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ABSTRACT 

 The broiler supply chain is a complex system that contains several points where 

foodborne pathogen contamination can occur. Traditionally, broiler research has focused on the 

risk of Salmonella spp. and Campylobacter spp. contamination. Additionally, research has 

shown that Listeria spp. could be a pathogen of concern, especially for alternative broiler 

production systems. Alternative broiler production systems, such as organic or pastured systems, 

are characterized by alternative rearing practices, such as allowing birds outdoor access. Due to 

this, food safety risks may be different from those encountered during conventional production. 

Currently, the food safety risks for alternative production systems are not well characterized. The 

current study aimed to address knowledge gaps in food safety risks encountered in alternative 

broiler production and compare those with conventional production. Preharvest and processed 

broiler samples were collected from pastured poultry farms and processing centers in the 

southeastern United States. From these data, machine learning models were trained to predict 

Listeria and Campylobacter prevalence in feces and soil samples based on recent weather 

patterns. Models with area under the receiver operating characteristic curve (AUC) values of 



>0.85 were obtained for each pathogen and sample type combination. Additionally, random 

forest models were constructed to predict Listeria spp. prevalence in pre- and postharvest 

samples based on farm practice variables. Both models had AUC >0.87. It was found that time of 

year and broiler age were important predictors of Listeria presence in preharvest samples and 

that brood feed and processing rinse water chlorination were important predictors in postharvest 

samples. In the next study, a systematic review and meta-analysis was performed to quantify the 

differences between conventional and alternative broiler productions systems in Salmonella and 

Campylobacter prevalence throughout the supply chain. Campylobacter prevalence was 

significantly higher in alternative environmental samples, but all other comparisons were not 

significantly different. Finally, a retail-to-consumption risk assessment model was used to 

compare risks from contaminated broiler meat produced conventionally and alternatively and 

prepared in-home in the United States. The model estimated that risk was slightly higher for 

alternatively-processed broiler meat. These results will help in risk-based decision making in the 

broiler industry. 
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CHAPTER 1 

INTRODUCTION 

1.1 Broiler-related microbial concerns 

Foodborne pathogens such as Salmonella spp. and Campylobacter spp. present a major 

concern for the broiler industry on a yearly basis, due to their association with broiler-related 

foodborne illnesses. Transport crates, environmental conditions, contaminated feed, 

meteorological factors, worker hygiene, and bird-to-bird pathogen transfer have all been 

identified as major preharvest contamination risk factors (1, 3, 5). During processing, broiler 

carcasses can be contaminated with pathogenic bacteria due to leakage of fecal matter during 

processing steps (2). Cross-contamination has also been identified as a major risk factor during 

processing and preparation (6). Intervention strategies are implemented at the preharvest and 

postharvest levels to mitigate the risk of contamination of chicken products by these pathogenic 

bacteria. 

1.2 Alternative broiler production 

 In recent years, increased demand for antibiotic-free or “natural” products has pushed 

consumers toward organic food products (4, 7). This has impacted the poultry industry, where 

there has been increased demand for broiler meat harvested from alternative poultry farming 

production facilities, such as organic and pastured poultry systems (8, 9). These types of 

operations are characterized by the lack of antibiotic use and the allowance of birds to access the 

outside environment. As such, birds are exposed to a less controlled environment, suggesting an 

increased risk of microbial contamination of the birds. Due to these conditions, the risks of 
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foodborne pathogens that are abundant in the natural environment, such as Listeria spp. and 

Campylobacter spp., and the risk factors associated with the presence of these pathogens need to 

be characterized for the broiler industry. 

1.3 Project objectives 

 The goal of this dissertation was to utilize predictive microbiology techniques as a means 

to understand the risk of foodborne pathogen contamination throughout conventional and 

alternative (e.g. organic, pastured, free-range) broiler production chains. An emphasis was 

included on identifying risk factors associated with pathogen prevalence in pastured poultry 

farms and differences in risk characterization between different production systems. Specifically, 

objectives were: 

1. To use historic meteorological data to predict the prevalence of Listeria and 

Campylobacter in the environment of pastured poultry farms using machine 

learning models (Chapters 3 and 5). Information on how weather patterns affect 

pathogen prevalence in outdoor poultry farms is limited, and these chapters presented 

models that showed what weather factors are most important in predicting prevalence. 

2. To use random forest models to predict the prevalence of Listeria in preharvest and 

postharvest samples based on pastured poultry farm practice variables (Chapter 4). 

Relatively little is known about what risk factors are associated with Listeria presence at 

the poultry farm level when compared to other foodborne pathogens like Salmonella and 

Campylobacter. This chapter aimed to describe farm practice variables that are most 

important in predicting Listeria presence in pre- and postharvest samples. 

3. To provide estimates of Salmonella and Campylobacter prevalence at various points 

along the conventional and alternative broiler production chain through the use of 
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systematic review and meta-analysis (Chapter 6). There was a need for a study that 

systematically quantified the differences in Salmonella and Campylobacter prevalence in 

conventional and alternative broiler production chains in the United States. As such, the 

purpose of this chapter was to address that need. 

4. To present a quantitative microbial risk assessment (QMRA) model to estimate the 

risk of salmonellosis acquired from the consumption of broiler meat in the United 

States annually (Chapter 7). We identified that there were no QMRA models focused 

on predicting the risks of Salmonella from alternatively produced poultry meat. This 

chapter presents a QMRA model that estimates the number of salmonellosis cases 

annually from chicken prepared in-home in the United States and compares the risks of 

chicken from conventional and alternative production systems. 

These objectives are displayed graphically in Fig. 1.1. The results of this dissertation will help 

benefit informed and risk-based decision making in the chicken industry. 
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Figure 1.1 General overview of the broiler supply chain with dissertation objectives overlaid. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Poultry production chain 

2.1.1 Conventional poultry production 

 Conventional poultry farms are the main source of poultry meat and eggs worldwide. In 

2013, experts estimated that conventional poultry farms accounted for 90-95% of the broiler 

production in the European Union (204). Similarly, conventional livestock and poultry 

production accounted for approximately 88% of United States sales in 2015 (86). 

 Conventional poultry farms are characterized by large, enclosed houses that contain a 

high density of birds. Castellini et al. (42) reported that an Italian conventional poultry farming 

system contained more birds per unit (15600) than an organic farming system (1000), and that, 

on average, the final broiler weight was higher in conventional systems, while mortality rate was 

lower. Part of this phenomenon is due to the use of antibiotics in conventional poultry production 

systems. Conventional poultry farms have used antibiotics for both therapeutic and prophylactic 

measures (186, 216). Traditionally, conventional farms incorporated antibiotics into broiler feed 

to help stimulate growth and improve feed efficiency (134, 200, 216). With recent advances on 

the study of antibiotic-resistant microorganisms, the United States has moved away from the 

prophylactic use of antibiotics, while the EU has banned their use as growth promoters in poultry 

feed (41).  

 The conventional broiler production chain contains many opportunities for bacterial 

contamination from farm-to-fork (93). Typically, one-day old broiler chicks are obtained from 
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hatching facilities and transported to grow out facilities, where they are reared for five to eight 

weeks before being slaughtered. Broilers are then further processed and transported to retail 

facilities. From here, broilers can be sold as whole carcasses, cut-up parts, or further processed 

chicken products. In 2015, it was forecasted that 11% of United States broilers were sold whole, 

40% as cut-up parts, and 49% as further processed products (147). 

2.1.2 Alternative poultry production 

 Alternative types of poultry production operations include organic, pastured, and free-

range systems. While the production chain is similar to conventional operations, alternative 

production systems are characterized by different rearing practices. For example, organic poultry 

farms are characterized by farms that rear birds without the use of antibiotics and allow the birds 

access to the outside (free-range), while pastured poultry operations require movable 

pens/housing that are moved to a fresh pasture on a daily basis (7). Additionally, alternative 

poultry productions systems commonly use slow-growing bird breeds (42, 68). Because of these 

practices, alternative poultry operations are faced with higher bird mortality rates, with necrotic 

enteritis being a particular problem (68).  

 Organic farming has been traced back as far as the 1940s to writings of Sir Albert 

Howard and Lady Eve Balfour describing the practice (120). Organic products became widely 

popular in the United States during the 2000s, when retail sales of organic foods increased from 

$3.6 billion in 1997 to $21.1 billion in 2008 (61). In 2016, organic broiler chickens accounted for 

approximately $750 million in sales in the United States (203). The rise in popularity is 

characterized by consumers’ desire for sustainable food consumption and products that are 

considered “natural” (178). Consumers have also shown the belief that organic foods are safer 
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and healthier than conventionally produced foods, but there has been no scientific evidence to 

prove this hypothesis (104, 195, 206).  

In 2002, the United States Department of Agriculture’s (USDA) Agricultural Marketing 

Service (AMS) implemented the National Organic Program (NOP) to oversee the production of 

organic foods and implement uniform national regulations (174). Currently, the USDA still 

oversees organic farming and provides mandates on labeling and production in the United States 

(202). The USDA regulations for organic certification of poultry are contained in 7 CFR §205. 

The key points of these regulations are summarized in Table 2.1.  

2.2 Microbiological concerns facing the poultry industry 

2.2.1 Foodborne pathogen overview 

2.2.1.1 Salmonella spp. 

 Salmonella spp. are gram-negative, rod-shaped, motile, facultative anaerobic bacteria that 

are part of the Enterobacteriaceae family. The Salmonella genus contains two species, 

Salmonella enterica and Salmonella bongori, with S. enterica consisting of 6 subspecies (32). 

Within each subspecies, serotypes are determined based on surface and flagellar antigens (32). 

There are currently greater than 2,500 serotypes of Salmonella with the majority belonging to S. 

enterica subsp. enterica (32, 87). Salmonella enterica remains one of the most common causes 

of foodborne illness worldwide. In 2010, it was estimated that there are 93.8 million cases of 

gastrointestinal salmonellosis worldwide annually, 80.3 million of which are foodborne (132). 

 The burden of Salmonella on the United States broiler industry is high. From 1998 to 

2017, there were 298 salmonellosis outbreaks due to consumption of chicken, resulting in 7,881 

illnesses, 905 hospitalizations, and 4 deaths (52). Realistically, the number of illnesses caused by 

Salmonella-contaminated broiler meat and products is likely much higher, due to sporadic illness 
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events and unreported outbreak cases. A select number of recent multistate salmonellosis 

outbreaks due to consumption of chicken are described in Table 2.2. The high number of annual 

illnesses caused by Salmonella contamination of broiler meat underscores the importance of 

controlling for the organism. 

 Multiple serotypes of Salmonella were implicated in salmonellosis outbreaks in the 

United States from 2010 to 2019 (Table 2.2). A serotype of particular note is Salmonella I 

4,[5],12:i:-, a monophasic variant of Salmonella Typhimurium (73). This Salmonella serotype 

has been identified as an emerging disease-causing serotype of Salmonella (144). Although 

sporadically isolated in the mid-1900s, the serotype did not gain much attention in the peer-

reviewed literature until the late 1980s, when it was isolated from chicken carcasses in Portugal 

(130). Reported illness data support the emergence of this serotype as a disease causing agent in 

the United States, as it was the 5th most common salmonellosis-causing serotype in the nation in 

2016, compared to the 18th in 2002 (48, 144). Some have suggested that the serotype is of 

primary concern for the pork industry (27), but its isolation from chicken carcasses, ground 

chicken, and live chickens and foodborne illness outbreaks attributed to chicken contaminated 

with Salmonella I 4,[5],12:i:- show its major implication for the poultry industry (50, 130, 220). 

2.2.1.2 Campylobacter spp. 

Campylobacter spp. are gram-negative, spiral-shaped, microaerophilic bacteria that are 

part of the Campylobacteraceae family. The Campylobacter genus consists of 25 species and 8 

subspecies (133). Of particular interest to the food industry are C. jejuni and C. coli, which can 

be isolated from all types of domestic livestock and some wild animals (106). Campylobacter 

spp. have optimal growth ranges between 37-42°C and rarely grow at <30°C. Some 

thermotolerant strains of C. jejuni and C. coli have optimal growth ranges between 42-45°C. 
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These strains are thought to have adapted to the avian gastrointestinal tract, which is at a 

temperature of around 42°C (163). Furthermore, the microaerophilic nature of Campylobacter 

spp. is potentially due to the lack of oxygen that exists in the avian gut (163). Campylobacter 

spp. can remain viable in food products at temperatures as low as 4°C. While freezing reduces 

the viability of the cells, low levels of Campylobacter have been recovered in food products 

stored at temperatures as low as -20°C after several weeks (6, 123) 

Campylobacter spp. are one of the leading causes of gastroenteritis worldwide. Sporadic 

cases and underreporting of cases make the annual burden of Campylobacter spp. hard to 

quantify, but according to Centers for Disease Control and Prevention (CDC) expert elicitation, 

there were 4,936 total outbreak cases as part of 120 foodborne-campylobacteriosis outbreaks in 

the United States from 1999 to 2008 (17, 213). Evidence suggests that there has been a rise in the 

incidence of Campylobacter worldwide over the past decade, including rising rates in North 

America, Europe, and Australia (114). In 2012, it was estimated that the annual cost of all 

Campylobacter-associated illnesses was approximately $1.7 billion, illustrating the high 

economic burden of the microorganism (99).  

Due to its presence in the gut of animals that are commonly used for food, 

Campylobacter is most often associated with poultry meat and products, unpasteurized milk, 

beef, and other meat products. Untreated water has also been frequently implicated as the cause 

of sporadic campylobacteriosis cases (62, 102). Environmental samples, such as groundwater, 

can also harbor Campylobacter (188). 

2.2.1.3 Other pathogens 

 While most poultry safety-related research is focused on Salmonella spp. and 

Campylobacter spp., researchers have identified other organisms as potential concerns for the 
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poultry industry. In 2000 and 2002, there were multistate listeriosis outbreaks in the United 

States linked to the contamination of turkey deli meat (85, 157). Currently, there have been no 

chicken-associated listeriosis outbreaks in the United States, but Listeria has been isolated from 

broiler farming environments, broiler meat, and broiler processing environments. In a survey of 

United States and United Kingdom foods, Gilbert et al. (76) found 12% of ready-to-eat (RTE) 

poultry product samples and 60% of raw chicken samples contaminated with Listeria 

monocytogenes. Conversely, Berrang et al. (21) did not consistently identify L. monocytogenes in 

raw, chilled broiler carcasses. Multiple studies have identified the organism in poultry processing 

and further processing plants (23, 24). Loura et al. (127) showed that raw broiler meat, worker 

hands, and processing equipment were sources of contamination of L. monocytogenes in poultry 

processing plants. Understanding the routes of contamination in these types of poultry processing 

environments is of high importance to lower the risk of cross-contamination to fully cooked 

product. Limiting birds’ exposure to the organism before processing could help reduce the risk of 

the entry of the organism into processing environments. More data need to be collected on the 

presence of Listeria spp., and specifically L. monocytogenes, in the environment of poultry 

farms. Golden et al. (2019) found Listeria spp. and L. monocytogenes in 15.9% and 1.8%, 

respectively, of preharvest (soil and feces) samples from pastured poultry farms. Due to the 

ubiquitous nature of L. monocytogenes in the environment and the rise in alternative poultry 

production methods, L. monocytogenes should be considered an emerging pathogen of concern 

for the poultry industry. 

 Arcobacter butzleri is another emerging foodborne pathogen in the food industry, 

characterized by its ability to cause gastroenteritis, bacteremia, and septicemia in humans and 

frequent isolation from animal-sourced foods (8, 143). Arcobacter spp. are phylogenetically and 



 

 

 
 

12 

phenotypically very similar to Campylobacter spp. (207). Poultry is considered a main source of 

A. butzleri, with pork and beef being other major sources (98). Arcobacter butzleri has been 

commonly isolated from food processing environments, and particularly in slaughterhouses (54, 

69, 75). The organism has also shown the ability to form biofilms in food processing 

environments, which could act as a cross-contamination source to food products (69). Due to its 

association with poultry, A. butzleri is a potential pathogen of concern for the poultry industry. In 

2008, A. butzleri was implicated as the likely cause of a foodborne illness outbreak related to 

chicken consumption at a wedding in Wisconsin, resulting in 51 illnesses (122). Studies have 

found it highly prevalent on broiler carcasses and processing equipment at various points during 

processing (103, 197) and in retail meat (8, 115), 

2.2.2 Preharvest contamination routes 

2.2.2.1 Poultry as reservoirs for pathogenic bacteria 

The gastrointestinal tract of poultry is a significant reservoir for Salmonella and 

Campylobacter, indicating why the two organisms have presented such a large public health risk 

for poultry-based food products. This is of major importance because organisms present in the 

gut of birds have the potential to spread to the outside of the bird during processing, posing a 

potential route of contamination for poultry meat. An understanding of the colonization 

properties of poultry-related foodborne pathogens is needed to help mitigate the risk of the 

organisms. 

 Campylobacter is a commensal microorganism in the gut of poultry and is mainly present 

in the cecum and colon (19, 67). Colonization of the gut normally occurs approximately three 

weeks after bird hatching, with the presence of maternal antibodies identified as a potential cause 

of the delay (94, 108, 182). Many studies have investigated the potential source of 
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Campylobacter that colonize the guts of birds. The external environment, previous poultry 

flocks, other domestic animals, contaminated water, and vertical transmission from parent birds 

have been suggested as potential major sources of contamination (94, 165, 166, 168). Bull et al. 

(35) identified bird transport as a major contamination risk. Horizontal transfer of 

Campylobacter through bird feces has been identified as one of the major sources of flock 

contamination, and once a bird is contaminated, bird-to-bird transmission occurs rapidly (105, 

151, 189).  

 Unlike with Campylobacter, younger birds are more susceptible to Salmonella 

colonization than older birds (11, 140). Early studies of Milner and Shaffer (140) showed that 

day-old chicks could be infected by as little as 5 Salmonella cells, while older birds were 

infected less frequently and required higher doses of Salmonella to be infected. Subsequently, 

Salmonella incidence in poultry decreases as the rearing time progresses (121). Nurmi and 

Rantala (155) proposed that as birds grow in age, their intestinal microflora develops and 

becomes more resistant to colonization by pathogens like Salmonella, a phenomenon that has 

become known as competitive exclusion. Horizontal transmission of the organism has been 

identified as the major source for flock contamination (93). Poor hygiene, feed contamination, 

contamination by small animals like rodents and insects, size of farm, and carryover from the 

previous flock have all been identified as other significant risk factors (10, 93, 121, 192). 

Interestingly, Heyndrickx et al. (93) found no correlation between bird contamination during 

rearing and final product contamination, but instead identified fecal matter in transport crates as 

the major correlator of end product safety. Rasschaert et al. (177) also identified that 

gastrointestinal colonization of birds with Salmonella was not correlated with final product food 

safety and identified cross-contamination from slaughter equipment as the main source of 
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contamination. Despite this, poultry producers use Salmonella vaccines in young chicks to 

induce cell-mediated immunity and reduce the risk of further colonization of the gut by virulent 

Salmonella (9). The use of probiotics/prebiotics and various feed additives have also been shown 

to lower the probability of Salmonella gut colonization (38, 162, 210). 

