

Chicken Chicks at 

arrival / 

during 

growth 

Fecal Culture-

based 

Individual C.jejuni 

Stern et al 

1995 

U.S. Spring – 

Summer 

Chicken Chicks on 

arrival / 

during 

growth 

Fecal Culture-

based 

Individual C.spp 

Stern et al 

2001 

U.S. Winter, 

1998; 

Spring, 

1998; 

Summer, 

1998; Fall, 

1998 

Chicken Chicks at 

time of 

slaughter 

prior to 

shipment 

Fecal Culture-

based 

Individual C.spp 

Stern et al 

2003 

U.S. 1995; 2001 Chicken Chicks at 

time of 

slaughter 

prior to 

shipment 

Fecal Culture-

based 

Individual C.spp 

Tadesse et al 

2011 

U.S. 2002 – 

2005 

Swine Grower-

finisher pigs 

Fecal DNA-

based, 

culture-

based 

Individual C.spp 

Tang et al 

2017 

U.S. December, 

2012 – 

March, 

2013 

Beef cattle Feedlot cattle Fecal DNA-

based, 

culture-

based 

Individual C.jejuni, 

C.spp 

Thakur et al 

2005 

U.S. October, 

2002 – 

October, 

2004 

Swine Nursery 

piglets, 

grower-

finisher pigs 

Fecal DNA-

based, 

culture-

based 

Individual C.coli 



 

 147 

Thakur et al 

2010 

U.S. October, 

2002 – 

October, 

2004 

Swine Nursery 

piglets, 

grower-

finisher pigs 

Fecal DNA-

based, 

culture-

based 

Individual C.coli 

Thakur et al 

2013 

U.S. October, 

2010 – 

March, 

2011 

Chicken Chicks on 

arrival / 

during 

growth 

Fecal DNA-

based, 

Culture-

based 

Pooled C.jejuni 

Thorsness et al 

2008 

U.S. December, 

2006 – 

July, 2007 

Turkey Chicks prior 

to shipment 

to slaughter 

Fecal DNA-

based, 

culture-

based 

Individual C.jejuni 

Toth et al 

2013 

U.S. April, 

2011 – 

July, 2011 

Dairy 

cattle 

Calves 

(unspecified), 

cows (first 

lactation or 

later) 

Fecal DNA-

based, 

culture-

based 

Pooled C.spp 

USDA 2004a U.S. July, 2003 

– June, 

2004 

Swine Pre-weaned 

piglets, 

nursery 

piglets, 

grower-

finisher pigs, 

sows 

Fecal Unclear Individual C.spp 

USDA 2004b U.S. October, 

2004 – 

December, 

2004 

Swine Pre-weaned 

piglets, 

nursery 

piglets, 

grower-

finisher pigs, 

sows 

Fecal Unclear Individual C.spp 

USDA 2005a U.S. January, 

2005 – 

Swine Pre-weaned 

piglets, 

Fecal Unclear Individual C.spp 
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March, 

2005 

nursery 

piglets, 

grower-

finisher pigs, 

sows 

USDA 2005b U.S. April, 

2005 – 

June, 2005 

Swine Pre-weaned 

piglets, 

nursery 

piglets, 

grower-

finisher pigs, 

sows 

Fecal Unclear Individual C.spp 

USDA 2009 U.S. February, 

2007 – 

August, 

2007 

Dairy 

cattle 

Cows (first 

lactation or 

later) 

Fecal Culture-

based 

Individual C.spp 

USDA 2012 U.S. January, 

2008 – 

August, 

2008 

Beef cattle Adult cows 

(beef) 

Fecal DNA-

based, 

culture-

based 

Individual C.coli, 

C.jejuni, 

C.spp 

USDA 2008 U.S. 2006 – 

2007 

Swine Grower-

finisher pigs 

Fecal Culture-

based 

Individual C.coli, 

C.jejuni, 

C.spp 

Van 

Donkersgoed 

et al 1990 

Canada March – 

November 

Beef cattle Calves 

(unspecified), 

adult cows 

(beef) 