 Studies have shown that poultry can serve as a potential reservoir for Listeria spp. Njagi 

et al. (152) reported that the intestinal tracts of chickens and other types of poultry can act as 

reservoirs for Listeria in live operations. Dhama et al. (59) further touched on this point and 

suggested that poultry can spread the organism into the litter and environment through fecal 

matter, representing an entryway into the poultry processing chain.  

Due to the ubiquity of the organism, Listeria could pose a potentially increased risk to the 

alternative poultry industry, where birds are allowed access to the natural environment (12, 142). 

While the risk is noted, Milillo et al. (138) found that only 7 of 399 (1.75%) of cecal samples 

from pasture-reared poultry were Listeria-positive and showed that samples were positive for L. 

monocytogenes and hemolytic L. innocua. These researchers indicated that Listeria was more 

frequently isolated from younger birds, indicating that as the birds’ intestinal microflora matures, 

Listeria numbers decrease, but no follow up study was performed. Additionally, Locatelli et al. 

(126) isolated a higher number of L. innocua isolates from feces and soil samples collected from 

pastured poultry farms when compared with L. monocytogenes isolates, similar to conventional 

poultry farms.  

2.2.2.2 Environmental contamination 

As mentioned previously, pathogen prevalence in cages during transport of birds has 

been linked to a higher prevalence of pathogen contamination in the final product (35, 93). 

Additionally, contaminated poultry litter, feed, and drinking water have been identified as 
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potential risk factors for increased pathogen risk in the final poultry product (131, 205, 211). 

Contamination of these items can result from environmental factors, such as contaminated feces 

and soil, small animals, and poor worker hygiene. Because of this, subsequent measures have 

been taken by poultry farmers to improve biosecurity measures and to implement proper worker 

hygiene (205). Due to the nature of alternative poultry operations, these factors can be harder to 

account for.  

While the prevalence of foodborne pathogens in the environment of conventional poultry 

farms is well established, recent studies have statistically compared the two types of farms (2, 

116, 167, 190). Petkar et al. (169) reported that Salmonella survival in conventional and organic 

broiler feeds was not significantly different. Alali et al. (2) found that Salmonella contamination 

of fecal matter and bird feed was significantly lower in samples collected from organic farms 

when compared to conventional farms. This notion is supported by the work done by Siemon et 

al. (190). Peng et al. (167) found various environmental samples from organic mixed-crop 

livestock farms were more contaminated with Salmonella than conventional poultry farms. 

Hoogenboom et al. (101) found no significant difference in Salmonella prevalence in the feces of 

organically-raised swine and conventionally-raised swine. Similarly, fecal samples collected 

from conventional and organic dairy farms were not significantly different in Salmonella 

prevalence (70).   

2.2.3 Harvest/processing contamination routes 

2.2.3.1 Scalding 

 Scalding is used prior to defeathering of broiler carcasses primarily to help loosen the 

feathers of the bird. This step has been identified as a potential source of microbial 

contamination of birds via cross-contamination. Mulder et al. (145) found that cross-
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contamination occurred during scalding when external contamination was introduced via dust 

and feathers. Controlling for bacterial load in the scalding water is imperative in preventing 

cross-contamination of bird carcasses. The reduction of organic matter in scalding water has 

been identified as a measure to reduce E. coli and coliform numbers (107).  

Traditionally, one-tank scalding systems containing 50-60°C water were used for this 

step, but time has given rise to other types of scalding systems including steam-scalding and 

three-tank, countercurrent scalders. Many studies have been conducted on the effect of the type 

of scalding operation used on the microbiological quality of carcasses. Steam-scalded carcasses 

were found to present significantly less coliforms than conventionally scalded carcasses (164). 

The three-tank, countercurrent system is characterized by the use of three successive scalding 

tanks where the flow of water and carcasses move in the opposite direction, so that carcasses 

move into progressively cleaner water (40). This system has been shown to improve the 

microbial quality of birds after scalding when compared to traditional systems (109). This is 

likely due to the countercurrent flow of water and use of multiple tanks, where studies have 

found that coliform, E. coli, Campylobacter, and Salmonella numbers were reduced in 

successive tanks (39, 209). Furthermore, when compared with Enterobacteriaceae numbers in a 

conventional single-tank scalding system, Veerkamp and Heemskerk (209) found lower numbers 

in the third tank of a countercurrent system. 

2.2.3.2 Defeathering 

 After scalding, poultry carcasses are defeathered using automated machines with finger-

like plucking appendages. Defeathering has been identified as a major potential source of 

microbial contamination. Nde et al. (150) found that Salmonella prevalence increased from 7% 

on freshly slaughtered turkeys to 16% on defeathered turkeys. Berrang et al. (19) found that one 



 

 

 
 

17 

of 120 broiler carcasses were Campylobacter-positive pre-defeathering compared with 95 of 120 

carcasses post-defeathering.  

Multiple studies have been conducted on the effect of cross-contamination during this 

step (4, 5, 149, 173). Using an E. coli K12 marker, Allen et al. (4) found that cross-

contamination during broiler defeathering was mainly attributed to aerosols, large droplets, and 

feathers. Furthermore, it was found that forward and backward contamination occurred when an 

inoculated broiler carcass was introduced to the process, but cross-contamination was highest 

when carcasses came from inoculated scalding water. Subsequent studies have identified feathers 

as a potential source of contamination, specifically of Salmonella (5, 149, 176). Allen et al. (5) 

identified that defeathering reduced overall bacterial numbers on broiler carcasses but caused 

dispersion of a marker organism which caused forward and backward carcass contamination. 

Results from Nde et al. (149) support this, demonstrating through molecular subtyping that 

identical Salmonella isolates present on turkey feathers were found on defeathered turkey 

carcasses. Additionally, antibiotic-resistant strains of Klebsiella pneumoniae and E. coli isolated 

from defeathering machines before processing were isolated from broiler carcasses after 

processing (173).  

 Berrang et al. (19) identified that contaminated fecal leakage during the defeathering 

process was a significant source of carcass contamination. Studies have analyzed the effects of 

various methods to overcome this problem. When a tampon device was applied to the inside of 

120 broiler carcasses with subsequent cloacae suturing pre-defeathering, only 13 of the carcasses 

were Campylobacter-positive post-defeathering, compared to 95 of 120 Campylobacter-positive 

carcasses when defeathered conventionally (19). A 50-cc dry sterile sponge plug was also 

identified as an effective way to prevent fecal leakage and subsequent Campylobacter 
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contamination (22). Other types of control measures have been tested as well. Overall bacterial 

numbers were significantly lower in carcasses that were treated with 1% acetic acid after 

defeathering than a water control, with counts of 3.93 and 4.53 log CFU/carcass, respectively, 

but the effect of hydrogen peroxide (H2O2) was negligible (60). An additional scalding step after 

defeathering had no significant reduction effect on Campylobacter, E. coli, and other coliforms 

(20). 

 Research on the post-defeathering bacterial load on carcasses for alternative poultry 

operations is still limited. A recent study found that organically processed carcasses contained 

significantly less average Campylobacter CFU/unit than conventionally processed carcasses, 

with 1.6 log CFU/unit and 2.5 log CFU/unit, respectively (13). 

2.2.3.3 Evisceration 

 During evisceration, birds’ viscera are removed by manual or automated methods. This 

involves the removal of the cloaca and rectum and the scooping out of the birds’ entrails (72). 

Cross-contamination during this processing step has been widely observed to occur by items 

such as contaminated evisceration equipment and poor worker hygiene. Contamination of 

equipment can occur when a bird’s gastrointestinal tract is ruptured during evisceration, thus 

leading to leakage of fecal material. Leakage of fecal matter can also contaminate the skin of 

poultry during this step (1). Lillard et al. (125) found that Salmonella incidence was significantly 

higher in eviscerated carcasses than in unprocessed control carcasses. Contrary to this finding, 

Nde et al. (150) found that there was no significant difference in Salmonella prevalence in pre- 

and post-eviscerated carcasses. Feed withdrawal is a measure that is taken where birds are not 

fed up to 12 h before slaughtering to try and reduce the amount of fecal matter present in the bird 

that could pose a potential contamination risk if leaked during evisceration (36). It is important 
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that birds are not withheld feed for an extended period of time, as feed withdrawal lasting longer 

than 12 h can result in thinning of the intestinal wall, which presents a higher chance of rupturing 

during evisceration, increasing the likelihood of fecal leakage (215). Control of the evisceration 

process through proper evisceration techniques, good worker hygiene, and feed withdrawal 

should result in carcasses with less fecal contamination and a subsequent reduction in bacterial 

pathogen risk. 

2.2.3.4 Washing 

After evisceration, poultry carcasses are often subjected to wash cycles to remove fecal 

and other organic matter from the surface and gut cavity of the carcasses. Numerous studies have 

shown that this step often leads to an overall reduction in bacterial numbers on poultry carcasses 

(183, 198), but another study showed that subsequent washes with untreated water were 

ineffective at reducing Campylobacter numbers on carcasses (16). Furthermore, introduction of 

contaminated carcasses to wash water poses a potential threat of cross-contamination. Numerous 

washing intervention strategies have been investigated to mitigate the risk during this processing 

step, including the use of antimicrobial chemicals and high temperature water.  

The use of chlorine (sodium hypochlorite) during washing of poultry is widespread 

across the conventional poultry industry, but recent reports have suggested that sodium 

hypochlorite can interact with organic molecules on the surface of food products to produce 

harmful byproducts including haloquinones, halo-cyclopentene and cyclohexene derivatives (34, 

97). Although the use of chlorine is permitted in alternative poultry processing (Table 2.1), many 

processors have trended towards the use of other antimicrobials such as peracetic acid (PAA) and 

organic acid washes (137).   When compared to a 25-35 ppm chlorine wash, trisodium phosphate 

and acidified sodium chlorite washes reduced Campylobacter levels on carcasses by an 
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additional 1.03 and 1.26 log CFU/mL on average, respectively (16). Chlorine dioxide (100 ppm) 

treatments provided up to 1.21 log CFU/g reductions of Campylobacter on poultry (100). 

Various concentrations of oleic acid (2-10% wt/vol) applied to wash water had a significant 

effect in reducing aerobic bacteria, Enterobacteriaceae, and Campylobacter (95). Other fatty 

acids have also been studied, and Hinton Jr and Ingram (96) found that a mixture of tripotassium 

phosphate (TPP) and lauric and myristic acids were highly effective towards gram negatives, 

gram positives, and yeasts, proving its potential use to improve the safety of poultry and cause 

reduction of potential spoilage organisms as well. Carcasses washed in potassium hydroxide and 

lauric acid solutions contained up to 1.55 log CFU/g less aerobic bacteria (based on total plate 

counts) than carcasses washed in distilled water (97).  

Electrolyzed water has been investigated as another potential alternative to traditional 

chlorine washes (161, 214). Electrolyzed water (containing 25 mg/l of residual chlorine) reduced 

Campylobacter levels up to 3 log CFU/g on broilers compared to 1 log CFU/g after an untreated 

water was used (161). Additionally, no viable Campylobacter cells were isolated from the wash 

water, as opposed to 4 log CFU/mL found in the untreated water after washing, showing its 

potential use in reducing cross-contamination risk during washing. More research needs to be 

conducted in this area to determine the large-scale applicability of this type of intervention. 

2.2.3.5 Chilling 

 Before further processing or packaging, carcasses are subjected to a chilling process to 

lower the internal temperature of the bird. Primarily, two types of chilling processes are used in 

the industry: water-immersion chilling and air-chilling. Water immersion systems utilize a 

continuous flow of water to chill poultry carcasses, while air cooling systems utilize chill rooms 

or air blast tunnels for cooling (3). Some processors make use of a water spray during the 
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beginning stages of air cooling. Water-immersion chilling is the primary chilling system used in 

the United States, while air-immersion systems are mainly used in the European Union (25, 184). 

Several studies have found that both types of systems substantially reduce microbial load (14, 26, 

199), and a recently conducted meta-analysis found no significant difference in the microbial 

reduction efficacy of the two methods (18). 

 Rapid-surface cooling has been investigated as a potential alternative system. A recent 

study showed that immersing carcasses in liquid nitrogen for 20 seconds reduced Campylobacter 

numbers by up to 1 log CFU/g (37). However, no control was included to compare to traditional 

systems, nor was there any mention on how the cooling process affected the meat quality.  

2.2.3.6 Differences in foodborne pathogen prevalence during alternative and conventional 

poultry processing  

Key differences in the prevalence of foodborne pathogen contamination of poultry at 

various points in the conventional and alternative poultry processing chain need to be noted for 

accurate assessments of risk of the various pertinent pathogens. Early results from 

Luangtongkum et al. (128) showed that Campylobacter prevalence was high in the 

gastrointestinal tract of both organic and conventionally-raised, slaughter-age turkeys. The 

results were similar for broiler flocks, as Heuer et al. (92) found organic broiler flocks to have 

significantly higher Campylobacter prevalence compared to conventional flocks. Salmonella 

prevalence was also found to have a higher prevalence on organic, processed broiler carcasses 

when compared to conventional carcasses (12).   

With the rise in popularity of alternative poultry production systems and the rise of 

antibiotic-resistant bacteria, updated data are necessary, but are rather sparse in the scientific 

literature. Bailey et al. (13) found Campylobacter prevalence to decrease during broiler 
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processing for both organic and conventional production systems. Fecal matter and post-water 

chill carcasses of conventionally processed broilers had significantly higher Campylobacter 

prevalence than organically processed birds, but otherwise, prevalence levels were similar 

throughout the processing chain (13). While the risk of foodborne pathogen isolation from 

poultry seems similar for both management systems, the complex and evolving nature of 

alternative poultry processing makes the need for more comprehensive studies very high.   

2.2.4 Post-processing foodborne pathogen contamination of poultry and poultry products 

 After processing, poultry are portioned, packaged, and/or further processed into other 

products before they are delivered to retail establishments. Cross-contamination can occur during 

these steps, but proper hygiene control and cleaning and sanitizing of equipment are often 

effective at reducing the risk of cross-contamination of pathogenic bacteria (135). After 

processing, it is also very important to control spoilage microorganisms to prevent off-flavors, 

odors, and spoilage of poultry meat due to growth of bacteria such as Pseudomonas spp. (77, 

156). Technologies such as modified atmosphere and active packaging can be useful to control 

the growth of microorganisms already present on the surface of poultry meat (191). Quantifying 

the growth of various microbes on the surface of poultry meat after packaging has been well 

characterized due to the generation of accurate predictive models presented in the literature. 

Researchers have used Pseudomonas spp. as an indicator organism to determine remaining shelf-

life based on storage conditions and cold-supply chain management (63, 74, 175). Various 

models have been generated to predict pathogen growth in raw poultry (64, 112, 158, 159) and 

cooked poultry (43, 111, 217).  

 Recent studies have provided the public with data on foodborne pathogen prevalence in 

retail poultry meat. A meta-analysis performed by Golden and Mishra (80) aggregated United 
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States surveys and reported retail Campylobacter prevalence estimates of 59 and 55% for 

conventional and alternative broiler meat, respectively, and Salmonella prevalence estimates of 

19 and 23%, respectively. Estimated prevalence was not significantly different between 

production system for either pathogen observed. 

2.2.5 Antibiotic resistance 

 For years, antibiotics have been used in the poultry industry in delivery systems such as 

feed additives for therapeutic, prophylactic, and growth stimulating properties (134, 186, 200). 

Recent work has shown that, while antibiotic-resistant bacteria have always been present in 

nature, wide use of antibiotics has presented an opportunity for an increase in antibiotic-resistant 

pathogenic bacteria (57). Antimicrobial resistance occurs when bacteria obtain resistance to 

select antimicrobials by processes including: gene mutation, acquiring transposons, and plasmid-

mediated gene transfer (58). Feed type has been shown to affect antimicrobial resistance, as 

Hegde et al. (90) found that resistance genes in the gut microbiome were more highly expressed 

in chickens reared on conventional diet when compared to organic. With the rise of consumer 

concern over antimicrobial-resistant bacteria, many consumers have opted for the purchase and 

consumption of organic food products (55). However, research has shown that even though 

organic poultry are raised without antibiotics, this does not eliminate the presence of antibiotic-

resistant bacteria in organic poultry meat and farms (56, 141, 180). In a recent study by Rothrock 

Jr. et al. (180), high prevalence of antibiotic-resistant isolates of Listeria (63.9%) and Salmonella 

(36.0%) were found in various sample types from pastured poultry farms in the southeastern 

United States. 

 Numerous studies have compared the prevalence of antibiotic-resistant bacteria on 

alternative and conventional retail broiler meat. Cui et al. (56) found that all Salmonella 
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Typhimurium isolates from conventional retail broiler meat were resistant to at least 5 of the 

tested antimicrobials, while 79% of Salmonella isolated from organic broiler meat were 

susceptible to all 17 tested antimicrobials. Lestari et al. (124) also found that Salmonella isolates 

from organic retail broiler meat were susceptible to a larger number of antibiotics than isolates 

from conventional chicken, but all isolates were resistant to amikacin, ceftriaxone, and 

ciprofloxacin. Other reports have found that up to 68% of Salmonella from pasture-raised broiler 

meat contained class I integrons, nonmobile genetic elements that have been linked to 

antimicrobial resistance, and all isolates were resistant to sulfisoxazole and novobiocin (15, 136). 

In a recent study, it was reported that there was a statistically significant lower amount of 

multidrug-resistant strains of Salmonella in the environment of large-scale poultry farms that 

voluntarily withdrew antibiotics when compared to conventional large-scale poultry farms (185). 

In various reports, Salmonella Kentucky has been the most isolated antibiotic-resistant serotype 

from broiler meat and the environment of poultry farms, with Hadar, Orion, and Enteritidis as 

other commonly isolated serotypes (124, 136, 185). 

 The prevalence of other types of antibiotic-resistant bacteria has also been observed. 

Early reports by Luangtongkum et al. (128) found that less than 2% of Campylobacter strains 

isolated from organic broiler gastrointestinal tracts were resistant to fluoroquinolones compared 

to 46% of strains from conventional broilers, but a large number of the isolates from both 

conventional and organic broilers were resistant to tetracycline. Bailey et al. (13) presented 

similar results, finding 81.6% of Campylobacter isolates from various organic broiler processing 

steps to be resistant to tetracycline, compared with 65.3% of isolates from conventional farms. 

Noormohamed and Fakhr (153) isolated multidrug-resistant Campylobacter strains from both 

organic and conventional retail broiler meat. Both organic and conventional retail broiler meat 
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have been found to contain antibiotic-resistant enterococci (118). Similarly, 41.7% of 

Enterobacteriaceae isolated from organic broiler meat were multidrug-resistant (141). 

Additionally, organic broiler meat was found to be statistically indistinguishable in the number 

of antibiotic-resistant E. coli isolates when compared with conventional broiler meat (139). 