Fecal Culture-

based 

Individual C.jejuni 

Varela et al 

2007 

Canada January, 

2004 – 

June, 2004 

Swine Grower-

finisher pigs 

Fecal Culture-

based 

Individual C.coli, 

C.spp 

Viswanathan 

et al 2017 

Canada January, 

2010 – 

Beef cattle, 

dairy 

Unclear Fecal DNA-

based, 

Pooled C.coli, 

C.jejuni, 

C.spp 
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August, 

2010 

cattle, 

swine 

culture-

based 

Webb et al 

2018 

Canada August, 

2008 – 

May, 2010 

Beef cattle Feedlot cattle Fecal DNA-

based, 

culture-

based 

Individual C.coli, 

C.jejuni 

Wesley et al 

2000 

U.S. February, 

1996 – 

July, 1996 

Dairy 

cattle 

Cows (first 

lactation or 

later), adult 

dairy cows at 

slaughter 

Fecal DNA-

based, 

culture-

based 

Individual C.coli, 

C.jejuni 

Wesley et al 

2005 

U.S. May, 2003 

– August, 

2003 

Turkey Chicks prior 

to shipment 

to slaughter, 

chicks at 

slaughter-

plant 

Cloacal DNA-

based, 

culture-

based 

Individual C.coli, 

C.jejuni, 

C.spp 

Wright et al 

2008 

U.S. October, 

2003 – 

October, 

2005 

Turkey, 

swine 

Chicks at 

arrival / on 

farm, 

grower-

finisher pigs 

Fecal DNA-

based, 

culture-

based 

Individual C.coli, 

C.jejuni, 

C.spp 

Young et al 

2000 

U.S. NR Swine Pre-weaned 

piglets, sows 

Fecal Culture-

based 

Individual C.coli, 

C.jejuni, 

C.spp 
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Appendix 4: Summary data included in the meta-analysis, extracted from 78 separate studies. 

The data from studies that were excluded after the data extraction stage (FIG. 1) were not 

included in this table. 

Row Labels Number of Datasets 

Beef cattle 59 

Individual-level 38 

    C. spp *†§ 15 

C. coli *†§ 10 

C. jejuni *†§ 13 

Pooled 21 

    C. spp *† 9 

C. coli * 6 

C. jejuni 6 

Chicken 29 

Individual-level 13 

    C. spp * §θ 8 

C. jejuni *§ 5 

Pooled 16 

    C. spp * 6 

C. coli  3 

C. jejuni 7 

Dairy cattle 49 

Individual-level  25 

    C. spp *† 10 

C. coli 7 

C. jejuni 8 

Pooled 24 

    C. spp *† 10 

C. coli * 7 

C. jejuni * 7 

Swine 50 

Individual-level  30 

    C. spp *†§ 16 

C. coli *†§ 10 

C. jejuni 4 

Pooled 20 

    C. spp * 7 

C. coli * 7 

C. jejuni * 6 
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Turkey 27 

Individual-level  15 

     C. spp 5 

C. coli 4 

C. jejuni 6 

Pooled  12 

    C. spp † 8 

C. coli 2 

C. jejuni 2 

Grand Total 214 

 

* Subgroup analysis for laboratory method 

† Subgroup analysis for production stage 

§ Subgroup analysis for study objective  

θ Subgroup analysis for sampling source 
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Appendix 5: Risk of bias assessment. The number of studies in each risk of bias category are 

presented in the individual cells, with the total number of datasets in the far-right column. 

 Representative of 

target population 

Prevalence was 

the objective 

Sufficiently 

powered 

# of 

Datasets* 

 Yes No Unclear Yes No Yes No  

C.spp  

    Beef cattle  

            Individual  7 1 7 12 3 8 7 15 

            Pooled  1 0 8 9 0 8 1 9 

    Dairy cattle  

            Individual  1 3 6 10 0 8 2 10 

            Pooled  2 0 8 10 0 2 8 10 

    Chicken  

            Individual  5 0 3 6 2 7 1 8 

            Pooled  3 0 3 5 1 5 1 6 

    Turkey  

            Individual  2 0 3 5 0 3 2 5 

            Pooled  2 0 6 7 1 5 3 8 

    Swine  

            Individual  1 4 10 13 2 12 3 15 

            Pooled  1 0 7 7 1 5 3 8 

C.coli   

    Beef cattle  

            Individual  7 0 3 6 4 9 10 10 

            Pooled  0 0 6 6 0 1 5 6 

    Dairy cattle  

            Individual  0 0 7 6 1 6 1 7 

            Pooled  0 0 7 7 0 1 6 7 

    Chicken  

             Pooled 0 0 3 3 0 2 1 3 

    Turkey  

            Individual  2 0 2 4 0 3 1 4 

            Pooled  0 0 2 1 1 1 1 2 

    Swine         

            Individual  1 0 9 7 3 7 3 10 

             Pooled 1 0 6 6 1 2 5 7 

C.jejuni  

    Beef cattle  

            Individual  9 2 2 7 6 11 2 13 

            Pooled  0 0 6 6 0 1 5 6 

    Dairy cattle  

            Individual  0 0 8 7 1 6 2 8 

            Pooled  0 0 7 7 0 1 6 7 

    Chicken         
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            Individual  2 0 3 3 2 3 2 5 

             Pooled 0 0 7 6 1 3 4 7 

    Turkey  

            Individual  3 0 3 6 0 4 2 6 

            Pooled  0 0 2 1 1 1 1 2 

    Swine         

            Individual  1 0 3 4 0 2 2 4 

             Pooled 1 0 5 5 1 1 5 6 

 