These results show that although antibiotics are withheld from organically-raised birds, this does 

not necessarily guarantee the absence of antibiotic-resistant pathogenic bacteria from processed 

organic broiler meat. 

2.3 Predictive microbiology and its use in the poultry industry 

2.3.1 Machine learning 

 Machine learning (ML) is characterized by the use of machine algorithms to extract 

information and features out of big, complex datasets that could not be readily handled by 

traditional statistical approaches (119). Typically, after data are collected and prepared, an ML 

model is chosen and trained on the training data. Commonly used ML models include ensemble 

decision tree algorithms like the random forest and gradient boosting machine models, support 

vector machine models, principal component analysis, neural network models, and Naïve Bayes 

models. During training, hyperparameter tuning and model selection take place. A 

hyperparameter is a value that is used in the fitting of a model but cannot be estimated directly 

from the provided data (79). Cross-validation is often used in this step to improve 

hyperparameter choice efficacy. Finally, models are tested on a held-out test set from the original 

dataset or an independent dataset.  

Machine learning has begun to make a large impact in the realm of food safety, with used 

such as predicting factors that are associated with increased pathogen prevalence in farming 

environments (81, 160), increasing the effectiveness of risk assessment studies (181), and 
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assisting in the prevention of food fraud worldwide (29). Machine learning has been employed 

specifically in the poultry industry in many different applications. Soltani and Omid (196) 

presented decision tree and artificial neural network models that were capable of predicting the 

freshness class of chicken eggs. Golden et al. (82) used random forest models to identify major 

farm practice variables that were linked to a higher predicted prevalence of Listeria spp. in pre- 

and postharvest pastured poultry samples. Jianping et al. (110) developed an integrated Grey 

neural network model that could accurately predict the trend of antimicrobial resistance of E. coli 

in livestock and poultry. 

2.3.1.1 Random forest 

 The random forest (RF) model is an ensemble decision tree method that was designed by 

Breiman (31). This model is characterized by the growth of a large number of classification and 

regression trees (CART) (30). During fitting of each tree, training data are first sampled using 

the non-parametric bootstrap method, and the chosen data are considered the in-bag sample, with 

the remaining data being the out-of-bag sample (65). Next, a non-pruned CART is trained on the 

in-bag sample, using a randomly selected number of the predictors as potential split candidates at 

each node of the tree. The best splits are determined by the Gini index (30). Trees are then 

evaluated on the out-of-bag samples to provide an estimate on performance and as a means to 

rank predictors in terms of importance to the model (170). 

 Random forest models have seen use within the food and water safety fields. Barbut et al. 

(14) showed the versatility of RF models when comparing the epidemiology of Salmonella 

Typhimurium and Salmonella 4,[5],12:i:- strains by determining the most important phenotypic 

and epidemiologic variables distinguishing the two strains. Smith et al. (194) used the model to 

find that migratory birds were the most likely cause of E. coli contamination of a Texas body of 
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water based on antibiotic resistance patterns. Lv and Liu (129) developed an RF model to rapidly 

and accurately predict arsenic contamination in rice crops. Vangay et al. (208) showed that the 

model was able to match the results of expert classification when determining L. monocytogenes 

persistence in retail deli meat environments and its potential use in environmental surveillance. 

2.3.1.2 Gradient boosting machine 

 The gradient boosting machine (GBM) model is another type of ensemble decision tree  

method that was designed by Friedman (71). While the decision trees that are part of RF models 

are all grown at once, trees grown as part of a GBM model are grown in a stepwise, additive 

way. Each model attempts to build on the weaknesses of the previous models, or “weak-

learners”, by generating new-learners that are maximally correlated with the negative gradient of 

the loss function (146). Gradient boosting machine models have been widely used in other types 

of industries, but to our knowledge, the work provided in this dissertation is the first published 

study utilizing the model in a food safety context. 

2.3.2 Meta-analysis 

 Meta-analysis is a tool that is used to aggregate the results of many individual studies and 

estimate the effect size of a treatment or intervention (78). While meta-analysis has been widely 

used in the field of medicine and other industries since the 1970’s, it is gaining in popularity in 

the food safety literature since recommendations for their use by Sargeant et al. (187) and 

Gonzales-Barron and Butler (84). Various systematic review and meta-analysis studies have 

been conducted to estimate the prevalence of foodborne pathogens in poultry and poultry 

samples or effect of a treatment on pathogen load (33, 83, 117, 201, 212, 219).  

 There are many aspects to a comprehensive meta-analysis. The first step is to conduct a 

systematic review of the literature (84). In doing so, a clear research question needs to be stated, 
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considering the population and treatment/outcome of interest. Keywords relating to the 

formulated question must then be determined and searched for through applicable databases. 

Commonly used databases for scientific systematic reviews are PubMed 

(https://www.ncbi.nlm.nih.gov/pubmed/), Web of Science (https://www.webofknowledge.com), 

and Google Scholar (https://scholar.google.com/). Additionally, inclusion criteria need to be set 

for potential inclusion of a research study in the final meta-analysis. Here, articles can be 

screened to make sure they fit the stated research question and provide the necessary quantitative 

and qualitative data. During this step, some researchers apply quality scores to articles to make 

sure they are of high enough quality for inclusion in the final meta-analysis, but studies have 

shown that quality scores can be highly problematic due to misleading rankings of studies (91, 

113). Following the screening of articles, data are extracted from eligible articles. This step is 

necessary to accumulate the results of each study, so an overall effect of a treatment can be 

estimated. It is also necessary to extract qualitative data during this step to potentially help 

identify sources of heterogeneity within the studies (84). Finally, an overall effect size is 

estimated through the use of a fixed effect or random effect model. The effect size estimates the 

degree to which a specific type of phenomenon is present in the population of interest (84). A 

fixed effect model is used when low amounts of between-study variability or heterogeneity is 

expected, or when it is assumed that all included studies share a common effect size and 

differences are only present due to sampling error (28, 84). Random effect models are used when 

there is a high expected amount of heterogeneity or there is no reason to assume that the true 

effect size will be identical for all studies (28).  
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2.3.3 Quantitative microbial risk assessment 

 Quantitative microbial risk assessments (QMRA) are widely used throughout the food 

industry as a tool to estimate the risk of foodborne biological hazards to human consumers. They 

allow for the mapping of foodborne pathogens throughout the complex supply chain of a food 

product. The first QMRA regarding food safety was conducted by Whiting and Buchanan (218) 

in predicting the risk of Salmonella Enteriditis infection due to human-consumption of 

pasteurized liquid eggs. There are four main steps to a QMRA: (i) hazard identification, (ii) 

hazard characterization, (iii) exposure assessment, and (iv) risk characterization (53). Hazard 

identification is used to identify the microbial hazard of interest as well as likely populations that 

would be impacted by the hazard (172). Hazard characterization is then used to describe the 

hazard and its interaction with humans if consumed. This is where the dose-response relationship 

is determined (172). Next, exposure assessment is used to determine the frequency in which the 

hazard is consumed by humans based on the consumption patterns of the food item of interest. 

Finally, risk characterization uses the results from the hazard characterization and exposure 

assessment to provide a final estimate of the number of illnesses caused by the food item of 

interest due to contamination of the pathogen of interest.   

Numerous QMRAs estimating the risk of human campylobacteriosis and salmonellosis 

due to consumption of poultry meat are available in the scientific literature. The majority of these 

QMRAs focus on the risk of conventional poultry meat to the consumer, with the exception of 

the work presented by Rosenquist et al. (179), who found that the risk of Campylobacter 

infection due to contaminated poultry meat was 1.7 times higher in Danish organically-produced 

meat when compared with conventionally-produced meat. To our knowledge, no QMRA has 
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been performed on the risk of Salmonella infection to humans due to the consumption of 

alternatively-produced poultry meat.  

There are many approaches to constructing a poultry related QMRA model. Some models 

attempt to estimate the presence of pathogens throughout the entire farm-to-fork poultry 

continuum (89, 148), while others focus on the retail-to-consumption part of the supply chain 

(171, 193). Farm-to-fork type models require a comprehensive understanding of foodborne 

pathogen prevalence and behavior throughout the entire food chain. While this has been 

accomplished in QMRAs focused on conventionally-produced poultry, there are still data gaps in 

our knowledge of prevalence in alternative systems. In a meta-analysis performed by Golden and 

Mishra (80), data were available to provide estimates of Salmonella and Campylobacter 

prevalence in alternative poultry farming environment and retail meat samples in the United 

States, but data were lacking to provide these estimates for pathogen prevalence in broiler 

carcass at various points during processing (i.e. rehang, prechill, postchill). An understanding of 

how bacterial numbers change during processing of alternatively-grown poultry is pertinent to 

the production of an accurate QMRA model. Similar studies to the work presented by Bailey et 

al. (13) should be adapted to track Salmonella throughout the alternative poultry processing 

supply chain. Additionally, a multi-state survey of the types of processing practices (e.g. type of 

washing system) that are utilized by the various types of alternative poultry production systems 

would be useful in QMRA construction. Similar surveys have been conducted for poultry 

processing facilities in the United States (154), but distinctions should be made between the type 

of production facility. This would give risk assessors a better idea of the practices that are 

prominently in use in the United States and incorporate those factors into the QMRA.  
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Table 2.1 United States Department of Agriculture standards for organic poultry production 
according to 7 CFR §205a 

Factor Key points CFR section 
Origin of livestock All birds intended for slaughter/egg production 

must be under organic management by the second 
day of life 

§205.236 

Livestock feed All feed, feed additives, and feed supplements must 
be 100% certified organic; water additives must 
be consistent with the regulations in §205.603  

§205.237 

Livestock health care Animals must be kept in low stress environments; 
no hormones can be used to induce growth; no 
antibiotics can be used to treat birds that will be 
marketed as organic 

§205.238 

Livestock living 
conditions 

Animals must have access to the outside, unless 
due to inclement weather; housing must provide 
room for exercise, direct sunlight, fresh air, shade, 
shelter, and adequate ventilation, supply of clean 
water, and sanitation 

§205.239 

Carcass washes Carcass wash water can contain chlorine levels 
permitted by FDAb and EPAc, but must be 
followed by a rinse with potable water that does 
not exceed 4 ppm chlorine 

§205.102 

Marketing and labeling Products represented as “100% organic” or 
“organic” must include handler information and 
“Certified by ___” statements naming the 
appropriate certifying agency 

§205.303 

Record keeping  Accurate records must be kept on an ongoing basis; 
common records to be kept: feed 
receipts/certificates, sales records, production 
records, mortality/cull records 

§205.103 

a Source: Electronic Code of Federal Regulations (66) 
b Food and Drug Administration (FDA) 
c Environmental Protection Agency (EPA)  
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Table 2.2 Chicken-associated salmonellosis outbreaks in the United States and Puerto Rico 
during 2011-2018 
Year Food source Serovar Cases Deaths Reference 
2011 Kosher broiled chicken livers Heidelberg 190 0 (44) 
2012-2013 Chicken Heidelberg 134 0 (88) 
2013-2014 Chicken Heidelberg 634 0 (45) 
2015 Raw, frozen, stuffed chicken Enteritidis 15 0 (46) 
2015 Raw, frozen, stuffed chicken Enteritidis 5 0 (47) 
2018 Chicken salad Typhimurium 265 1 (49) 
2018 Chicken I 4,[5],12:i:- 25 1 (50) 
2018 Chicken Infantis 129 10 (51) 
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CHAPTER 3 

COMPARISON BETWEEN RANDOM FOREST AND GRADIENT BOOSTING MACHINE 

METHODS FOR PREDICTING LISTERIA SPP. PREVALENCE IN THE ENVIRONMENT 

OF PASTURED POULTRY FARMS1 
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Abstract 

Foodborne pathogens such as Listeria spp. have the ability to survive and multiply in 

poultry farming environments, which provides a route of contamination for poultry processing 

environments and final poultry products. An understanding of the effect of meteorological 

variables on the prevalence of Listeria spp. in the farming environment is lacking. Soil and fecal 

samples were collected from 11 pastured poultry farms from 2014 to 2017. Random forest (RF) 

and gradient boosting machine (GBM) predictive models were generated to describe and predict 

Listeria spp. prevalence in fecal and soil samples based on meteorological factors at the farming 

location. In this study, we attempted to demonstrate the use of GBM models in a food safety 

context and compare their use to RF models. Both feces models performed very well, with area 

under the curve (AUC) values of 0.905 and 0.855 for the RF and GBM models, respectively. The 

soil GBM model outperformed the RF model with AUCs of 0.873 and 0.700, respectively. The 

developed models can be used to predict the prevalence of Listeria spp. in pastured poultry farm 

environments and should be of great use to poultry farmers, producers, and risk managers. 

3.1 Introduction 

Foodborne pathogens such as Listeria spp., Salmonella spp., and Campylobacter spp. are 

of great concern to the poultry industry due to their association with poultry meat products (36, 

48, 58). An understanding of factors that lead to the contamination of poultry meat and products 

with these pathogens needs to be obtained to ensure the safety of these products. Much is known 

about Salmonella and Campylobacter contamination of poultry, but there is little information on 

the occurrence of Listeria spp. in poultry farming environments and raw and ready-to-eat (RTE) 

poultry products at the consumer level in the United States (53).  
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Listeria monocytogenes is a gram-positive foodborne pathogen that causes listeriosis in 

humans. It is abundant in the natural environment and relatively hardy under adverse conditions 

(38). Additionally, when it is introduced to processing environments, it can establish a niche and 

remain persistent (11). Listeria monocytogenes has proven to be a significant risk in the ready-to-

eat (RTE) meat industry, with multiple listeriosis outbreaks occurring in the last 20 years (14, 22, 

23, 42, 61). In the United States, from 2010 to 2016, there were 18 multistate foodborne illness 

outbreaks attributed to Listeria resulting in 324 illnesses, 294 hospitalizations, and 65 deaths 

(12). While L. monocytogenes is not as common as Salmonella and Campylobacter, its high 

mortality rate (30%) proves its significance to the food industry (3). It is important to limit 

Listeria spp. on raw product to avoid the risk of bringing the organism into raw and RTE 

processing facilities.  

Organic and pastured poultry farms have been growing in popularity over the past decade 

(26). Pastured poultry farms are characterized by poultry that are reared on an open pasture in 

open-air, movable pens (55). This differs from organic poultry living conditions, as organic 

production only requires that birds have access to the outdoors (26). Due to the fact that pasture-

raised birds are exposed to the outdoor environment, an increase in foodborne pathogen 

transmission routes exist when compared to conventional houses, such as the presence of other 

farm animals (56), pests, and meteorological events (52). Furthermore, foodborne pathogens 

such as Listeria spp. have shown the ability to survive for extended periods of time in the soil of 

farming environments (17). Thus, it is important for pastured poultry producers to understand 

what factors are most important in controlling pathogen prevalence within the farming 

environment. 
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It has been shown that meteorological variables are significantly associated with foodborne 

pathogens at the farm level in produce farm environments (28, 44, 57). Studies have shown that 

temperature (28, 57), precipitation (44, 57, 60), and wind speed (44) have been linked to the 

isolation of various foodborne pathogens on produce farms. Limited data are available in terms 

of the effect of meteorological variables on foodborne pathogen prevalence in poultry farm 

environments. Considering the unique qualities of pastured poultry farms, it is vital to 

characterize the importance of meteorological events on the prevalence of foodborne pathogens 

in these environments. 

The purpose of the current study was to characterize the importance of meteorological 

variables in terms of the prevalence of Listeria spp. in soil and fecal samples in pastured poultry 

farms in the southeast US. Specifically, random forest (RF) and gradient boosting machine 

(GBM) models were used to predict prevalence of Listeria spp. in soil and fecal samples based 

on meteorological data. Due to limited use of these types of models in the food microbiology 

literature, the two methods were also compared for effectiveness. Additionally, effect of season 

and sample type were explored. The information from the current study should provide poultry 

farmers, producers, and risk managers information to help minimize foodborne pathogen 

contamination of their product. 

3.2 Materials and methods 

3.2.1 Description of data and study area 

A longitudinal study was conducted on 43 flocks of broilers on 11 farms in the 

southeastern United States from March 2014 to November 2017. The major broiler management 

practices for each farm are shown in Table 3.1. All broiler flocks at each farm were pasture-
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raised using temporary fences and moveable pens, considered all-natural or certified all-natural, 

and were never administered antibiotics. 

3.2.2 Sample collection 

On each sampling day, fecal and soil samples were collected from the pasture where the 

flock was currently residing at the time of sampling. Fecal samples were collected from fresh 

fecal droppings in the sampling site. If the farm was a multi-use farm, soil and fecal samples 

were also collected from sites where the other types of animals were residing. Soil samples were 

collected from the surface (0-7 cm). Sterile scoops were used to collect both types of samples, 

with gloves and scoops being changed after each sample. The pasture area was divided into 5 

separate sections and 5 subsamples in each section were pooled into a single sample for each 

section (5 total fecal and 5 total soil samples were collected on each sampling day). Samples 

were pooled due to high variability and low expected pathogen population size among 

environmental samples (4, 54). The total amount of sample collected for each field sample was at 

least 25 g. All samples were collected in the field and returned to the lab in a cooler packed in ice 

for immediate processing. For each flock, sampling occurred 3 times during grow-out: (i) within 

a few days of being placed on the pasture, (ii) halfway through their time on pasture, and (iii) on 

the day which the flock was processed. A total of 1,537 samples (770 fecal and 767 soil samples) 

were used in the current study. 

3.2.3 Listeria spp. enrichment and isolation 

 To prepare both feces and soil samples for homogenization, 3 g from each subsample 

were combined in filter stomacher bags (Seward Laboratory Systems, Inc., Davie, FL) and 

diluted 1:3 in 10 mM phosphate buffered saline (PBS). Samples were then stomached for 60 s. 

Enrichment and isolation of Listeria from soil and fecal samples were performed using a 
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modified version of the USDA-FSIS MLG 8.10 method (59). Three g of fresh soil or feces was 

added to 9 mL of buffered peptone water (BPW; Acumedia, Lansing, MI) in a filtered stomacher 

bag and shaken vigorously for 30 s. These bags were incubated overnight at 35°C to serve as a 

pre-enrichment. Following pre-enrichment, a primary enrichment was made in University of 

Vermont Modified Listeria Enrichment Broth (UVM; Remel, Lenexa, KS) and a secondary 

enrichment was made in Fraser Broth (Oxoid CM0895, Basingstoke, UK). Both the primary and 

secondary enrichments required overnight incubation at 30°C. One loopful (~10 µL) of the FB 

enrichment was streaked onto Listeria selective agar (LSA; Oxoid CM0856, Basingstoke, UK) 

for the isolation of Listeria spp. colonies. These plates were incubated overnight at 30°C. If 

Listeria colonies were isolated, three Listeria-like colonies were picked and used for further 

testing. From this, stock colonies were prepared by growing Listeria isolates in trypticase soy 

broth (TSB; Acumedia, Lansing, MI) at 37°C. Cell pellets were then centrifuged, washed in 

sterile water, and suspended in a brain heart infusion (BHI; Acumedia, Lansing, MI) broth 

containing 25% glycerol. Aliquots of 300 µL were distributed to microtubes and stored at -80°C 

until needed. 