* A single study could have multiple outcome measurements; thus, risk of bias is assessed using 

number of datasets instead of number of studies as the denominator.  
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Appendix 6: Study outcomes for all studies (n = 78) included in the meta-analysis. The study 

outcomes were used to calculate the summary effect size (overall prevalence) in each meta-

analysis. Multiple outcome measurements may be present in a single study if multiple levels of 

sampling, multiple species of livestock, multiple species of Campylobacter and multiple 

production stages are reported. NR is used as a replacement for a value if the value is not 

reported in the study. NA is used when that value does not apply to the corresponding level of 

sampling. 

Author and 

year 

Outcome 

Level  

Species of 

Campylobacter  

Prevalence 

(%)  

Number 

of 

Herds 

Sampled 

Number 

of Pens 

/ Flocks 

Sampled 

Number of 

Samples 

per Pool 

Abley et al 

2012a 

Individual C.spp 90/100 

(90%) 

1 NR NA 

Abley et al 

2012b 

Individual C.spp NR/98 

(77%) 

1 NR NA 

Acuff et al 

1986 

Individual C.jejuni NR/36 

(77.83%) 

2 6 NA 

Agunos et al 

2018 

Pooled C.spp 91/484 

(NR) 

NR NR NR 

Bae et al 2005 Individual C.coli 13/98 

(13.30%) 

2 NR NA 

 Individual C.coli 21/105 

(20%) 

2 NR NA 

 Individual C.coli 1/172 

(0.60%) 

3 NR NA 

 Individual C.coli 18/311 

(5.80%) 

8 NR NA 

 Individual C.jejuni 31/98 

(31.60%) 

2 NR NA 

 Individual C.jejuni 25/105 

(23.80%) 

2 NR NA 

 Individual C.jejuni 81/172 

(47.10%) 

3 NR NA 

 Individual C.jejuni 97/311 

(31.20%) 

8 NR NA 

Bailey et al 

2019 

Pooled C.spp NR/40 

(73%) 

1 NR NR 

Beach et al 

2002 

Individual C.spp 64/100 

(64%) 

1 NR NA 
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 Individual C.spp 6/96 

(6.30%) 

2 NR NA 

Berghaus et al 

2013 

Individual C.spp 113/220 

(51.40%) 

1 55 NA 

Cha et al 2017 Individual C.coli 1/58  

(NR) 

1 NR NA 

 Individual C.jejuni 35/58 

(58.60%) 

1 NR NA 

 Individual C.jejuni 112/156 

(NR) 

2 NR NA 

Cox et al 2000 Individual C.spp 47/60  

(NR) 

2 4 NA 

Cox et al 2002 Individual C.spp 200/350 

(57.10%) 

NR 14 NA 

 Individual C.spp 542/875 

(62%) 

NR 35 NA 

Dale et al 

2015 

Individual C.spp NR/80 

(81.25%) 

1 2 NA 

Dodson et al 

2005 

Individual C.jejuni 48/686 

(7%) 

NR NR NA 

Englen et al 

2007 

Individual C.spp 735/1435 

(51.20%) 

96 NR NA 

Farzan et al 

2010 

Pooled C.coli 118/359 

(NR) 

31 NR NR 

 Pooled C.spp 131/359 

(36.50%) 

31 NR NR 

Frye et al 2011 Individual C.coli NR/3198 

(61%) 

NR NR NA 

Gebreyes et al 

2005 

Individual C.coli NR/292 

(55.80%) 

10 NR NA 

Genigeorgis et 

al 1986 

Individual C.jejuni 30/144 

(NR) 

4 20 NA 

 Pooled C.jejuni 37/68  

(NR) 

4 20 NR 

Gregory et al 

1997 

Individual C.spp 178/240 

(NR) 

4 4 NA 

Guévremont et 

al 2014 

Individual C.coli 14/797 

(1.80%) 

40 NR NA 

 Pooled C.coli 3/138 

(2.20%) 

40 NR NR 

 Individual C.jejuni 52/797 

(6.50%) 

40 NR NA 

 Pooled C.jejuni 9/138 

(6.50%) 

40 NR NR 

Hannon et al 

2009 

Individual C.spp 2420/2776 

(87%) 

7 280 NA 
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Harvey et al 

2004 

Individual C.coli 2/720  

(NR) 

9 NR NA 

 Individual C.jejuni 20/720 

(NR) 

9 NR NA 

 Individual C.spp 30/720 

(NR) 

9 NR NA 

Hiett et al 

2007 

Individual C.jejuni 120/150 

(NR) 

2 8 NA 

Hoar et al 

2001 

Individual C.coli 3/401 

(NR) 

17 NR NA 

 Individual C.jejuni 15/401 

(NR) 

17 NR NA 

 Individual C.spp 20/401 

(5%) 

17 NR NA 

Hoar et al 

1999 

Individual C.coli 3/803  

(NR) 

17 NR NA 

 Individual C.jejuni 17/803 

(NR) 

17 NR NA 

 Individual C.spp 22/803 

(NR) 

17 NR NA 

Kashoma et al 

2014 

Individual C.coli 297/750 

(NR) 

3 6 NA 

 Individual C.jejuni 24/750 

(NR) 

3 6 NA 

 Individual C.spp 420/750 

(NR) 

3 6 NA 

Kiess et al 

2007 

Pooled C.spp 76/360 

(NR) 

1 2 5 

 Pooled C.spp 443/600 

(NR) 

1 2 5 

Krueger et al 

2008 

Individual C.spp 2/4  

(50%) 

1 NR NA 

 Individual C.spp 13/18 

(72%) 

1 NR NA 

 Individual C.spp 3/6  

(50% 

1 NR NA 

 Individual C.spp 17/18 

(94%) 

1 NR NA 

Levesque et al 

2013 

Individual C.spp NR/130 

(20.80%) 

NR NR NA 

 Individual C.spp NR/365 

(39.20%) 

NR NR NA 

Luangtongkum 

et al 2008 

Individual C.jejuni 17/19  

(NR) 

1 NR NA 

Myers et al 

1984 

Individual C.jejuni 36/130 

(NR) 

21 NR NA 
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 Individual C.spp 50/130 

(38%) 

21 NR NA 

Nayak et al 

2006 

Pooled C.coli 30/460 

(NR) 

18 NR NR 

 Pooled C.jejuni 44/460 

(NR) 

18 NR NR 

 Pooled C.spp 74/460 

(16%) 

18 NR NR 

PHAC 2008 Pooled C.coli 17/112 

(NR) 

28 NR NR 

 Pooled C.coli 5/112  

(NR) 

28 NR NR 

 Pooled C.coli 66/111 

(NR) 

30 NR NR 

 Pooled C.jejuni 10/100 

(10%) 

25 NR NR 

 Pooled C.jejuni 66/112 

(NR) 

28 NR NR 

 Pooled C.jejuni 73/112 

(NR) 

28 NR NR 

 Pooled C.jejuni 5/111  

(NR) 

30 NR NR 

 Pooled C.spp 85/112 

(76%) 

28 NR NR 

 Pooled C.spp 84/112 

(75%) 

28 NR NR 

 Pooled C.spp 76/111 

(68%) 

30 NR NR 

PHAC 2009 Pooled C.coli 14/120 

(NR) 

30 NR NR 

 Pooled C.coli 9/120  

(NR) 

30 NR NR 

 Pooled C.coli 78/120 

(NR) 

30 NR NR 

 Pooled C.jejuni 66/120 

(NR) 

30 NR NR 

 Pooled C.jejuni 6/120  

(5%) 

30 NR NR 

 Pooled C.jejuni 69/120 

(NR) 

30 NR NR 

 Pooled C.jejuni 3/120  

(NR) 

30 NR NR 

 Pooled C.spp 95/120 

(79%) 

30 NR NR 

 Pooled C.spp 96/120 

(80%) 

30 NR NR 
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 Pooled C.spp 96/120 

(80%) 

30 NR NR 

PHAC 2010 Pooled C.coli 0/120  

(0%) 

2 NR NR 

 Pooled C.coli 96/120 

(NR) 

29 NR NR 

 Pooled C.coli 28/119 

(NR) 

30 NR NR 

 Pooled C.coli 11/120 

(NR) 

30 NR NR 

 Pooled C.jejuni 7/120  

(6%) 

2 NR NR 

 Pooled C.jejuni 0/120  

(0%) 

29 NR NR 

 Pooled C.jejuni 63/119 

(NR) 

30 NR NR 

 Pooled C.jejuni 61/120 

(NR) 

30 NR NR 

 Pooled C.spp 100/120 

(83%) 

29 NR NR 

 Pooled C.spp 93/119 

(78%) 

30 NR NR 

 Pooled C.spp 89/120 

(74%) 

30 NR NR 

PHAC 2012 Pooled C.coli 79/240 

(NR) 

NR NR NR 

 Pooled C.coli 0/240  

(0%) 

NR NR NR 

 Pooled C.coli 22/240 

(NR) 

NR NR NR 

 Pooled C.coli 97/120 

(NR) 

NR NR NR 

 Pooled C.jejuni 125/240 

(NR) 

NR NR NR 

 Pooled C.jejuni 22/240 

(9.20%) 

NR NR NR 

 Pooled C.jejuni 146/240 

(NR) 