3.2.4 Speciation of Listeria spp. 

Species of presumptive Listeria spp. colonies was determined by using multiplex PCR as 

described previously (35). Briefly, two multiplex PCR reactions were conducted, and the sample 

species was determined. Samples were speciated as L. ivanovii, L. grayi, L. innocua, L. 

welshimeri, or L. monocytogenes. Samples that were classified as L. monocytogenes underwent 

further serotyping analysis, following the procedure from Doumith et al. (16). Briefly, one L. 

monocytogenes isolate was thoroughly mixed with 25 µL pCR media containing: 1X EconoTaq 

PLUS 2X Master Mix (Lucigen Corporation, Middleton), 1 μM of each lmo0737, ORF2819 and 
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ORF2110 reverse and forward primers, 1.5 μM of lmo1118 reverse and forward primers, 0.2 μM 

of prs reverse and forward primers and qs water. PCR reactions were then run and following 

completion, the PCR products were mixed with 3 μL of BlueJuice™ loading buffer (Invitrogen, 

Carlsbad, CA) and separated on a 2% E-gel® with SYBR-safe™ (Invitrogen, Carlsbad, CA) 

along with 12 μL of E-Gel™ 1 kb Plus DNA Ladder (Invitrogen, Carlsbad, CA).  

3.2.5 Meteorological data collection 

 For each sample collection date at each farm, relevant meteorological variables were 

obtained. Meteorological data were collected from Weather Underground (wunderground.com; 

Ann Arbor, MI) from the nearest weather station to each farm location. Meteorological variables 

obtained included: temperature (°C; minimum, maximum, and daily average), wind speed (m/s; 

maximum and daily average), gust speed (m/s; maximum), humidity (%; minimum, maximum, 

and daily average), and precipitation (mm). Weather data were collected for the sampling day, as 

well as 1 and 2 days before the sampling day. These data represented the short-term effect of the 

weather variables. Additionally, averages of all variables between the sampling day and from 1 

to 7 days before the sampling day were calculated. These data represented the over-time effect of 

weather (28). In total, there were 100 meteorological variables (Appendix A). For some dates 

and locations where precipitation data were missing from Weather Underground, data were 

obtained from the National Oceanic Atmospheric Administration (NOAA) weather database 

(https://www.ncdc.noaa.gov/cdo-web/). 

3.2.6 Statistical analysis 

For all statistical analyses, fecal and soil samples were analyzed separately unless 

otherwise stated. All statistical analyses were performed in R (version 3.4.0; R Foundation for 

Statistical Computing, Vienna, Austria).  
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Fisher’s exact test was performed to test for significant differences in Listeria spp. and L. 

monocytogenes prevalence by sample type. Fisher’s exact test was also used to compare Listeria 

spp. prevalence across season, with the Holm-Bonferroni correction used for each pairwise 

comparison (27). Both types of samples were combined for this analysis. An alpha level of 0.05 

was used, and any adjusted p value less than 0.05 was considered statistically significant. 

Two different types of tree-based modeling were used to determine rules that classified the 

presence or absence of Listeria spp. in environmental samples. The first method was the random 

forest (RF) method. This method fits a large number of classification trees to a data set, then 

combines the predictions from all trees to present a final predictive model. The RF method 

utilizes two sources of randomization during construction of each tree that make it desirable over 

single-tree methods such as classification and regression tree (7, 45, 46). First, data are randomly 

selected using the non-parametric bootstrap method (19). The data collected this way are 

considered the in-bag samples, and the data that remain are the out-of-bag samples. The CART 

method is then used to build a non-pruned tree with the in-bag samples where a small number of 

explanatory variables are randomly chosen to determine the best split at each node. Each node 

split was based on the Gini index (7). The out-of-bag samples are used as an estimate of 

performance of each tree and provide a way to rank the importance of the explanatory variables 

through the calculation of mean decrease accuracy (45). 

The second method of tree-based modeling used was the gradient boosting machine 

(GBM) method (20, 21). The GBM is step-wise, additive type model that sequentially fits new 

tree-based models. Each fitted model at every step attempts to compensate for the shortcomings 

of the previous fitted models. The existing models are referred to as “weak learners” (39). The 

GBM algorithm is unique in that it attempts to generate new base-learners that are maximally 
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correlated with the negative gradient of the loss function, based on the previously assembled 

trees (39). 

All model fitting and associated analyses were performed with the caret package in R (32). 

Within the “train()” function of the caret package, method = “rf” was used to train RF models 

and method = “gbm” was used to train GBM models. Each data set was partitioned into a 

training and testing set using random sampling that preserved the overall class distribution of the 

data. Data sets contained one categorical independent variable, the presence or absence of 

Listeria spp., and 100 meteorological predictor variables (Appendix A). The training set 

contained 80% of the observations that were used for model selection and tuning, and the testing 

set contained the other 20% of the observations that were used for model performance 

evaluation. Within the training set, both model types were trained using 10-fold cross validation. 

Due to the imbalance in class distribution (positive and negative prevalence observations), the 

synthetic minority over-sampling (SMOTE) technique was used (13). The SMOTE technique is 

a method that over-samples the minority class to attempt to achieve better classifier performance. 

This method was used within the cross-validation step. From the cross-validation results, the best 

combination of hyperparameters were chosen for each model, and the model was trained to the 

entire training set with the tuned hyperparameters. For RF models, one hyperparameter, mtry, 

was tuned, which represents the number of variables as candidates to randomly sample at each 

split. For the RF feces model, mtry = 51, and for the RF soil model, mtry = 100. For GBM 

models, four hyperparameters were tuned: n.trees (the total number of trees to fit), 

interaction.depth (maximum depth of each tree), shrinkage (learning rate), and n.minobsinnode 

(minimum number of observations in terminal nodes of tree) (33). For the GBM feces model, 

n.trees = 135, interaction.depth = 10, shrinkage = 0.1, and n.binosmode = 10. For the GBM soil 
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model, n.trees = 125, interaction.depth = 10, shrinkage = 0.1, and n.binosmode = 10. The 

receiver operating characteristic (ROC) metric was used to tune the hyperparameters. Variable 

importance was calculated for each final model. For RF models, the variable importance measure 

was the mean decrease Gini as described by (8, 9). For GBM models, variable importance is 

determined by a variable’s average relative influence across all trees generated by the GBM 

algorithm (20, 51). Variable importance was scaled on a scale of 0 to 100, where a higher 

number represents higher variable importance. For each model, partial dependency plots were 

generated using the pdp package for the two most important variables as determined by the 

above criteria (24). Model code can be accessed on GitHub 

(https://github.com/cgolden1993/Dissertation). 

The testing set was used to evaluate the performance of each final trained model. Receiver 

operating characteristic (ROC) curves, area under the curve (AUC), sensitivity, and specificity 

were used as measurements of predictive performance for each model (6). The R package pROC 

was used to generate ROC curves, Metrics was used to analyze AUC, and caret was used to 

calculate sensitivity and specificity. 

3.3 Results 

A total of 1,537 environmental samples were collected from pastured poultry farms from 

March 2014 to November 2017. Across all of the sampled farms, there were 245 (15.9%) 

Listeria spp. positive environmental samples (Table 3.2). Of these 245 positive samples, there 

were 28 L. monocytogenes positive samples. Farm D accounted for the majority of the L. 

monocytogenes samples with 17 positive environmental samples.  Each farm had at least 1 

Listeria spp. positive sample, with percent positive samples ranging from 3.3-60.0%.  
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Table 3.3 presents the prevalence of Listeria spp. and L. monocytogenes for each sample 

type, feces and soil, across all farms. Overall, 15.7% of fecal samples and 16.2% of soil samples 

were positive for Listeria spp, and 1.7% of fecal samples and 2.0% of soil samples were positive 

for L. monocytogenes. There was no significant difference in prevalence among sample type for 

either Listeria spp. (p = 0.834) nor L. monocytogenes (p = 0.708). Species characterization of all 

Listeria spp. positive samples is shown in Appendix B. 

The effect of season on Listeria spp. and L. monocytogenes prevalence is shown in Table 

3.4. For both sample types, the prevalence of Listeria spp. positive samples was significantly 

higher (adjusted-p < 0.001) in the spring than in the summer and fall. Spring samples contained 

40.7% and 38.7% positive Listeria spp. samples for fecal and soil samples, respectively. No 

other season had prevalence greater than 10.1%. Likely due to the low sample size of winter 

samples, there was no significant difference (adjusted-p > 0.05) between winter and spring 

samples for both sample types. 

Predictive performance of all four models were tested on the held-out test set for each type 

of model. Table 3.5 displays the confusion matrices and AUC statistics for all four models. The 

RF model performed slightly better than the GBM model in terms of AUC, with AUCs of 0.905 

and 0.855, respectively. In a food safety context, it is important for predictive models to limit the 

number of false negatives so that positive contamination events (or positive samples) are not 

missed. This makes model sensitivity very important. To this case, the feces RF model had a 

higher sensitivity (0.792) than the GBM model (0.708). These results are mirrored in the receiver 

operating characteristic (ROC) curves for each feces model (Fig. 3.1). For the soil models, the 

GBM model vastly outperformed the RF model in all statistics. The GBM model had AUC, 

sensitivity, and specificity statistics of 0.873, 0.615, and 0.873, respectively, compared to 0.700, 
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0.538, and 0.825 for the RF model, respectively. Again, the ROC curves (Fig. 3.2) reflect these 

results. Both models seem viable to handle new independent fecal data, but the GBM model is 

the only appropriate generated model to handle new soil data. 

Random forest and GBM models were constructed for both fecal and soil samples. Both 

types of models incorporated all 100 predictor variables. Figure 3 depicts the variable importance 

plots for the RF and GBM feces models. Temperature and humidity were the most important 

variables in the feces RF model, accounting for the top 5 predictors in terms of relative 

importance (Fig. 3.3a). Average minimum temperature between the sampling day and four days 

prior was the most important variable with a relative importance of 100, followed by the average 

minimum temperature between the sampling day and three days prior with a relative importance 

score of 50.6. Partial dependency plots (PDP) were generated for these two variables to display 

the dependence between the outcome and the variable of interest, marginalizing the values over 

the rest of the predictors (Fig. 3.4a and 3.4b). For both variables, probability of Listeria spp. 

isolation was highest at temperatures from approximately 0-18°C, before dropping at 

temperatures greater than 18°C. The top five feces GBM model predictors in terms of relative 

importance contained temperature, humidity, and wind speed variables. Like the RF model, the 

GBM model ranked the average minimum temperature between the sampling day and four days 

prior as the most important variable, followed by the average humidity between the sampling day 

and three days prior (Fig. 3.3b). Those two variables had relative importance scores of 100 and 

95.5, respectively. Figure 4c and Figure 4d depict the PDPs for the top two important feces GBM 

predictors. According to the feces GBM model, probability of Listeria spp. isolation was highest 

at average minimum temperatures 0-18°C (Fig. 3.4c). For the average humidity between the 
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sampling day and three days prior predictor, isolation probability was highest at lower humidity 

levels (15-50%) before decreasing and slightly increasing at 80% (Fig. 3.4d).  

Figure 5 reports the variable importance plots for the soil RF and GBM models. Both 

models contained humidity, temperature, and wind speed predictors in the top five most 

important predictors. The RF model (Fig. 3.5a) ranked the average humidity between the 

sampling day and three days prior and the minimum temperature two days prior to the sampling 

day the top two most important models with relative important scores of 100 and 70.9, 

respectively. The RF model stated that the probability of Listeria spp. isolation was at its highest 

between average humidity levels of 15-55% (Fig. 3.6a). Also, according to the RF model, 

Listeria spp. isolation probability was highest at minimum temperatures between 10-18°C (Fig. 

3.6b). For the GBM model, the average humidity between the sampling day and three days prior 

and the average minimum temperature between the sampling day and two days prior were the 

two most important predictors, with relative importance scores of 100 and 82.6, respectively 

(Fig. 3.5b). According to the GBM model, probability of Listeria spp. isolation was highest at 

average humidity levels of about 15-55% between the sampling day and three days prior (Fig. 

3.6c). The GBM model also predicted that when the average minimum temperature between the 

sampling day and two days prior was between about 12-17°C, probability of Listeria spp. 

isolation was at its highest (Fig. 3.6d). Both models ranked the average humidity between the 

sampling day and three days prior as the most important variable and agreed that minimum 

temperature was also an important predictor. 

3.4 Discussion 

The current study proposed random forest (RF) and gradient boosting machine (GBM) 

models that can be used to predict the probability of Listeria spp. isolation in fecal and soil 
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samples in pastured poultry farming environments based off of meteorological data. The goals of 

the study were to identify meteorological variables that are associated with an increased 

probability of Listeria spp. isolation in the environment of pastured poultry farms. The use of RF 

and CART models in a food safety context has been widely characterized in the literature (2, 28, 

44, 57). Gradient boosting machine models have been shown to have use in food analysis, but no 

studies have been conducted on their use in food safety (10, 25). To this end, the current study 

also looked to evaluate their use in the classification of foodborne pathogen prevalence and 

compare their performance to RF models. 

Another thing to consider when utilizing training and test sets is class imbalance. Most 

machine learning algorithms are not inherently built to handle such class imbalance. In our case, 

fecal and soil samples only contained 15.7% and 16.2% of positive samples, respectively. 

Models that are trained on imbalanced data tend to favor prediction of the majority class, unless 

the model has substantial evidence to predict otherwise. This leads to very accurate predictions 

on the majority class, but inaccurate predictions on the minority class (31). Traditional accuracy 

measures, like AUC of ROC curves, tend to underestimate this effect (47). There are two 

approaches to address this issue. One is to develop a model that is insensitive to the class 

distribution of the training set (50). Another method, like what was used in the current study, is 

to resample the training data, so that either the majority class is under represented, the minority 

class is over represented, or a combination of the two using a method like the SMOTE method 

(13, 31). The SMOTE method has been shown to lead to more accurate classification than 

traditional over and under sampling techniques (13). It is important to note that resampling only 

applies to the training set. To accurately predict model performance, test data should reflect the 
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class imbalance that is seen in the “real world”. In order to allow for direct model comparison, 

the same resampled data were used for each feces and soil model. 

In terms of AUC, all generated models performed acceptably (AUC > 0.70), with the 

exception of the soil RF model (Table 3.5). Both feces models had AUCs greater than 0.85, with 

the RF model performing slightly better. For the soil models, the GBM model vastly 

outperformed the RF model, with AUC scores of 0.873 and 0.700, respectively. These results 

show that both RF and GBM models can both have success in predicting the prevalence of 

foodborne pathogens in poultry farming environments based off of meteorological data. The 

results also suggest that these types of models can have use in other food safety applications. 

Although both RF and GBM are both tree-based models, the methods differ on the way 

they are constructed and internally evaluated (8, 20, 34). Because of this, variable importance 

rankings can differ among different types of models trained on the same data. Interestingly, for 

both the soil and feces models, the RF and GBM models agreed on the most important variable 

for each type of environmental sample. For feces models, the average minimum temperature 

between the sampling day and four days prior was determined to be the most important variable 

(Fig. 3.3). This was by far the most important variable in the RF model, with no other variable 

above 55 relative importance. For the feces GBM model, the average humidity between the 

sampling day and three days prior was almost as important. Both soil models ranked the average 

humidity between the sampling day and three days prior as the most important variable (Fig. 

3.5). Both the RF and GBM soil models had a minimum temperature variable as the second most 

important predictor. In all, average humidity, minimum temperature, and max wind speed were 

the most important variables in terms of prediction Listeria spp. prevalence in fecal and soil 

samples in pastured poultry farming environments. Listeria spp. are able to survive temperatures 
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as low as 1-2°C, whereas similar pathogens like Salmonella and E. coli are not as likely to thrive, 

so it is not surprising to see this variable as a key predictor of Listeria spp. in the environment 

(18, 30). This contrasts the findings by Pang et al. (44), where temperature was not found to be a 

significant predictor of Listeria spp. in the environment of mixed produce and dairy farms 

according to a RF model.  

It is important to note that many of the predictors used during model development were 

highly correlated. As such, variable importance rankings and partial dependency plots could 

potentially have been impacted by such multicollinearity. Previous studies have shown that 

multicollinearity is handled well by both RF and GBM models (15, 37), but the potential impact 

of multicollinearity on final model interpretation in the current study could be seen as a 

limitation. 

The effect of wind speed on foodborne pathogen transmission has been well documented in 

the literature. Pang et al. (44) reported that increased average wind speed at two days before 

sampling was related to higher predicted probability of Listeria spp. in the mixed produce and 

dairy farms. Due to the open nature of pastured poultry farms, the transmission routes for 

foodborne pathogens in these environments are very similar to produce farms. Foodborne 

pathogens can be transmitted by contaminated dust, aerosols, and wind-driven fecal matter (1, 

43, 49). 

Although data were only collected from pastured poultry type farms, the types of farms 

sampled from varied greatly (Table 3.1). Farms differed in scale of the farm, flock size, and 

whether or not the farm is used for other purposes (i.e. if the farm houses other types of animals). 

This large data set from different farms should be representative of the many different types of 

pastured poultry farms in the United States. Because of this, the models generated in the current 
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study should be applicable to diverse pastured poultry farms. It is not clear whether 

meteorological factors would be predictive of foodborne pathogen prevalence in the flocks and 

environment of traditional poultry farms, as research on this topic is limited. Studies have shown 

that weather events did not have a significant effect on Campylobacter prevalence in broiler 

flocks in traditional poultry farming environments (5). This may be due to the fact that most 

conventional poultry farms are temperature and humidity controlled.  

The current study presented RF and GBM models that are capable of predicting the 

prevalence of Listeria spp. in the environment of pastured poultry farms. Both models performed 

similarly for the feces models, but the soil GBM model outperformed the soil RF model. These 

results show that both types of machine learning algorithms can have use in a food safety 

context, if used correctly. Gradient boosting machine models take longer than RF models to 

construct, due to the increased number of hyperparameters to tune and the sequential nature in 

which the models are built. The two types of models have been compared in other fields, with 

varying results. Gradient boosting machine models have been shown that they have better 

predictive capability than RF models in genomic selection (41). Random forest models 

outperformed GBM models in soil total nitrogen and carbon predictions (40). 