NR NR NR 

 Pooled C.jejuni 1/120  

(NR) 

NR NR NR 

 Pooled C.spp 186/240 

(78%) 

NR NR NR 

 Pooled C.spp 189/240 

(79%) 

NR NR NR 

 Pooled C.spp 102/120 

(85%) 

NR NR NR 
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PHAC 2013 Pooled C.coli 29/120 

(NR) 

NR NR NR 

 Pooled C.coli 0/216  

(0%) 

NR NR NR 

 Pooled C.coli 9/120  

(NR) 

NR NR NR 

 Pooled C.coli 7/112  

(NR) 

NR NR NR 

 Pooled C.jejuni 59/120 

(NR) 

NR NR NR 

 Pooled C.jejuni 51/216 

(24%) 

NR NR NR 

 Pooled C.jejuni 74/120 

(NR) 

NR NR NR 

 Pooled C.jejuni 81/112 

(NR) 

NR NR NR 

 Pooled C.spp 90/120 

(75%) 

NR NR NR 

 Pooled C.spp 90/120 

(75%) 

NR NR NR 

 Pooled C.spp 88/112 

(79%) 

NR NR NR 

PHAC 2014 Pooled C.spp 32/40 

(80%) 

10 NR NR 

 Pooled C.spp 34/40 

(85%) 

10 NR NR 

 Pooled C.spp 85/116 

(73%) 

29 NR NR 

 Pooled C.spp 45/328 

(NR) 

82 NR NR 

PHAC 2015a Pooled C.spp 103/120 

(86%) 

30 NR NR 

 Pooled C.spp 87/308 

(NR) 

77 NR NR 

PHAC 2016 Pooled C.spp 56/78 

(72%) 

13 NR NR 

 Pooled C.spp 144/232 

(62%) 

58 NR NR 

 Pooled C.spp 59/336 

(18%) 

84 NR NR 

PHAC 2017b Pooled C.spp 43/76 

(57%) 

11 NR NR 

 Pooled C.spp 181/240 

(75%) 

40 NR NR 

 Pooled C.spp 131/204 

(64%) 

51 NR NR 
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 Pooled C.spp 98/308 

(32%) 

77 NR NR 

Pradhan et al 

2009 

Individual C.spp NR/1010 

(29.22%) 

3 NR NA 

 Pooled C.spp NR/448 

(27.68%) 

3 NR NR 

Quintana-

Hayashi et al 

2012 

Individual C.spp 202/420 

(48.10%) 

30 NR NA 

 Individual C.spp 421/579 

(72.70%) 

30 NR NA 

 Individual C.spp 476/651 

(73.10%) 

30 NR NA 

Rao et al 2010 Individual C.coli 21/2100 

(NR) 

21 84 NA 

 Individual C.jejuni 1162/2100 

(55.30%) 

21 84 NA 

 Individual C.spp 1183/2100 

(NR) 

21 84 NA 

Riley et al 

2008 

Individual C.coli 3/864  

(NR) 

1 NR NA 

 Individual C.jejuni 64/864 

(NR) 

1 NR NA 

 Individual C.spp 67/864 

(NR) 

1 NR NA 

Rollo et al 

2010 

Individual C.spp 512/1422 

(36%) 

95 NR NA 

Rosengren et 

al 2009 

Pooled C.coli 379/444 

(NR) 

20 NR 5 

 Pooled C.jejuni 10/444 

(NR) 

20 NR 5 

 Pooled C.spp 438/444 

(NR) 

20 NR 5 

Salaheen et al 

2016 

Individual C.jejuni 13/170 

(7.60%) 

4 NR NA 

Sanad et al 

2013 

Individual C.coli 5/227  

(NR) 

11 NR NA 

 Individual C.jejuni 79/227 

(NR) 

11 NR NA 

 Individual C.spp 83/227 

(36.60%) 

11 NR NA 

Sato et al 2004 Individual C.spp 139/600 

(23.20%) 

60 NR NA 

 Individual C.spp 193/591 

(32.70%) 

60 NR NA 
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Smith et al 

2004 

Individual C.coli 7/100  

(NR) 

1 NR NA 

 Individual C.jejuni 3/11  

(NR) 

1 NR NA 

 Individual C.spp 11/11 

(100%) 

1 NR NA 

Smith et al 

2018 

Individual C.coli 150/1000 

(NR) 

5 50 NA 

 Individual C.spp 272/1000 

(NR) 

5 50 NA 

Smitherman et 

al 1984 

Individual C.jejuni 15/100 

(NR) 

4 20 NA 

Stern et al 

1995 

Individual C.spp 434/964 

(45%) 

4 NR NA 

Stern et al 

2001 

Individual C.spp NR/800 

(60%) 