 Studies have shown that the presence of Listeria spp. is often indicative of conditions that 

support and increase the likelihood of L. monocytogenes presence (28). Furthermore, it is 

important to control the prevalence of foodborne pathogens, like Listeria, in the environment of 

farming environments because a contaminated farm environment could be a route of 

contamination for the poultry processing environment, poultry feed, and further processing or 

retail environments (29). The generated models present meteorological factors that are predicted 

to increase the likelihood of Listeria spp. contamination in the environment of pastured poultry 
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farms. The findings can assist farmers and risk managers in important variables to account for to 

reduce the risk of Listeria contamination in the environment of their farms. 
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Table 3.1 Comparison of the 11 all-natural, antibiotic-free, pastured broiler farms included in 
this study 

Farm Breed 
No. of 
flocks 

Flock 
size 

Multi-use 
farm?a 

Animal typesb 

A Freedom Ranger 10 >500 Yes 
Layers, Swine, Beef 
cattle, Sheep 

B 
Freedom Ranger, 
Cornish Cross 

5 50-75 Yes 
Layers, Swine, Horses, 
Goats 

C Freedom Ranger 1 50-75 No n/a 

D Freedom Ranger 1 50-75 No n/a 

E Freedom Ranger, 
Cornish Cross 

5 50-75 Yes Layers, Swine, Beef 
cattle, Sheep 

F Freedom Ranger 2 >500 Yes Layers 

G 
Freedom Ranger, 
Cornish Cross 

9 100-500 Yes Layers, Swine, Goats 

H 
Freedom Ranger, 
Cornish Cross 

2 50-75 Yes Layers 

I Freedom Ranger 4 100-500 Yes 
Layers, Beef cattle, 
Goats 

J Freedom Ranger 2 >500 Yes 
Layers, Swine, Beef 
cattle, Sheep 

K Cornish Cross 2 50-75 Yes Layers, Swine 
a This column represents whether the poultry farm is used to raise other animals than broilers. 
b If the farm is used to raise other animals, this column represents the other types of animals 
present on the farm. If a farm was not a multi-use farm, it was given the term not applicable 
(n/a). 
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Table 3.2 Number of samples and prevalence of positive Listeria spp. and Listeria 
monocytogenes environmental samples for each farm 

Farm No. of samples 
No. (%) of positive samples 

Listeria spp. L. monocytogenes 
A 331 55 (16.6) 2 (0.6) 

B 180 50 (27.8) 0 (0) 

C 30 2 (6.7) 0 (0) 
D 30 18 (60.0) 17 (56.7) 
E 213 19 (8.9) 0 (0) 
F 80 10 (12.5) 0 (0) 
G 263 20 (7.6) 5 (1.9) 
H 80 16 (20.0) 2 (2.5) 
I 180 20 (11.1) 1 (0.6) 
J 120 34 (28.3) 1 (0.8) 
K 30 1 (3.3) 0 (0) 

Total 1537 245 (15.9) 28 (1.8) 
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Table 3.3 Effect of sample type on the prevalence of Listeria spp. and Listeria monocytogenes in 
environmental samples of pastured poultry farms 

Sample type No. of samples 
No. (%) of positive samplesa 

Listeria spp. L. monocytogenes 

Feces 770 121 (15.7) A 13 (1.7) A 

Soil 767 124 (16.2) A 15 (2.0) A 

Total 1537 245 (15.9) 28 (1.8) 
a Different letters within a column represent statistically significant different values (p values < 
0.05 according to Fisher’s exact test)   
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Table 3.4 Effect of season on the prevalence of Listeria spp. and Listeria monocytogenes in 
environmental samples of pastured poultry farms 

Sample type Season No. of samples 
No. (%) of positive samples 

Listeria spp.a L. monocytogenes 

Feces 

Spring 182 74 (40.7) A 13 (7.1) 

Summer 428 35 (8.2) B 0 (0) 

Fall 150 11 (7.3) B 0 (0) 

Winter 10 1 (10.0) AB 0 (0) 

Soil 

Spring 181 70 (38.7) A 9 (5.0) 
Summer 426 43 (10.1) B 6 (1.4) 
Fall 150 11 (7.3) B 0 (0) 
Winter 10 0 (0) AB 0 (0) 

Total  1537 245 (15.9) 28 (1.8) 
a Different letters within a column and sample type represent statistically significant different 
values (Holm-Bonferroni corrected p values < 0.05 according to Fisher’s exact test)  
  



 

 

 
 

84 

Table 3.5 Predictive performance of all four models 

Predictions 
Actual  

Sensitivity Specificity AUCa 
Positive Negative  

Feces RF 
Positive 19 17  

0.792 0.868 0.905 
Negative 5 112  

        

Feces GBM 
Positive 17 10  

0.708 0.923 0.855 
Negative 7 119  

Soil RF 
Positive 14 22  

0.538 0.825 0.700 
Negative 12 104  

        

Soil GBM 
Positive 16 16  

0.615 0.873 0.873 
Negative 10 110  

a AUC, area under the receiver operating characteristic (ROC) curve 
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Figure 3.1 Receiver operating characteristic (ROC) curves for the feces random forest (solid 
line) and gradient boosting machine (dashed line) models. The diagonal line represents the line 
of no-discrimination, which represents a completely random guess.  
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Figure 3.2 Receiver operating characteristic (ROC) curves for the soil random forest (solid line) 
and gradient boosting machine (dashed line) models. The diagonal line represents the line of no-
discrimination, which represents a completely random guess.  
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Figure 3.3 Variable importance plots for the feces (a) random forest model and (b) gradient 
boosting machine models. Variables were assigned a relative importance value on a scale of 0 to 
100, where a higher importance score means higher relative importance. Variable names with a 
decimal are the average of that variable from the sampling day to X days prior, where X is the 
number of days before the sampling day. 
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Figure 3.4 Partial dependency plots for the two most important variables for the feces random 
forest (a & b) and gradient boosting machine models (c & d).  
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Figure 3.5 Variable importance plots for the soil (a) random forest model and (b) gradient boosting 
machine models. Variables were assigned a relative importance value on a scale of 0 to 100, where 
a higher importance score means higher relative importance. Variable names with a decimal are 
the average of that variable from the sampling day to X days prior, where X is the number of days 
before the sampling day. 
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Figure 3.6 Partial dependency plots for the two most important variables for the soil random 
forest (a & b) and gradient boosting machine models (c & d). 
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CHAPTER 4 

USING FARM PRACTICE VARIABLES AS PREDICTORS OF LISTERIA SPP. 

PREVALENCE IN PASTURED POULTRY FARMS 1 
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1 Golden, C.E., M.J. Rothrock, Jr., and A. Mishra. 2019. Frontiers in Sustainable Food Systems. 
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Abstract 

Predictive models offer food scientists, farmers, and processors tools to help identify 

variables that lead to an increase in the food safety risk of a product. Foodborne pathogens, such 

as Listeria spp., pose a major problem for the pastured poultry industry. Currently, there is a lack 

of understanding of what farm practices lead to higher prevalence of Listeria spp. This study 

constructed random forest (RF) models to predict the prevalence of Listeria spp. in pastured 

poultry farming environments and the final broiler product based on major farm practices and 

variables. Fecal, soil, and whole carcass rinse samples were collected from 11 farms in the 

southeastern United States and evaluated for Listeria spp. presence. The preharvest sample RF 

model identified the time of year and age of the broiler flock at time of sampling as factors of 

increased probability of Listeria spp. presence in fecal and soil samples. The final product RF 

model identified brood feed and the presence of chlorine in processing rinse water as the two 

most important variables associated with an increased likelihood of Listeria spp. presence. Both 

the preharvest and postharvest RF models performed well on a held-out test set, with area under 

the receiver operating characteristic curve values of 0.876 and 0.887, respectively. The presented 

models showed the usefulness of RF models in a food safety context. Both RF models will help 

pastured poultry farmers and processors guide control strategies to manage Listeria 

contamination in pastured poultry farms and products.  

4.1 Introduction 

Listeria spp. are gram-positive, ubiquitous organisms that have been found in a variety of 

environments, including agricultural and farming, food processing, and retail environments (1, 

34, 46). Listeria spp. are hardy organisms that have shown the ability to establish a niche once 

introduced to an environment, allowing for persistence within that environment (9). Listeria 
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monocytogenes is a foodborne pathogen that belongs to the Listeria genus that causes listeriosis 

in humans. The pathogen has been shown to be a significant foodborne risk in the meat and 

poultry industry, especially with ready-to-eat (RTE) products (13, 21, 22, 39, 56). From 2010-

2016, there were 18 multistate foodborne illness outbreaks attributed to L. monocytogenes, 

resulting in 324 illnesses and 65 deaths (10).  

Although much is known about the impact and prevalence of Salmonella spp. and 

Campylobacter spp. throughout the poultry supply chain, relatively little is known about the 

prevalence of Listeria spp. (44). Studies have shown that the presence of Listeria spp. in the 

environment often indicates an environment that supports and increases the likelihood of L. 

monocytogenes presence and survival (28). Additionally, studies have shown that the occurrence 

of L. monocytogenes in food products is mainly due to cross contamination from processing and 

retail environments, emphasizing the importance of eliminating transfer of the organism into a 

processing facility from the outside environment (20, 32). Listeria can colonize the intestines of 

poultry and spread into bedding and environment through poultry feces (14, 37). This is a 

potential entry pathway into a poultry processing plant, if not controlled for. Therefore, it is 

important for poultry producers and processors to understand what factors are most important in 

controlling Listeria spp. prevalence in the environment and postharvest product of pastured 

poultry farms. 

In recent years, pastured poultry and other alternative poultry products have increased in 

popularity in the United States (26). Pastured poultry farms are characterized by poultry flocks 

that are reared in open-air, movable pens (48). Pens are often rotated to fresh pasture to 

encourage forage intake (45). Flock sizes vary, but often contain less than 3,000 birds (19). 

Although broilers reared on these types of farms can cost up to 200% more than traditionally 
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raised broilers, US consumers have shown a willingness to pay more for organic chicken meat 

(38, 54). Compared to conventional broiler farms, research on the food safety of pastured poultry 

farms is limited. An understanding of the impact of different types of pastured poultry farm 

practices on Listeria spp. prevalence in the environment and final broiler product is important to 

poultry farmers and producers. 

In the current study, we evaluated preharvest and processed broiler samples collected 

from pastured poultry farms from 2014-2017 and constructed random forest (RF) models to 

predict Listeria spp. prevalence based on various farm practice variables, including: feed type, 

egg source, and broiler breed. The presented models and information will be useful for poultry 

farmers, processors, and risk managers to minimize the risk of Listeria spp. contamination. 

4.2 Materials and Methods 

4.2.1 Farm sampling design 

A longitudinal study was conducted on 43 flocks of broilers across 11 pastured poultry 

farms in the southeastern United States from March 2014 to November 2017. All 11 farms reared 

their broiler flocks in movable pens with temporary fences. A brief description of the size and 

scale of each farm is contained in Table 4.1. Data were collected for 40 major farm practice 

variables (Table 4.2) over a flock’s lifecycle and all samples were evaluated for the presence of 

Listeria spp. 

4.2.2 Sample collection 

The following samples were collected along the farm-to-fork continuum for each flock to 

analyze for the presence of Listeria spp.: (i) feces, (ii) pasture soil, and (iii) whole carcass rinse 

(WCR) directly after processing from each farm. If a farm was multi-use and contained other 
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types of animals, environmental samples were collected from the area of residence of the other 

animals as well (Table 4.1).  

Preharvest samples (feces and soil) were taken 3 times throughout a flock’s lifecycle: (i) 

within a few days of being placed on the pasture, (ii) halfway through their time on the pasture, 

and (iii) on the day in which the flock was processed. Processing samples were only taken when 

the flock had reached the processing point. In all, there were 1,867 samples from 43 flocks of 

birds. 

On each sampling day, fecal and soil samples were collected from the area in which the 

flock was residing. Fecal samples were collected from fresh fecal droppings at the sampling site. 

Soil samples were collected from the surface of the pasture (0-7 cm). Each sample consisted of at 

least 25 g. Sterile scoops and gloved hands were used to collect each type of environmental 

sample, with all equipment being changed after each collected sample. During sampling, the 

pasture area was divided into 5 areas. In each area 5 subsamples were taken and pooled into one 

sample to account for low expected pathogen population size (3, 47).  

To assess the prevalence of Listeria spp. on the final broiler product, 25 carcasses were 

sampled after processing, packaging, and cold storage of the carcasses according to the practices 

followed by each farm (Table 4.3). Each carcass was placed in an individual sterile sample bag. 

Carcasses were rinsed with 100 mL of 10 mM phosphate-buffered saline (PBS) and the bags 

were vigorously shaken. Whole carcass rinses from 5 carcasses were combined into 1 pooled 

sample, creating 5 pooled samples (n = 25) in total. Carcasses were then returned to the 

processor to be packed, stored, and distributed in the appropriate fashion for that farm.  
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All fecal, soil, and WCR samples were transferred to a microbiological lab on ice and processed 

within 2 h of collection. Once in the lab, no further preparation was performed with the WCR 

samples. 

All work related to flocks on farm and broiler processing were performed by the farmers 

or the processing facility workers, not the researchers or the technicians. Preharvest samples 

were not collected directly from live birds and all postharvest samples were taken post-mortem, 

therefore, no animal care and use review process was required for the current study. 

4.2.3 Listeria spp. enrichment and isolation 

 Listeria spp. enrichment and isolation followed a modified version of the USDA-FSIS 

MLG 8.10 method (53). To prepare the fecal and soil samples for pre-enrichment, 3 g (feces or 

soil) was added to a filtered stomacher bag (Seward Laboratory Systems, Inc., Davie, FL) and 

diluted 1:3 buffered peptone water (BPW; Acumedia, Lansing, MI). Samples were then 

stomached for 60 s. All sample bags were then incubated at 35°C overnight. This step acted as a 

pre-enrichment. Following pre-enrichment, two subsequent primary enrichments were carried 

out first in University of Vermont Modified Listeria Enrichment Broth (UVM; Remel, Lenexa, 

KS) incubated at 30°C for 24 h and then into Fraser Broth (FB; Oxoid, Basingstoke, UK) 

incubated at 30°C for 24. For both, tubes were incubated at 30°C for 24 h. Following primary 

enrichment, one loopful (~10 µL) of the FB was streaked onto Listeria selective agar (LSA; 

Oxoid, Basingstoke, UK), and plates were incubated at 30°C overnight. If present, 3 presumptive 

Listeria colonies were picked from each plate and kept for further analysis.  

4.2.4 Listeria characterization by PCR 

 Speciation of Listeria was carried out using the procedures described by Huang et al. (27) 

and Locatelli et al. (33). Briefly, two multiplex PCR reactions were conducted, and samples were 
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types as L. innocua, L. welshimeri, L. monocytogenes, L. grayi, or L. ivanovii. If a sample was 

typed as L. monocytogenes, it underwent further testing to determine the serovar, using the 

methods described by Doumith et al. (15). In short, one L. monocytogenes isolate was thoroughly 

mixed with 25 µL PCR media containing: 1X EconoTaq PLUS 2X Master Mix (Lucigen 

Corporation, Middleton), 1 μM of each lmo0737, ORF2819 and ORF2110 reverse and forward 

primers, 1.5 μM of lmo1118 reverse and forward primers, 0.2 μM of prs reverse and forward 

primers and qs water. Following completion of PCR, products were mixed with 3 μL of 

BlueJuice™ loading buffer (Invitrogen, Carlsbad, CA) and separated on a 2% E-gel® with 

SYBR-safe™ (Invitrogen, Carlsbad, CA) along with 12 μL of E-Gel™ 1 kb Plus DNA Ladder 

(Invitrogen, Carlsbad, CA). 

4.2.5 Statistical analyses 

All statistical analyses were performed in R (Version 3.4.0; R Foundation for Statistical 

Computing, Vienna, Austria). Fisher’s exact test was used to compare Listeria spp. prevalence 

among different sample types. p values less than 0.05 were considered statistically significant. 

The caret package was used for model training and analysis (30). Model code can be accessed on 

GitHub (https://github.com/cgolden1993/Dissertation). 

The random forest (RF) model is an ensemble, tree-based, machine learning (ML) model 

that was introduced by Breiman (7). This method utilizes a large number of unpruned 

classification and regression trees (6) and two sources of randomization during construction (41, 

42). During construction of each tree, data are randomly chosen using the non-parametric 

bootstrap sampling method (18), and trees are constructed on those data. These observations 

represent the in-bag sample. Trees are then built using the CART method, with a number of 

randomly selected variables (mtry) chosen at each split to determine the best split according to the 
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Gini index (6). Each tree’s performance is then evaluated on the leftover out-of-bag samples. 

This step helps to rank the importance of each predictor through the calculation of mean decrease 

accuracy (41). Finally, all trees are aggregated into a final RF model. For classification problems, 

the model passes new data through each tree in the forest and counts the number of “votes” for 

each classification result (7). The result with the most “votes” represents the final prediction. 

Random forest models were built for both the preharvest (feces and soil) and WCR 

sample data to predict the presence or absence of Listeria spp. based on the predictors presented 

in Table 4.2. For the WCR model, all 40 predictors were used, but for the preharvest samples, 

only non-processing specific predictors were used, since these samples were collected before any 

processing occurred. In all, there were 1,637 preharvest samples and 230 WCR samples. Each 

data set was first split into training and testing sets using stratified random sampling to preserve 

the overall class distribution. The training set contained 80% of observations and the test set 

contained the remaining 20%. Models were trained on the training data, while the test set was 

held out to resemble an independent, “real-world” data set to evaluate the performance of the 

final model. 

To choose an appropriate value for mtry, RF models were trained by the training set using 

various values for mtry and 10-fold cross-validation. From these results, the mtry value with the 

highest receiver operating characteristic (ROC) statistic was chosen and the model was retrained 

by the training set with the appropriate mtry value to construct the final RF model. For the 

preharvest model, an mtry of 53 was used, and for the WCR model, an mtry of 35 was used. 

Variable importance was determined in each model using the mean decrease in Gini as described 

by Breiman (7, 8). Variables were ranked by relative importance on a scale of 0 to 100, where a 
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score of 100 represents the most important variable. Partial dependency plots (PDP) were 

constructed for the 2 most important variables in each model using the pdp package (23). 

For preharvest and WCR data sets, there were far more negative observations than 

positive observations. To correct for this class imbalance, the synthetic minority over-sampling 

technique (SMOTE) was used (12). The SMOTE method generates synthetic minority class 

samples to attempt to achieve higher classifier performance. This method was used within the 

cross-validation step and was only applied to the training set. 

After the final models were constructed, each model’s performance was evaluated on the 

held-out test set. Each model was used to predict Listeria spp. prevalence given the predictor 

data and model predictions were compared to observed values. Models were evaluated using area 

under the ROC curves (AUC) (5), sensitivity, and specificity. 

4.3 Results  

The prevalence of Listeria spp. in all samples collected in the current study was 17.4% 

(Table 4.4). Out of the 1,867 total samples, 37 (2.0%) were positive for L. monocytogenes. 

Among sample types, there was no significant difference in the presence of Listeria spp. (p = 

0.11) or in the prevalence of L. monocytogenes (p = 0.58). The WCR samples had the highest 

prevalence of both Listeria spp. and L. monocytogenes (22.2% and 2.6%, respectively). The total 

prevalence of Listeria spp. in preharvest samples was 16.7%. 

Farm-by-farm Listeria spp. prevalence results are presented in Table 4.5. For preharvest 

samples, each farm had at least one Listeria spp. positive sample with prevalence values ranging 

from 6.7% to 60%. Farm D had the highest percentage of positive samples, with 18 of the 30 

samples positive. Of these 18 samples, 17 were positive for L. monocytogenes. For WCR 

samples, Listeria spp. prevalence values ranged from 0% to 80%, with Farm D having the 
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highest percentage of Listeria spp. positive WCR samples. There were 3 farms that did not have 

any positive WCR samples. 