8 32 NA 

Stern et al 

2003 

Individual C.spp 1337/1398 

(NR) 

28 NR NA 

Tadesse et al 

2011 

Individual C.spp 472/838 

(56.30%) 

34 NR NA 

Tang et al 

2017 

Individual C.jejuni 1886/3184 

(NR) 

35 NR NA 

 Individual C.spp 2298/3184 

(72.20%) 

35 NR NA 

Thakur et al 

2005 

Individual C.coli NR/370 

(55.80%) 

11 NR NA 

 Individual C.coli NR/105 

(27.60%) 

3 NR NA 

Thakur et al 

2010 

Individual C.coli 497/908 

(54.70%) 

21 NR NA 

Thakur et al 

2013 

Pooled C.jejuni 118/400 

(29.50%) 

10 NR NR 

Thorsness et al 

2008 

Individual C.jejuni 172/450 

(NR) 

1 9 NA 

Toth et al 

2013 

Pooled C.spp 4/13  

(NR) 

13 NR 5 

 Pooled C.spp 1/13  

(NR) 

13 NR 5 

USDA 2004a Individual C.spp 1088/1472 

(73.90%) 

39 587 NA 

USDA 2004b Individual C.spp 272/466 

(58.40%) 

33 203 NA 

USDA 2005a Individual C.spp 277/560 

(49.50%) 

36 219 NA 

USDA 2005b Individual C.spp 120/404 

(29.70%) 

29 152 NA 
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USDA 2008 Individual C.coli 928/1951 

(NR) 

135 NR NA 

 Individual C.jejuni 4/1951 

(NR) 

135 NR NA 

 Individual C.spp NR/1951 

(51.60%) 

135 NR NA 

USDA 2009 Individual C.spp 635/1885 

(33.70%) 

121 NR NA 

USDA 2012 Individual C.coli 10/2917 

(NR) 

173 NR NA 

 Individual C.jejuni 244/2917 

(NR) 

173 NR NA 

 Individual C.spp 259/2917 

(8.90%) 

173 NR NA 

Van 

Donkersgoed 

et al 1990 

Individual C.jejuni NR/281 

(14.69%) 

6 NR NA 

 Individual C.jejuni NR/322 

(33.77%) 

8 NR NA 

Varela et al 

2007 

Individual C.coli 1185/1200 

(NR) 

80 NR NA 

 Individual C.spp 1194/1200 

(NR) 

80 NR NA 

Viswanathan 

et al 2017 

Pooled C.coli 0/24  

(0%) 

8 NR 5 

 Pooled C.coli 27/32 

(84.40%) 

8 NR 5 

 Pooled C.coli 3/36 

(8.30%) 

9 NR 5 

 Pooled C.jejuni 17/24 

(70.80%) 

8 NR 5 

 Pooled C.jejuni 0/32  

(0%) 

8 NR 5 

 Pooled C.jejuni 16/36 

(44.40%) 

9 NR 5 

 Pooled C.spp 17/24 

(70.80%) 

8 NR 5 

 Pooled C.spp 28/32 

(87.50%) 

8 NR 5 

 Pooled C.spp 21/36 

(58.30%) 

9 NR 5 

Webb et al 

2018 

Individual C.coli NR/4138 

(15.50%) 

4 216 NA 

 Individual C.jejuni NR/4138 

(60.90%) 

4 216 NA 
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Wesley et al 

2000 

Individual C.coli 38/2085 

(1.80%) 

80 NR NA 

 Individual C.jejuni 786/2085 

(37.70%) 

80 NR NA 

Wesley et al 

2005 

Individual C.coli 325/1153 

(NR) 

5 NR NA 

 Individual C.jejuni 735/1153 

(NR) 

5 NR NA 

 Individual C.spp 1066/1153 

(NR) 

5 NR NA 

Wright et al 

2008 

Individual C.coli 1108/1448 

(NR) 

15 NR NA 

 Individual C.coli 529/1512 

(NR) 

15 NR NA 

 Individual C.jejuni 1/1448 

(NR) 

15 NR NA 

 Individual C.jejuni 781/1512 

(NR) 

15 NR NA 

 Individual C.spp 1116/1448 

(77%) 

15 NR NA 

 Individual C.spp 1310/1512 

(87%) 

15 NR NA 

Young et al 

2000 

Individual C.coli 1/9  

(11%) 

1 NR NA 

 Individual C.coli 50/73 

(68.30%) 

1 NR NA 

 Individual C.jejuni 23/73 

(31.70%) 

1 NR NA 

 Individual C.jejuni 8/9  

(89%) 

1 NR NA 

 Individual C.spp 9/9  

(100%) 

1 NR NA 

 Individual C.spp NR/73 

(57.80%) 

1 NR NA 
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Appendix 8: Meta-regressions as conducted in Chapter Two. Since a meta-regression should 

only be used to examine heterogeneity if there are at least 10 studies per category of the 

moderating variable, as suggested in the Cochrane handbook, meta-regressions were not reported 

in Chapter Two. However, meta-regressions were conducted and the methods and results are 

reported below for the interest of the reader.  

 

METHODS 

Meta-regressions were conducted to explore potential sources of heterogeneity, which include 

laboratory method, production stage, sampling source, and whether determination of 

Campylobacter prevalence was a study objective. They were conducted using the 

DerSimonian and Laird (DL) method (Higgins & Green, 2011b).  

 

A meta-regression was conducted if at least two of the categories had multiple studies. A 

multivariable meta-regression was conducted if there were at least 10 studies in total.  

 

Model heterogeneity (QM) and residual heterogeneity (QE) are used as measures of the 

significance of the meta-regression results. A significant (p < 0.05) QM value indicates that 

the moderating variable explains a statistically significant proportion of the true heterogeneity 

in effect sizes. In contrast, a significant QE (p < 0.05) value indicates that significant 

unexplained heterogeneity remains between the effect sizes after accounting for the 

moderating variable. Thus, a significant QM value and a non-significant QE value 

demonstrates that the moderating variable explains the heterogeneity observed, with no 

significant unexplained heterogeneity remaining between the effect sizes.  Conversely, a 
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significant QM value and a significant QE value demonstrates that the moderating variable 

explains part of the observed heterogeneity, however a significant amount of unexplained 

heterogeneity remains.  

 

 

RESULTS  

 

In most cases, the heterogeneity was not explained in the subgroup meta-analyses and meta-

regressions. However, there were multiple exceptions in the univariable meta-regressions 

(Table 3). Production stage may explain some of the heterogeneity observed in beef and dairy 

cattle. The univariable meta-regressions indicated that production stage in both species had a 

significant moderating effect on the prevalence of C. spp (QM < 0.05) without any significant 

unexplained heterogeneity remaining after accounting for production stage (QE > 0.05). 

Furthermore, laboratory method appeared to produce a moderating effect (QM < 0.05) with no 

residual unexplained heterogeneity remaining after accounting for this moderator (QE > 0.05) 

in the pooled-level meta-analyses of C. jejuni in swine and C. coli in beef and dairy cattle. 

Nonetheless, many of the studies in the pooled-level meta-analyses came from a single 

organization (PHAC) and the laboratory method was designated as “unclear” in several of the 

studies. It can be speculated that geographical region and any potential differences in 

laboratory technique that were not previously considered could produce the results observed in 

the meta-regressions. Thus, these meta-regression results should be interpreted in this context. 

Most often, the meta-regression results and the subgroup meta-analysis results were in 

agreement. In all cases where a moderator variable had a significant association with 

heterogeneity in the meta-regression, with QM < 0.05 and QE > 0.05, the moderator also 
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showed an association in the subgroup analysis results. However, there were several instances 

where a subgroup had low heterogeneity (I2 < 40%) in the sub-group meta-analysis, but the 

moderator was not statistically significant in the corresponding meta-regression. For example, 

C. coli sampled in beef cattle at the individual level demonstrates a decrease in heterogeneity 

when grouped by laboratory method in the subgroup analysis (Appendix Table A6), but 

laboratory method does not appear to account for the heterogeneity (QM p > 0.05) in the meta-

regression (Table 3). When a multivariable meta-regression was performed, adding multiple 

moderators into a model did not have a moderating effect on the summary prevalence estimate 

(QM > 0.05) and significant unexplained heterogeneity remained (QE < 0.05), with the 

exception of C. spp in dairy cattle sampled at the pooled level (Table 4). Thus, after 

accounting for multiple moderators simultaneously, significant heterogeneity remained in the 

majority of meta-regressions.  

 

The results from the meta-regressions do not provide a different interpretation of the data 

compared with the results from the subgroup analyses. Thus, the subgroup analysis is 

sufficient to examine heterogeneity in Chapter Two and the meta-regression results are 

provided for the purpose of interest of the reader.  
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Appendix 9: The parameter combinations along with their corresponding prevalence at the time 

the chickens go to slaughter (day = 56). The parameter combinations that yield a maximum 

prevalence between 5 and 96%, which was observed in the systematic review, are included in 

this table. 