Random forest models were constructed for preharvest and WCR samples. The variable 

importance plot containing the top 8 most important predictors as defined by the preharvest RF 

model is illustrated in Fig. 4.1. The model predicted that day of year was by far the most 

important variable in predicting Listeria spp. preharvest prevalence of a pastured poultry farm 

with a relative importance score of 100, compared to 31.0 and 13.8 for flock age at time of 

sampling and the number of years that a farm has been operating, respectively. Partial 

dependency plots (PDPs) were constructed for the day of year and flock age variables (Fig. 4.2). 

Generally, predicted probability of Listeria spp. isolation was highest during generally colder 

temperature days of the year (days 100-175 and 275-325) and lowest during generally warmer 

parts of the year (Fig. 4.2a). There is some variability within the plot, but the variable’s 

importance relative to other variables suggest its importance in the model. The RF model also 

predicted that probability of Listeria spp. preharvest isolation of pastured poultry farms is highest 

when the flock is between 5 and 10 weeks old and decreases substantially after 10 weeks (Fig 

2b). 

The variable importance plot for the WCR RF model is shown in Fig. 4.3. The model 

ranked brood feed whose top three ingredients were corn, soy, and wheat, as the most important 

predictor of Listeria spp. prevalence on the final broiler product from pastured poultry farms 

with a relative importance score of 100. The second most important indicator was chlorinated 

rinse water used during the processing of broilers with a relative importance score of 83.8. No 

other variable had a relative importance score of over 25. The model predicted that the marginal 

effect of corn/soy/wheat brood feed on the predicted Listeria spp. outcome was much higher than 
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the other brood feeds (Fig. 4.4a). Similarly, the marginal effect of chlorinated processing rinse 

water on the predicted final Listeria spp. prevalence outcome was much higher than the other 

values for that predictor (Fig. 4.4b). 

For both models, model performance was evaluated on a held-out test set. This test set 

was not used in training of the model, and is meant to resemble an independent, “real-world” 

data set. Confusion matrices for both models were generated to illustrate the comparison of 

model predictions and observed outcomes (Table 4.6). It is important to consider that in this 

context, false negatives are much more costly than false positives, as having a model that 

incorrectly misses positive contamination results can be more harmful than one that incorrectly 

predicts contamination. Thus, model sensitivity is of vast importance. The preharvest RF model 

had a sensitivity of 0.778 and a specificity of 0.846. Of the 326 model predictions, there were 

only 12 false negatives, but the model incorrectly predicted a positive result 42 times, indicating 

that the model appears to be fail-safe. To further illustrate these results, ROC curves and area 

under the ROC curve (AUC) were used (Fig. 4.5). According to this statistic, the preharvest RF 

model performed exceptionally with an AUC of 0.876. The WCR model had a sensitivity of 

0.800 and specificity of 0.886. Only 2 of the 45 test samples were false negatives. Additionally, 

the WCR RF model performed very well according to the ROC curve, with an AUC of 0.887 

(Fig. 4.6). 

4.4 Discussion 

 Currently, there is a lack of understanding on the impact and prevalence of Listeria spp. 

in pastured poultry farming environments and products (44). The current study aimed to 

construct accurate predictive models that can be used to predict the presence or absence of 

Listeria spp. in the preharvest pastured poultry farm environment and in the final broiler product 
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and examine the prevalence of the pathogen across 11 southeastern United States farms. Doing 

so would help identify major farm management variables (Table 4.2) that are associated with a 

higher risk of Listeria spp. presence, as predicted by the models. 

4.4.1 The risk of Listeria to pastured poultry farmers 

There have been several foodborne illness outbreaks due to Listeria monocytogenes 

contamination of deli turkey and other types of RTE meats (39). This signals its potential 

significance in the chicken and RTE chicken product industry. It is important to control for the 

pathogen within a farming environment, because favorable Listeria spp. environments are 

indicative of conditions that increase the risk of Listeria monocytogenes (28). This means that an 

environment that is contaminated with Listeria could be a source of contamination for 

downstream processing areas (29). Furthermore, poultry can act as reservoirs for the organism 

(14, 37). Therefore, it is important for farmers and processors to be aware of farm management 

practices that can lead to an increased risk of Listeria spp. contamination in the environment of 

pastured poultry farms and in the final broiler product, as this is the point closest to the meat 

being available at the consumer level.  

4.4.2 Weather and flock age are likely to impact the presence of Listeria spp. in the 

environment of pastured poultry farms 

The RF model generated from preharvest sample data identified the day of the year that 

the sample was collected as the most important variable in classifying a sample as positive or 

negative for the presence of Listeria spp. While specific weather data were not reported for each 

sampling day in this study, the RF model predicted that days at the early and late parts of the 

year were associated with a higher probability of Listeria spp. isolation in the environment (Fig. 

4.2a). We only sampled from day 90 to day 350 of the year that did not include the winter 
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season, and thus, our model does not extrapolate the results for the days corresponding to this 

season. Days 100-175 showed exceptionally high predicted risk. These days of the year are 

associated with the spring season. It was previously found that there was a higher prevalence of 

L. monocytogenes in processing environments during spring and winter months (25). It follows 

that if there is a higher probability of Listeria isolation in the environment during cold weather, 

there is a higher probability of Listeria being brought into a processing facility during these 

times. 

The increased probability of Listeria isolation during cold weather months could be due 

to the fact that the pathogen is more resistant to lower temperatures. For example, Listeria are 

able to grow at temperatures as low as 1°C, whereas enteric foodborne pathogens are not (16). 

Strawn et al. (50) found that L. monocytogenes had a higher prevalence in above freezing, cooler 

temperatures in the environment of fruit and vegetable farms. Further data need to be collected to 

study the effect of temperature on Listeria prevalence in pastured poultry farms.  

It is important to consider that the presented preharvest RF model may be region specific, 

as data were collected only from southeastern United States pastured poultry farms. It is likely 

that the day of year variable is important due to weather patterns that are occurring during those 

times. Because weather patterns over the course of a year are region specific, this model might 

not be appropriate for all regions. Despite this, the presented RF model suggests that farmers and 

processors have a higher awareness of Listeria during colder, above freezing weather. 

Flock age was the second most important variable in the preharvest RF model (Fig. 4.1). 

Listeria spp. isolation from the environment was predicted to have the highest probability when a 

flock was between 5-10 weeks old. As a flock increases in age, changes occur in the flock’s gut 
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microbiota, and it has been found that Listeria spp. levels decrease in the intestine of poultry as 

the bird’s intestinal microbiota develops (35).  

4.4.3 Farm management practices can impact Listeria spp. prevalence in the final broiler 

product 

The presented final WCR RF model identified brood feed formulation as the most 

important explanatory variable in predicting Listeria spp. presence in the final product (Fig. 4.3). 

Flocks whose brood feed’s 3 main sources of protein were corn, soy, and wheat had a 

significantly higher probability than the other 5 types of feed (Table 4.2). After hatching, the 

intestinal microbiota of a chicken develops rapidly (11, 31). As such, the type of feed that a chick 

receives early on its life can have a profound effect on its gut microbiota (31). This is an 

especially important point to consider for pastured poultry and organic farms that utilize feeds 

with very few additives. If present in the external environment, Listeria could contaminate a 

flock’s food source, and be present throughout a bird’s lifespan. It is important to note of the 

possibility that type of feed could just be important to our model. Rather, our model identified it 

as an important predictor of Listeria spp. presence, but not necessarily the cause of 

contamination.  

The use of chlorinated rinse water during broiler processing was identified as the second 

most important variable in the final broiler product RF model (Fig. 4.3). Studies have shown that 

gram-positive organisms, such as Listeria monocytogenes, are more resistant to chlorine than 

gram-negative bacteria (55). Thus, it is possible that chlorine is more effective at reducing gram-

negative bacteria during rinsing of broilers during processing, and this might create a less 

competitive environment for Listeria to survive and grow during cold storage. Organic acids, on 

the other hand, have been shown to be more effective against gram-positive bacteria (49). 
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Further research needs to be conducted to see if the use of chlorinated rinse water during poultry 

processing leads to a more favorable environment for Listeria.   

Our model did not identify major pastured poultry farm management practices such as 

type of processing unit and skin on/skin off processing as important predictors of Listeria spp. 

presence. While no studies have examined the effect of these practices on Listeria prevalence, 

there have been conflicting results on the effect of these variables on other foodborne pathogens. 

Trimble et al. (52) found that Salmonella prevalence was significantly higher on carcasses 

processed on-farm compared to carcasses processed at a USDA-inspected facility, while there 

were no significant differences in Campylobacter prevalence. For traditionally-reared broilers, 

Berrang et al. (4) found that skin-on and skin-off broiler parts had no significant difference in 

Campylobacter and Escherichia coli numbers. Currently, there are no data indicating the 

difference of foodborne pathogen prevalence in skin-on and skin-off broilers reared on pastured 

poultry farms. 

4.4.4 Random forest model performance 

Machine learning models have been shown to have use in the food safety industry, with 

several studies being published on the performance of random forest models (2, 24, 40) and 

classification and regression tree models (28, 36, 50) in a food safety context. Benefits to using 

RF models is that they are robust to outliers and skewed data, provide variable importance 

rankings, and compute an unbiased out-of-bag error estimate (43).  

Machine learning models are often tested on how they perform at classifying 

independent, new observations that were not used during training of the model. In many 

biological and research settings, it can be too costly to obtain a new testing set, so data sets are 

split into training and testing sets (17). Models are then evaluated by prediction performance on 
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the testing set and evaluated by metrics such as ROC curves and AUC (5). In the current study, 

both RF models performed well with respect to AUC, with both scoring > 0.85. (Table 4.6).  

It is important to note that the sample size for the final product WCR model was small, 

which might have impacted the prediction performance estimation. It would be of great use to 

obtain a new, independent data set from other pastured poultry farms to confirm the usefulness of 

the generated RF model. The small sample size shouldn’t have a large effect on the variable 

importance rankings, though (Fig. 4.3). Strobl and Zeileis (51) reported that importance 

measures from models trained on smaller data sets were not significantly different from those 

trained on larger data sets. 

4.5 Conclusions 

Random forest models were generated to classify pastured poultry preharvest and final 

product samples as positive or negative for Listeria spp. Our model identified time of year as a 

potential indicator of preharvest presence of Listeria spp. on pastured poultry farms. 

Additionally, corn/soy/wheat brood feed and rinse water chlorination were associated with a 

higher probability of Listeria spp. isolation on the final product WCR, as predicted by our model. 

Due to the variation in the types of pastured poultry farms sampled from Table 4.1, the 

information provided by our models could be representative of many different types of pastured 

poultry and similar organic type farms, although a greater geographic diversity of farms is 

needed to test this hypothesis.  This study showed the use of RF models at predicting pathogen 

presence and should assist farmers and processors be aware of factors that are associated with a 

higher risk of Listeria contamination on pastured poultry farms. 
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Table 4.1 Comparison of the 11 all-natural, antibiotic-free, pastured broiler farms included in 
this study 
Farm Breed No. of 

flocks 
Flock size Multi-use 

farm? 
Animal types Processing 

A Freedom 
Ranger 

10 >500 Yes Layers, Swine, 
Beef cattle, 
Sheep 

USDA-
inspected 
facility 

B Freedom 
Ranger, 
Cornish Cross 

5 50-75 Yes Layers, Swine, 
Horses, Goats 

On-farm 
(skin-off) 

C Freedom 
Ranger 

1 50-75 No n/a On-farm 
(skin-on) 

D Freedom 
Ranger 

1 50-75 No n/a On-farm 
(skin-on) 

E Freedom 
Ranger, 
Cornish Cross 

5 50-75 Yes Layers, Swine, 
Beef cattle, 
Sheep 

On-farm 
(skin-on) 

F Freedom 
Ranger 

2 >500 Yes Layers USDA-
inspected 
facility 

G Freedom 
Ranger, 
Cornish Cross 

9 100-500 Yes Layers, Swine, 
Goats 

USDA-
inspected 
facility 

H Freedom 
Ranger, 
Cornish Cross 

2 50-75 Yes Layers On-farm 
(skin-on) 

I Freedom 
Ranger 

4 100-500 Yes Layers, Beef 
cattle, Goats 

USDA-
inspected 
facility and 
on-farm 
(skin-on) 

J Freedom 
Ranger 

2 >500 Yes Layers, Swine, 
Beef cattle, 
Sheep 

USDA-
inspected 
facility 

K Cornish Cross 2 50-75 Yes Layers, Swine On-farm 
(skin-on) 
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Table 4.2 Predictors used in the preharvest (feces, soil) and final product whole carcass rinse 
(WCR) random forest models 

Variable Description Levels/unit 
AvgNumBirds Average number of birds that the farm 

handled in one year 
Numeric 

AvgNumFlocks Average number of flocks that the farm 
handled in one year 

Numeric 

YearsFarming Number of years the farm had been 
operating at the time of sampling 

Numeric (years) 

EggSource   Source of broiler eggs 6 levels: Company A, B, 
C, D, E, F 

BroodBedding Type of bedding broilers received during 
brooding 

3 levels: pasture-based 
brooder (PB), wood 
shavings (WS), saw-
dust/shredded paper 
(SDSP) 

BroodFeed Up to top 3 sources of protein in brooding 
feed  

6 levels: barley, wheat, 
oats (BWO); corn, soy, 
wheat (CSW); wheat, 
corn (WC); wheat and 
grain byproducts (W); 
corn, soy, oats (CSO); 
peas, corn, oats (PCO) 

BrGMOFree Was the brood feed GMO free? 2 levels: yes (Y), no (N) 

BrSoyFree Was the brood feed soy free? 2 levels: yes (Y), no (N) 

BrMedicated Was the brood feed medicated? 2 levels: yes (Y), no (N) 

BroodClean- 
Frequency 

How often the brooding area was cleaned 7 levels: 3Days, all in/all 
out (AIAO), daily, deep 
litter method (DLM), 
mobile, weekly, yearly 

AvgAgeTo- 
Pasture 

Average age broilers were put on pasture Numeric (weeks) 

PastureHousing Type of pasture housing environment 4 levels: chicken tractor 
(CT), chicken tractor 
with fencing (CTF), 
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chicken tractor free 
range (CTFR), chicken 
tractor with fencing (2 
tractors; CTF2) 

FreqHousing- 
Move 

How often the pasture area was moved 2 levels: daily, every 2 
days 

AlwaysNew- 
Pasture 

Was the pasture always moved to a brand-
new pasture area 

2 levels: yes (Y), no (N) 

PastureFeed   Up to top 3 sources of protein in pasture 
feed  

7 levels: barley, wheat, 
oats (BWO); corn, soy, 
wheat (CSW); wheat, 
corn (WC); wheat and 
grain byproducts (W); 
corn, soy, oats (CSO); 
corn, cotton seed mill, 
wheat (CMW); peas, 
corn, oats (PCO)  

PaGMOFree Was the pasture feed GMO free? 2 levels: yes (Y), no (N) 

PaSoyFree Was the pasture feed soy free? 2 levels: yes (Y), no (N) 

PaMedicated Were broilers medicated while on pasture? 2 levels: yes (Y), no (N) 

LayersOnFarm Were layers present on the farm? 2 levels: yes (Y), no (N) 

CattleOnFarm Were cattle present on the farm? 2 levels: yes (Y), no (N) 

SwineOnFarm Were swine present on the farm? 2 levels: yes (Y), no (N) 

GoatsOnFarm Were goats present on the farm? 2 levels: yes (Y), no (N) 

SheepOnFarm Were sheep present on the farm? 2 levels: yes (Y), no (N) 

WaterSource Water source for broilers during grow-out 3 levels: public, rain, well 

FreqBird- 
Handling 

How often chickens were handled on 
pasture 

2 levels: daily, only if 
needed (OIN) 
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AnyABXUse Were antibiotics ever used on the broilers 2 levels: yes (Y), no (N) 

LengthFeed- 
RestrixProcess 

Length of feed restriction before processing Numeric (hours) 

DayOfYear   Day of the year samples were collected on Numeric (days) 

FlockAgeWeeks Age of flock at time of sampling Numeric (weeks) 

Breed Breed of broilers used 2 levels: Freedom Ranger 
(FR), Cornish Cross 
(CC) 

FlockSize Number of birds in the sampled flock Numeric 

ProcessingTypea Where the broilers were processed 2 levels: farm, plant 

SkinOnOffa Skin-on or off processing facility 2 levels: on, off 

ScalderTempCa Temperature of water (°C) used during 
scalding of birds during processing 

7 levels: 55, 60, 63, 65, 
71, 82, none 

RinseWaterSourcea Source of water used for carcass rinsing 
during processing 

2 levels: public, well 

RinseWaterChlora Was the rinse water chlorinated? 2 levels: yes (Y), no (N) 

ChillingMethoda Type of chilling used for carcasses after 
processing 

2 levels: water, air 

TransportTimea Length of time to transport broilers to 
processors (if necessary) 

Numeric (hours) 

StorageTempCa Temperature that carcasses were stored at 
before reception by customer 

Numeric (°C) 

StorageTimeDa Amount of time carcasses were stored for 
before reception by customer 

Numeric (days) 

   
a Variables were only used in the WCR model 
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Table 4.3 Broiler cold storage procedures before making the product available for consumers for 
each farm 
Farm Storage temperature (°C) Average storage time (Days) 
A 4 1 
Ba 4 2 
Ba -20 2 
C -20 11 
D -20 13 
E 4 0.2 
F 4 1 
G -20 30.25 
H -20 30.5 
I -20 8.75 
J 4 1 
K 4 0 

a Farm B used two different carcass storage methods over the course of the study 
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Table 4.4 Effect of sample type on prevalence of Listeria spp. and Listeria monocytogenes in 
pastured poultry farm samples 

Sample type No. of samples 
No. (%) of positive samples 

Listeria spp. L. monocytogenes 

Feces 820 133 (16.2)  14 (1.7)  

Soil 817 140 (17.1)  17 (2.1)  

WCRa 230 51 (22.2)  6 (2.6) 

Total 1867 324 (17.4) 37 (2.0) 
a Whole carcass rinse (WCR) 
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Table 4.5 Prevalence of Listeria spp. by pastured poultry farm and sample type 

Farm 

Preharvest samples  WCR samples 

No. of 
samples 

No. (%) of 
positive Listeria 
spp. samples 

 No. of 
samples 

No. (%) of 
positive Listeria 
spp. samples 

A 331 55 (16.6)  50 0 (0) 
B 180 50 (27.8)  25 13 (52) 
C 30 2 (6.7)  5 0 (0) 
D 30 18 (60)  5 4 (80) 
E 213 19 (8.9)  25 1 (4.0) 
F 80 10 (12.5)  10 0 (0) 
G 273 24 (8.8)  40 2 (5.0) 
H 80 16 (20)  10 5 (50) 
I 200 31 (15.5)  40 24 (60) 
J 120 34 (28.3)  10 1 (10) 
K 100 14 (14)  10 1 (10) 
Total 1637 273 (16.7)  230 51 (22.2) 
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Table 4.6 Predictive performance of the preharvest and whole carcass rinse (WCR) random 
forest models 