Maximum 

Prevalence 

(Day = 56) 

Alpha 

(α) 

Epsilon 

(ε) 

Beta (β) = 0.1 

<1% 1/10 1/1 

<1% 1/10 1/2 

<1% 1/10 1/3 

<1% 1/11 1/1 

<1% 1/11 1/2 

<1% 1/11 1/3 

<1% 1/12 1/1 

<1% 1/12 1/2 

<1% 1/12 1/3 

<1% 1/13 1/1 

<1% 1/13 1/2 

<1% 1/13 1/3 

<1% 1/14 1/1 

<1% 1/14 1/2 

<1% 1/14 1/3 

<1% 1/15 1/1 
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<1% 1/15 1/2 

<1% 1/15 1/3 

<1% 1/16 1/1 

<1% 1/16 1/2 

<1% 1/16 1/3 

<1% 1/17 1/1 

<1% 1/17 1/2 

<1% 1/17 1/3 

<1% 1/18 1/1 

<1% 1/18 1/2 

<1% 1/18 1/3 

<1% 1/19 1/1 

<1% 1/19 1/2 

<1% 1/19 1/3 

<1% 1/20 1/1 

<1% 1/20 1/2 

<1% 1/20 1/3 

<1% 1/21 1/1 

<1% 1/21 1/2 

<1% 1/21 1/3 

Beta (β) = 0.2 

11.17% 1/10 1/1 

4.89% 1/10 1/2 
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2.59% 1/10 1/3 

9.72% 1/11 1/1 

4.31% 1/11 1/2 

2.32% 1/11 1/3 

8.47% 1/12 1/1 

3.81% 1/12 1/2 

2.08% 1/12 1/3 

7.37% 1/13 1/1 

3.37% 1/13 1/2 

1.87% 1/13 1/3 

6.44% 1/14 1/1 

2.99% 1/14 1/2 

1.68% 1/14 1/3 

5.62% 1/15 1/1 

2.66% 1/15 1/2 

1.51% 1/15 1/3 

4.93% 1/16 1/1 

2.37% 1/16 1/2 

1.36% 1/16 1/3 

4.33% 1/17 1/1 

2.12% 1/17 1/2 

1.23% 1/17 1/3 

3.81% 1/18 1/1 
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1.89% 1/18 1/2 

1.11% 1/18 1/3 

3.37% 1/19 1/1 

1.70% 1/19 1/2 

1.02% 1/19 1/3 

2.98% 1/20 1/1 

1.53% 1/20 1/2 

<1% 1/20 1/3 

2.65% 1/21 1/1 

1.38% 1/21 1/2 

<1% 1/21 1/3 

Beta (β) = 0.3 

80.42% 1/10 1/1 

44.74% 1/10 1/2 

21.73% 1/10 1/3 

76.25% 1/11 1/1 

40.23% 1/11 1/2 

19.25% 1/11 1/3 

71.64% 1/12 1/1 

35.96% 1/12 1/2 

17.02% 1/12 1/3 

66.69% 1/13 1/1 

31.99% 1/13 1/2 
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15.03% 1/13 1/3 

61.55% 1/14 1/1 

28.35% 1/14 1/2 

13.26% 1/14 1/3 

56.34% 1/15 1/1 

25.06% 1/15 1/2 

11.71% 1/15 1/3 

51.17% 1/16 1/1 

22.11% 1/16 1/2 

10.35% 1/16 1/3 

46.17% 1/17 1/1 

19.49% 1/17 1/2 

9.15% 1/17 1/3 

41.43% 1/18 1/1 

17.18% 1/18 1/2 

8.11% 1/18 1/3 

37% 1/19 1/1 

15.15% 1/19 1/2 

7.20% 1/19 1/3 

32.93% 1/20 1/1 

13.37% 1/20 1/2 

6.41% 1/20 1/3 

29.22% 1/21 1/1 
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11.82% 1/21 1/2 

5.71% 1/21 1/3 

Beta (β) = 1.04 

>99% 1/10 1/1 

>99% 1/10 1/2 

>99% 1/10 1/3 

>99% 1/11 1/1 

>99% 1/11 1/2 

>99% 1/11 1/3 

98.88% 1/12 1/1 

98.77% 1/12 1/2 

98.61% 1/12 1/3 

98.42% 1/13 1/1 

98.28% 1/13 1/2 

98.07% 1/13 1/3 

97.88% 1/14 1/1 

97.70% 1/14 1/2 

97.45% 1/14 1/3 

97.26% 1/15 1/1 

97.04% 1/15 1/2 

96.75% 1/15 1/3 

96.56% 1/16 1/1 

96.32% 1/16 1/2 
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95.97% 1/16 1/3 

95.81% 1/17 1/1 

95.53% 1/17 1/2 

95.14% 1/17 1/3 

95% 1/18 1/1 

94.68% 1/18 1/2 

94.25% 1/18 1/3 

94.14% 1/19 1/1 

93.79% 1/19 1/2 

93.13% 1/19 1/3 

93.25% 1/20 1/1 

92.87% 1/20 1/2 

92.33% 1/20 1/3 

92.32% 1/21 1/1 

91.91% 1/21 1/2 

91.33% 1/21 1/3 
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