Predictions Actual  Sensitivity Specificity AUCa Positive Negative  
Preharvest 

model 
Positive 42 42  

0.778 0.846 0.876 
Negative 12 230  

        
WCR 
model 

Positive 8 4  
0.800 0.886 0.887 

Negative 2 31  
a AUC, area under the receiver operating characteristic (ROC) curve 
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Figure 4.1 Variable importance plot for the preharvest sample random forest model. Relative 
importance is determined by average mean decrease in Gini and scaled from 0 to 100, where 100 
is most important. SwineOnFarmY refers to farms that had swine present at the farm. 
EggSourceD refers to farms that received broiler eggs from Company D. 
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Figure 4.2 Partial dependency plots (PDPs) for the two most important predictors in the 
preharvest sample random forest model. (a) DayOfYear represents the day of the year that 
samples were collected, numerically from 1 to 365. (b) FlockAgeWeeks represents the age of the 
flock in weeks at the time of sampling. 
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Figure 4.3 Variable importance plot for the whole carcass rinse (WCR) final product random 
forest model. Relative importance is determined by average mean decrease in Gini and scaled 
from 0 to 100, where 100 is most important. BroodFeedCSW refers to brood feed with top 3 
sources of protein as corn, soy, and wheat. RinseWaterChlorY refers to farms that chlorinated 
rinse water used during broiler processing. RinseWaterSourceWell refers to farms that used well 
water as the source for rinse water used during processing. EggSourceA refers to farms that 
received broiler eggs from Company A. 
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Figure 4.4 Partial dependency plots (PDPs) for the two most important predictors in the whole 
carcass rinse (WCR) final product random forest model. (a) Brood feed refers to up to the top 3 
sources of protein in the brood feed. Ingredients include: barley (B), corn (C), oats (O), wheat 
(W), soy (S), cotton seed mill (M), peas (P). (b) RinseWaterChlor refers to whether the rinse 
water used during broiler processing was chlorinated or not. Levels for this variable include: yes 
(Y), no (N), organic acids used instead of chlorine (OA), yes with vinegar (YV), certified 
organic rinse used as wash (COR). 
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Figure 4.5 Receiver operating characteristic (ROC) curves for the environmental (solid line) and 
whole carcass rinse (dashed line) sample random forest models. The diagonal line represents the 
line of no discrimination, or the expectation of a random guess. Curves above this line are 
considered better than random guess. The area under each curve is referred to as AUC. 
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CHAPTER 5 

USING WEATHER PATTERNS TO FORECAST CAMPYLOBACTER PRESENCE IN THE 

ENVIRONMENT OF PASTURED POULTRY FARMS 
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Abstract 

Campylobacter is one of the leading causes of gastroenteritis worldwide. It presents an 

annual problem for the poultry industry, where, from 1998-2017 in the United States, 279 

foodborne illness outbreaks linked to poultry consumption were reported to the Centers for 

Disease Control and Prevention. It is important to control for the organism in the environment of 

broiler farms, as environmental contamination provides a means for broiler flock contamination. 

For this purpose, it is necessary to have an understanding of the conditions that are linked to high 

environmental Campylobacter prevalence. Random forest models were constructed from fecal 

and soil samples collected during a 2014-2017 longitudinal study of 11 southeastern United 

States pastured poultry farms. Each model included 80 predictors, made up of different 

combinations of observed weather patterns. After training, models were evaluated for predictive 

performance on a held-out 20% test set. Both the feces and soil models performed well in terms 

of area under the receiver operating characteristic curve (AUC), with AUC values of 0.96 and 

0.89, respectively. During the 2019 growing season, additional fecal and soil samples were 

collected to evaluate the models’ ability to predict Campylobacter prevalence using weather 

forecasts made up to seven days ahead. For both samples, accuracy was not affected by the 

number of days before sampling that predictions were made. On average, the feces model did not 

tend to over or underpredict prevalence with bias % scores ranging from 87.3 to 106.4% across 

the seven days of predictions, whereas the soil model tended to underpredict prevalence with 

bias % scores ranging from 66.0 to 75.8%. The generated models provide poultry farmers and 

producers a tool to better perform Campylobacter surveillance and ability to make risk-based 

decisions.  
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5.1 Introduction 

Campylobacter spp. are gram-negative, spiral-shaped, microaerophilic microorganisms 

that are commonly found in the intestine of animals used for human food. Campylobacter is one 

of the leading causes of foodborne gastroenteritis worldwide, and incidence of 

campylobacteriosis has been increasing over time in North America, Europe, and Asia (21). The 

organism has presented a specific problem for the poultry industry, showing the ability to 

colonize the gastrointestinal tract of birds from an early age (5, 12). This can lead to the potential 

for public health impact, if not properly controlled throughout the poultry supply chain. From 

1998-2017 in the United States, there were 279 identified campylobacteriosis outbreaks linked to 

poultry consumption that resulted in 2,902 illnesses, 152 hospitalizations, and 1 death, according 

to the Centers for Disease Control and Prevention’s (CDC) National Outbreak Reporting System 

(9). The actual number is likely much larger, as Scallan et al. (33) estimated an under-diagnosis 

multiplier of 30.3 for illnesses caused by Campylobacter spp. in the United States. 

It is important to control Campylobacter within the environment of poultry farms, as the 

external environment can be a source of flock contamination. Specifically, bird feces has been 

shown to be a major source of flock contamination, with bird-to-bird horizontal transfer 

occurring rapidly after initial contamination (18, 27, 37). Other potential risk factors include 

contaminated bedding, feed, and drinking water, which can potentially result from contaminated 

soil, insects, rodents and other small animals, and poor worker hygiene (24, 44, 45). Controlling 

for these risk factors becomes even more imperative when considering alternative poultry 

production systems, such as pastured and free-range poultry systems, in which birds have more 

access to the external environment than in a conventional poultry operation. 
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The correlation between weather events and Campylobacter prevalence in poultry 

samples or incidence of human campylobacteriosis incidence has begun to be explored, with 

varying results (6, 15, 30, 39). To our knowledge, research has been limited to observing past 

contamination events rather than forecasting them. A predictive model that uses weather 

forecasting data to predict Campylobacter contamination in farm environments could be of great 

use to poultry farmers and processors by providing a tool that provides information to mitigate 

the risk of Campylobacter by identifying important meteorological risk factors and alerting 

farmers when the probability of finding the organism is high. Similar models have been 

presented for Listeria spp. in pastured poultry farms (13). 

Machine learning provides a means to develop predictive models with complex datasets 

that traditional statistical methods are not optimized to handle (22). Random forest (RF) models 

are an example of a commonly used machine learning algorithm that has shown promise in 

predicting pathogen presence in many food safety-related scenarios (1, 13, 14, 19, 28, 38). The 

RF method is a tree-based modeling method that fits a specified number of classification and 

regression trees to training data, and model predictions are made by averaging the decision 

between all of the trees (8). The “voting” scheme used by RF models represents one of its 

greatest advantages when compared to other machine learning methods, due to the fact that it is 

relatively robust to outliers, can handle high-dimensional data, and incorporates randomization 

into tree construction (8).  

The current study was undertaken to develop RF models that could be used to predict 

Campylobacter presence in fecal and soil samples from pastured poultry farms in the United 

States. The study was completed in two phases. The first phase consisted of training and testing 

predictive models based on historical meteorological data. Models were then tested for their 
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forecasting capabilities by using weather forecasts to predict Campylobacter presence. The 

generated models will assist poultry farmers understand important meteorological risk factors 

linked to Campylobacter contamination and are tools that can be used to predict high-risk 

conditions based on forecasted and historical weather data.  

5.2 Materials and methods 

5.2.1 Sample collection 

 Sample collection was performed in two phases. Phase one consisted of a longitudinal 

study from March 2014 to November 2017, where 43 flocks of broilers from 11 pastured poultry 

farms in the southeastern United States were followed through each flock’s lifecycle. Fecal and 

soil samples were collected at three points during a flock’s lifecycle: (i) within a few days of the 

birds being placed on the pasture (range: 16-47 days after birth), (ii) mid-way through grow-out 

(range: 36-69 days), and (iii) on the day a flock was processed (range: 55-97 days). If the farm 

contained other types of animals, samples were also collected from these animals to get an 

understanding of the overall Campylobacter prevalence on the farm. This group of samples was 

used in model construction and initial testing. In total, there were 772 soil and 774 fecal samples 

collected that were used. Additionally, four farms were visited during August to November of 

the 2019 growing season, where we collected 90 fecal and 70 soil samples across 18 and 14 

sampling days, respectively. These samples were intended to act as an independent dataset for 

testing the predictive accuracy of the developed models at predicting Campylobacter spp. 

presence in fecal and soil samples based on seven-day weather forecasts. 

 On each sampling day, fecal and soil samples were collected from the area where a flock 

resided on the previous day. The sampling site was divided into five sections; five subsamples 

were collected and pooled from each section. Samples were pooled due to the high variability 
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expected from each subsample and for the possibility that there would be low numbers of 

Campylobacter (3, 36). Fecal samples were fresh droppings at the sampling site. Soil samples 

were collected by scooping surface level soil (approximately 0-7 cm from the surface) into sterile 

bags. Sterile scoops were used for each sample, and scoops and gloves were changed after each 

sample. All pooled samples were at least 25 g. Samples were immediately transferred on ice to a 

laboratory for processing within 3 hours.  

5.2.2 Sample preparation 

 Upon arrival in the laboratory, samples were prepared as previously described by 

Rothrock and Locatelli (32). Briefly, 3 g from each subsample were combined in a filtered 

stomacher bag (Seward Laboratory Systems, Inc., Davie, FL) and diluted 1:3 with 10 mM 

phosphate buffered saline (PBS) and stomached for 1 min. Next, 100 µL of stomached sample 

was plated onto Campy-Cefex agar and incubated at 42 ± 1°C in microaerophilic conditions 

(85% N2, 10% CO2, 5% O2) for 36-48 h (40). Putative Campylobacter colonies were enumerated 

for each plate, and up to 5 suspected colonies were transferred to Brucella agar supplemented 

with 10% lysed horse blood for confirmation and incubated as previously described. For model 

development purposes, samples were classified as positive if countable colonies were found 

during Campy-Cefex plating. 

5.2.3 Historical weather data collection 

 On each sampling date during phase one sampling, weather data were collected for the 

zip code of the sampled farm. These data were used to represent the predictors of Campylobacter 

presence during model development. Temperature (°C; minimum, maximum, and daily average), 

wind speed (m/s; maximum and daily average), wind gust speed (m/s; maximum), humidity (%; 

minimum, maximum, and daily average), and precipitation (mm) values were collected for one 
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day before sampling up to seven days before sampling. To represent short-term weather effects, 

values for one and two days before the sampling day were specifically noted (13). Additionally, 

averages between one day before sampling and each day up to seven days before sampling were 

calculated to represent the over-time effect of weather (20). This resulted in a total of 80 

predictors. During this phase, historical weather data were collected from Weather Underground 

(https://www.wunderground.com/) and the National Oceanic Atmospheric Administration 

weather database (https://www.ncdc.noaa.gov/cdo-web/). 

5.2.4 Model development 

 Fisher’s exact test was used to compare prevalence of Campylobacter across season and 

sample type. The Holm-Bonferroni correction was used for each seasonal pairwise comparison 

(17). For all statistical analyses, p values less than 0.05 were considered statistically significant. 

Before model fitting, data for each sample type were split into training and testing sets 

using stratified random sampling. The training set included 80% of the data, with the testing set 

containing the remaining 20%. To correct for class imbalance within the soil testing set, the 

synthetic minority oversampling technique (SMOTE) was used to generate synthetic minority 

class samples to improve model performance (10). Random forest models were trained on the 

training set of each type of preharvest sample, and the testing set was held-out for model 

evaluation. Models were trained using the RandomForestClassifier function from Scikit-Learn 

0.21.2 (31). A randomized grid search with 10-fold cross-validation including the following 

hyperparameters was used for model tuning and selection: "max_depth" (maximum tree 

depth), "max_features" (number of predictors to consider when determining the best split), 

“min_samples_split” (minimum number of samples required for a split), “min_samples_leaf” 

(minimum number of samples present in a leaf node), “criterion” (metric to evaluate the quality 
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of a split), and “n_estimators” (number of trees grown). Randomized grid searches have been 

shown to be more effective than an exhaustive grid search for hyperparameter tuning (4). The 

receiver operating characteristic (ROC) metric was used to evaluate the grid search. For the feces 

model, the best fit hyperparameters were “max_depth” = “None”, “max_features” = 80, 

“min_samples_split” = 8, “min_samples_leaf” = 1, “criterion” = “entropy”, and “n_estimators” = 

500. For the soil model, “max_depth” = “None”, “max_features” = 41, “min_samples_split” = 4, 

“min_samples_leaf” = 1, “criterion” = “entropy”, and “n_estimators” = 800. Variable importance 

plots were then generated to determine the most important predictors in each model. Finally, the 

testing set was used to determine the accuracy of each RF model. 

5.2.5 Forecast data collection and forecasting validation 

 Phase two samples were used to test model performance at predicting Campylobacter 

presence based on forecasted weather. Predictions were made for each of seven days leading up 

to the sampling day. During each day, various combinations of forecasted and actually observed 

weather were explored. For example, predictions made seven days before the sampling day used 

the seven-day forecast made on the seventh day before the sampling day to represent the 80 

predictors used in the model. Conversely, predictions made one day before the sampling day 

used the forecasted weather for that day and 6 days of historical weather data to represent the 80 

model predictors. This concept is further explained in Fig. 5.1. Based on the inputted weather 

data, prevalence probabilities were obtained from both models for each forecast day. During this 

phase, forecasted and historical weather data were collected from the Dark Sky API 

(https://darksky.net/dev). 
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5.2.6 Statistical analysis 

 All statistical analysis was performed in Python 3.7.3 (https://www.python.org/). 

Receiver operating characteristic (ROC) curves, area under the ROC curve (AUC), sensitivity, 

and specificity were used to quantify initial model accuracy on the held-out test set (7). To 

determine the forecasting ability of the models, predicted prevalence probabilities for each 

forecast day were compared with observed sample day prevalence. Mean absolute deviation 

(MAD) and bias % were calculated for each forecast day and sample type combination: 

MAD =
#

$
	∑ |predicted	prevalence − observed	prevalence|$

78#                                               (1) 

Bias % = 
∑ 9:;<=>?;<	9:;@AB;C>;	D
EFG

∑ HIJ;:@;<	9:;@AB;C>;	D
EFG

                                                                                                   (2) 

where n represented the number of sample days for each sample type. A one-way analysis of 

variance (ANOVA) was performed to determine if forecast day had a significant effect on MAD. 

Model code can be accessed on GitHub (https://github.com/cgolden1993/Dissertation). 

5.3 Results 

 Campylobacter prevalence values for fecal and soil samples collected during both phases 

of sample collection are shown in Table 5.1. In model development and testing, Campylobacter 

prevalence was significantly greater (p < 0.0001) for fecal samples than soil samples. Similar 

Campylobacter prevalence was observed for samples used in model construction/testing and in 

forecast validation. However, soil samples used during forecast validation had a significantly 

greater (p < 0.001) Campylobacter prevalence than samples used during model 

construction/testing. 

 A seasonal breakdown of Campylobacter prevalence for fecal and soil samples used 

during model construction/testing is shown in Table 5.2. For fecal samples, there was no 
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seasonal effect (p = 0.67). For soil samples, spring prevalence was significantly higher (adjusted 

p < 0.001) than summer and fall prevalence.  

 The predictive performance of both models was tested on the held-out test set (Table 5.3). 

These statistics are intended to detail model accuracy on an independent dataset with similar 

structure to what was used to construct the models. The feces model performed very well with an 

AUC of 0.959 (Fig. 5.2a). Additionally, it showed the ability to accurately predict true positives 

while minimizing the number of false negatives, with a sensitivity value of 0.957. The soil model 

also performed well on the held-out test set (AUC = 0.886; Fig 5.2b), but only had a sensitivity 

of 0.772.  

 All 80 predictors were ranked in terms of their importance for both models. The two most 

important predictors for the feces model were the average maximum wind gust speed between 

the day before sampling and six days prior and the average humidity between the day before 

sampling and seven days prior (Fig. 5.3). All 5 of the top predictors were related to maximum 

wind gust speed and average humidity. For the soil model, the top two predictors were average 

temperature one day prior to sampling and maximum humidity two days before sampling (Fig. 

5.4). 

 Additionally, the ability for both models to predict Campylobacter based on forecasted 

weather was tested (Table 5.4). Mean absolute deviation represented the average difference 

between the predicted prevalence and the observed prevalence. For both feces and soil models, 

forecasting day did not have a significant effect on MAD, as determined by one-way ANOVA. 

For both models, across all forecast days, MAD was between 0.29 and 0.36. These numbers are 

likely impacted by the days in which 0% prevalence and 100% prevalence was observed, as 

model predictions ranged from 12 to 75%, and thus were not fit to model such extreme sampling 
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days. Bias % was also assessed for each model to determine whether the models tended to over 

or under-predict based on forecasted weather data. Values above 100% reflected fail-safe 

predictions and values below 100% reflected fail-dangerous predictions. For the feces model, 

bias % values ranged from 87.3 to 106.4%. This shows that the model did not tend to favor over 

or under-predictions. On the other hand, the soil model tended to under-predict prevalence across 

all seven forecast days with values ranging from 66 to 75.8%. This could be due to the fact that 

Campylobacter prevalence was significantly higher in forecast validation samples when 

compared to the samples used during model construction/testing. 

5.4 Discussion 

 One of the most important factors in limiting Campylobacter contamination of broilers is 

to reduce the birds’ exposure to the microorganism. The outside environment has been identified 

as a major source of contamination, and bird-to-bird transmission of the microorganism can 

occur rapidly once a flock becomes infected (18, 27, 37). This fact is especially important to 

consider for alternative production systems, like pastured poultry production, as birds are 

allowed more access to the outside environment than conventionally produced birds. While 

surveys have been conducted to analyze Campylobacter prevalence in environmental samples (2, 

16, 23, 35, 42, 43), research on causes of environmental contamination are still lacking. The 

current study utilized a machine learning approach to determine key meteorological factors that 

are associated with prevalence of Campylobacter in fecal and soil samples collected from 

pastured poultry farms. The generated models can act as a tool to help enhance environmental 

surveillance of Campylobacter based on recently observed and predicted weather by providing 

poultry producers recommendations on when to employ strategies that could potentially decrease 

birds’ exposure to the pathogen. Risk-mitigation strategies could include moving birds to higher 
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topographical areas in case of precipitation events, more intensive environmental sampling, and 

changing the area of pasture or outdoor area that the birds are residing.  

 Two types of environmental samples were collected from poultry farms in the current 

study. Both fecal and soil samples have been recognized as potential sources of contamination 

for broilers (29). Separate random forest models were constructed for each sample type due to 

the significant difference in prevalence observed in the samples that were used for model 

construction and testing (Table 5.1). Similar Campylobacter fecal prevalence was found by 

Berghaus et al. (2), who isolated the organism in 51.4% of fecal samples. In the current study, 

year of collection did not have an effect on Campylobacter prevalence in fecal samples. 

However, Campylobacter soil prevalence was significantly higher in 2019 samples than in 2014-

2017 samples (Table 5.1). Other surveys have been conducted to observe Campylobacter 

prevalence in soil samples. Trimble et al. (43) isolated Campylobacter from 64.3% of soil 

samples collected from pastured poultry farms. Conversely, Schets et al. (34) only isolated 

Campylobacter from 7.4% of soil samples collected from broiler farms with positive broiler 

flocks. These results show the variability in Campylobacter prevalence numbers for soil samples 

collected from broiler farms. This means that the proposed model could have potentially been 

biased from the samples used during model construction. It is possible that a larger number of 

samples need to be collected in the future to better capture the distribution of soil prevalence 

numbers.   

 The effect of seasonality was determined for fecal and soil samples that were included in 

model construction/testing (Table 5.2). For fecal samples, no effect of season was observed, but 

significantly more positive soil samples were found in the springtime. Many other studies have 

attempted to quantify the seasonality of Campylobacter in broiler-related samples. Willis and 



 

 

 
 

139 

Murray (48) found Campylobacter prevalence in retail broiler meat to be highest from May to 

October. Another study found retail Campylobacter prevalence to peak in May (26). Despite 

these findings, studies have found that seasonal patterns in Campylobacter prevalence on 

chicken do not match up with the seasonal patterns in campylobacteriosis cases in the United 

States and Europe (26, 47).  

 Similar approaches to the current study have been followed in other food safety-focused 

studies (13, 28, 41). The usefulness of the random forest modeling approach to predict pathogen 

prevalence was shown by Golden et al. (13) and Pang et al. (28), who used the model to 

effectively predict Listeria spp. prevalence in broiler and produce farming environments, 

respectively, based on recently observed weather patterns. The predictive performance of models 

generated in the current study are similar to these studies, with AUC values > 0.88 (Table 5.3). 

Similarly, Strawn et al. (41) used temporal and meteorological data to construct classification 

trees to predict Salmonella and Listeria monocytogenes prevalence on produce farms. Due to the 

possibility of covariation among predictors used, the authors used principal component analysis 

(PCA) as part of their modeling approach. One of the advantages of random forest models is that 

the model is robust to this kind of multicollinearity (25), therefore PCA was not used in the 

current study.  

 The results of the current study demonstrate the ability to predict Campylobacter 

prevalence in fecal and soil samples based on observed weather patterns. For the feces model, 

maximum wind gust speed and average humidity variables were identified as the most important 

meteorological predictors. Relative humidity was previously shown to be an important factor in 

determining Campylobacter prevalence in laying hens (11) and wind gust speed has been shown 

to be associated with Salmonella prevalence in fecal and soil samples collected from pastured 
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poultry farms (19). Similarly, humidity was deemed important by our models in predicting soil 

Campylobacter prevalence. Minimum and maximum temperature were also identified as 

important meteorological factor. Wallace et al. (46) also identified minimum and maximum 

temperature to be significant factors in relation to Campylobacter prevalence in chickens. 

 To our knowledge, this is the first time that predictive models have been tested to predict 

foodborne pathogen prevalence in farming environments based on weather forecasts. Due to the 

unpredictability of weather forecasts and the lack of publicly available, reliable data beyond 

seven days in advance, predictions were made from one to seven days before the day of 

sampling, using combinations of forecasted and observed weather data, to determine if 

predictions made closer to the sampling day were more accurate than those made earlier. Bias % 

for the feces model ranged from 87-106%, suggesting good prediction ability of the model. This 

reflects the high model sensitivity observed during initial model testing. The soil model, on the 

other hand, had lower bias %, as compared to the feces model. As mentioned previously, this 

could be due to the significant difference in Campylobacter prevalence observed in samples used 

during model construction and those used in forecasting validation. A benefit of machine 

learning models is that the models can be updated when introduced to more data. Thus, 

generated models can continue to learn from prevalence data that will be collected in the future, 

to better handle data with high variability. One limitation to the current study was that, due to 

limited resources, only 5 samples were collected on each sampling day, giving prevalence 

possibilities of 0, 20, 40, 60, 80, and 100%. This makes it possible that each model was 

penalized more heavily in regard to MAD than it would have been if more samples had been 

collected during each sampling day. With more data collected in the future, the prediction ability 

of the feces and soil models may be enhanced. The feces model was robust in terms of bias % 
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with predictions made up to seven days in advance, but the soil model performed better if 

predictions were made closer to the sampling day. 

 In conclusion, two random forest models were generated to predict Campylobacter 

prevalence in fecal and soil samples collected from southeastern United States pastured poultry 

farms based on weather data. Models performed well on a held-out test set when testing their 

ability to predict prevalence based on historically observed weather data. The generated models 

will help provide poultry farmers and producers with a means to make risk-based decisions when 

trying to control for environmental Campylobacter contamination. 
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Table 5.1 Campylobacter prevalence in fecal and soil samples collected from United States 
pastured poultry farms that were used for initial random forest model training and testing and 
forecast validation 
Model stage Sample type No. of samples No. (%) positive samplesa 
Training and testing Feces 774 466 (60.2) A 

Soil 772 181 (23.4) B 
Forecast validation Feces 90 49 (54.4) A 

Soil 70 42 (60.0) A 
Total  1,546 647 (41.8) 

a Different capital letters represent statistically significant different values within a model stage 
(p < 0.05 as determined by Fisher’s exact test) 
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Table 5.2 Campylobacter prevalence by season for samples in fecal and soil samples collected 
from United States pastured poultry farms that were used for initial random forest model training 
and testing  
Sample type Season No. of samples No. (%) positive samplesa 
Feces Spring 187 107 (57.2) A 
 Summer 422 254 (60.2) A 
 Fall 150 95 (63.3) A 
 Winter 15 10 (66.7) A 
Soil Spring 186 72 (38.7) A 
 Summer  426 86 (20.2) B 
 Fall 150 20 (13.3) B 
 Winter 10 3 (30.0) AB 

a Different letters within a sample type represent statistically significant different values (Holm-
Bonferroni corrected p values < 0.05 as determined by Fisher’s exact test) 
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Table 5.3 Predictive performance of the generated random forest models 

Model predictions Observed  Sensitivity Specificity AUCa Positive Negative  
Feces model Positive 89 13  0.957 0.790 0.959 
 Negative 4 49  
        
Soil model Positive 26 13  

0.722 0.891 0.886 
 Negative 10 106  

a Area under the receiver operating characteristic curve (AUC)  
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Table 5.4 Forecasting capabilities of the generated random forest models 

Forecast Feces model  Soil model 
MADa Bias %  MAD Bias % 

1-day 0.292 106.4  0.355 75.8 
2-day 0.311 95.7  0.350 69.0 
3-day 0.335 92.2  0.324 65.9 
4-day 0.324 97.4  0.308 66.5 
5-day 0.320 106.1  0.321 67.2 
6-day 0.358 87.3  0.337 66.0 
7-day 0.345 88.0  0.336 66.6 

a Mean absolute deviation (MAD)  
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Figure 5.1 A schematic detailing predictions made to determine model accuracy based on 
forecasted weather. Underlined numbers represent the number of days before the sampling day 
the predictions were made. Boxed in days are days in which forecasted weather data were used, 
while days not boxed in represent days in which historical data were used for a given forecast 
day. 
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Figure 5.2 Receiver operating characteristic (ROC) curves for the (a) feces and (b) soil random 
forest models. The dotted line represents the line of no discrimination, or the expectation of a 
random guess. 
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Figure 5.3 Variable importance plot for the feces random forest model. Variables were assigned 
a relative importance value on a scale of 0 to 100, where a higher importance score means higher 
relative importance. Variable names with a decimal are the average of that variable from 1 day 
before sampling to X days before sampling, where X is the number of days before the sampling 
day. Variable names containing ‘Before’ represent variable values collected X days before 
sampling. 
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Figure 5.4 Variable importance plot for the soil random forest model. Variables were assigned a 
relative importance value on a scale of 0 to 100, where a higher importance score means higher 
relative importance. Variable names with a decimal are the average of that variable from 1 day 
before sampling to X days before sampling, where X is the number of days before the sampling 
day. Variable names containing ‘Before’ represent variable values collected X days before 
sampling. 
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CHAPTER 6 

PREVALENCE OF SALMONELLA SPP. AND CAMPYLOBACTER SPP. IN ALTERNATIVE 

AND CONVENTIONALLY PRODUCED CHICKEN IN THE UNITED STATES: A 

SYSTEMATIC REVIEW AND META-ANALYSIS 
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Abstract 

 The burden of foodborne illness linked to the consumption of contaminated broiler meat 

is high in the United States. With the increase in popularity of alternative poultry rearing and 

production systems, it is important to determine if there is a difference in food safety risks 

presented by alternative systems when compared to conventional methods. While many studies 

have been conducted surveying foodborne pathogen prevalence along the broiler supply chain, a 

systematic overview of all of the available results is lacking. In the current study, a systematic 

review and meta-analysis was conducted to quantify the differences in Salmonella spp. and 

Campylobacter spp. prevalence in farming environment, rehang, prechill, postchill, and retail 

samples between conventional and alternative production systems. A systematic search of Web 

of Science and PubMed databases was conducted to identify eligible studies. Studies were then 

evaluated by inclusion criteria, and included studies were qualitatively and quantitatively 

analyzed. In total, 137 trials from 72 studies were used in the final meta-analysis. Meta-analysis 

models were individually constructed for subgroups that were determined by sample type, 

pathogen, and production type. All subgroups possessed high amounts of heterogeneity (I2 > 

75%). For environmental sample subgroups, Campylobacter prevalence was estimated to be 15.8 

and 52.8% for conventional and alternative samples, respectively. Similar prevalence estimates 

for both production types were observed for Salmonella environmental samples and all retail 

samples. For conventional samples, Campylobacter and Salmonella prevalence was highest in 

samples of prechill carcasses followed by carcasses at rehang and postchill, respectively. The 

presented results will be of use in future quantitative microbial risk assessments to characterize 

the differences in foodborne illness risks presented by different broiler production systems. 
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6.1 Introduction 

Foodborne pathogens such as Campylobacter spp. and Salmonella spp. have presented a 

major problem for the microbial safety of broiler chicken and chicken products in the United 

States supply chain. From 1998-2017, there were 298 chicken-related salmonellosis outbreaks 

resulting in 7,881 illnesses, 905 hospitalizations, and 4 deaths (16). Campylobacter spp. are 

estimated to cause over 800,000 domestically acquired foodborne illnesses annually (92). 

Additionally, poultry products were implicated in 15 campylobacteriosis outbreaks in the United 

States from 2004-2012 (33). While much of the efforts are put into controlling Salmonella and 

Campylobacter in fresh poultry, Listeria spp. have been identified as an emerging poultry-related 

pathogen (86). 

 In recent years, the demand for organic and alternatively produced food products has 

increased; retail sales of organic food products increased from $3.6 billion to $21.1 billion from 

1997 to 2008 (25). This trend has also impacted the poultry industry, with organic, free-range, 

antibiotic-free, and pastured poultry operations becoming more desired. As popularity of these 

products increases, the need to understand the food safety hazards around these products 

becomes imperative. Many consumers believe these types of products to be safer due to the 

reduced use of pesticides and antibiotics, but scientific evidence to support this hypothesis is 

lacking (48, 100, 115).  

 Currently, most of the effort in quantifying the differences between conventional and 

alternative poultry production has gone into microbiological surveying at various points along 

the poultry supply chain. A useful tool in helping to quantify efforts of similar studies is through 

systematic review and meta-analysis. Meta-analysis is used to aggregate the results of individual 

studies, quantify the estimated effect of each study, and provide an overall estimate on the effect 
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and variability of an intervention or treatment or overall prevalence of an outcome (34). While 

widely used in the field of medicine, meta-analyses have just started gaining popularity in the 

food safety literature, with recommendations to utilize the tool in a food safety context by 

Gonzales-Barron and Butler (36) and Sargeant et al. (91). Meta-analysis results are important 

tools in quantitative microbial risk assessments (QMRAs); they provide an estimate of pathogen 

prevalence or reduction at certain stages of a product’s supply chain, potentially providing a 

more accurate number than an estimate based on one study or on expert judgement (36).  

Recent poultry-related systematic reviews and meta-analyses have been conducted to 

estimate the prevalence of foodborne pathogens in poultry samples and the effectiveness of 

various interventions in reducing foodborne pathogen load in poultry (14, 35, 53, 108, 118, 124). 

A meta-analysis conducted by Young et al. (124) worked to address differences in foodborne 

pathogen numbers between organic and conventional poultry samples but was conducted with 

international data. There have been numerous recent surveys published on foodborne pathogen 

prevalence in conventional and alternative broiler chicken samples, showing the need for an 

updated systematic review and meta-analysis. To our knowledge, there are no current meta-

analysis studies that were used to estimate the prevalence of foodborne pathogens in United 

States broiler chicken samples in conventional and alternative poultry systems.  

 The purpose of the current study was to use a systematic review and meta-analysis 

approach to quantify the prevalence numbers of problematic foodborne pathogens in broiler 

chicken farming, processing, and retail samples in the United States. The results of this study 

will aid in the construction of QMRAs related to the differences between conventional and 

alternative broiler chicken production systems and their impact on domestic foodborne illness. 
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6.2 Materials and methods 

6.2.1 Literature search strategy  

A systematic review process was adapted from Sargeant et al. (90) to address a detailed 

research question: What are the differences in foodborne pathogen prevalence in farm 

environment, processing, and retail samples from commercial alternative and conventional 

broiler chicken production systems in the United States? Foodborne pathogens of interest 

included Campylobacter spp., Salmonella spp., and Listeria spp. To address this question, a 

detailed literature search was performed. On September 26, 2019, the Web of Science 

(www.webofknowledge.com) and PubMed online databases were searched with the following 

search terms aimed at addressing the aforementioned research question: ("Salmonella" OR "S. 

enterica" OR "Salmonella enterica" OR "Campylobacter" OR "C. jejuni" OR "Campylobacter 

jejuni" OR "Listeria" OR "L. monocytogenes" OR "Listeria monocytogenes") AND ("poultry" 

OR "chicken") AND ("incidence" OR "prevalence" OR "isolation" OR "survey" OR "detection" 

OR "occurrence") AND ("United States" OR “name of any individual state”). For this step, there 

were no language or year limitations. With these criteria, the search totaled 2,356 studies. 

Additional studies (n=7) were identified by hand-searching review articles and article reference 

lists. Studies included peer-reviewed journal articles and governmental agency reports. All 

references were managed with the EndNote citation manager (EndNote X8, Clarivate Analytics; 

Philadelphia, PA). After import to EndNote, duplicate studies were removed manually.  

6.2.2 Inclusion criteria 

Abstracts of articles were first screened to determine if they were appropriate to address 

the proposed research question. For articles to pass this stage, the articles needed to be United 

States prevalence studies of bacterial foodborne pathogens in commercial broiler farm 
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environments, commercial broiler processing samples, or broiler chicken retail samples. 

Challenge studies or studies in which flocks of broilers were inoculated with pathogens were 

excluded.  

 Following abstract screening, full-text articles were obtained for all remaining studies 

(n=262) and analyzed for potential inclusion in the final study. Each article was further assessed 

with the aforementioned screening criteria, as well as additional criteria. If it was not reported 

that the study was conducted in the United States, inference was made based off the authors’ 

locations and language throughout the text of the manuscript. This meta-analysis is intended to 

get current prevalence data to best estimate the risk of foodborne illness from consumption of 

broiler chicken. Thus, the first additional criterion was that articles needed to be published after 

January 1, 2000. Secondly, the studies needed to report the sample size and the prevalence and/or 

number of positive samples. The third criterion was that the studies needed to involve the 

foodborne pathogens of interest, Salmonella spp., Campylobacter spp., and Listeria spp. Studies 

that involved targeted sampling for pathogen-positive broiler flocks were excluded because these 

studies could potentially overestimate the prevalence of pathogens. Additionally, studies that did 

not provide species-level results were excluded. Studies that were questionable for inclusion 

were discussed by both authors until a consensus was reached. 

6.2.3 Data extraction 

Articles that were deemed eligible through screening were then included in quantitative 

and qualitative analysis (n=80). At this step, quantitative and qualitative data were extracted and 

analyzed. Due to the problematic nature of incorporating study quality scores as factors in meta-

analyses, scores were not assigned to individual studies (44, 51). Study quality was determined 

by the presence of reputable, replicable microbiological methods. 
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Collected quantitative variables included number of positive samples and sample size. If 

the number of positive samples was not reported, but the prevalence was reported, the number of 

positive samples was estimated by multiplying the prevalence by the sample size and rounding 

accordingly. Studies that contained inconsistent results throughout the text/figures of the study 

were excluded.  

Qualitative data included the pathogen studied, state performed (if presented), type of 

poultry production (if presented), sample type, and detection method. Salmonella serotype 

prevalence for included samples was also extracted if presented in the study. Only one Listeria 

study was found, so it was not included in the final meta-analysis. For type of poultry 

production, if nothing was specified in the study or if the study stated that conventional systems 

were sampled, the production or retail system was inferred to be conventional. Otherwise, the 

system was marked as alternative. Alternative production and retail systems included organic, 

pasture-raised, antibiotic-free, farmer’s market, or free-range systems. For one included study 

(6), a conventional production system utilizing antibiotic-free birds was surveyed. Both authors 

agreed to include this in the alternative production category. Sample type was categorized as 

farm environmental, processing, or retail. Environmental samples included any samples collected 

from the environment of broiler farms. Sample types included boot sock, air, feces, soil, litter, 

water, feed, grass, insect traps, and wild bird droppings. Processing samples included carcass 

samples collected throughout the processing supply chain. Samples were classified in the manner 

in which they were referred to in the study (i.e. rehang, prechill, postchill, etc.). For the majority 

of processing samples, whole carcass rinses (WCR) were collected. A small number of studies 

also included results for whole carcass enrichment (WCE) and neck skin maceration (NSM) 

sampling methods. Retail samples included ground chicken, WCR, and rinses of various chicken 
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parts (e.g. breasts, thighs) that were purchased from a retail establishment or obtained at the end 

of the production line at a processing establishment. If different types of samples in the same 

category from a study were collected, those samples were combined for prevalence calculations 

if the same detection method was used on them. For consistency, prevalence numbers needed to 

be stated for the sample in the way it was purchased. For example, if a broiler chicken carcass 

was purchased from a retail store and cut into parts, positive numbers of carcasses needed to be 

reported. Detection methods were also noted for each study. If a study utilized multiple detection 

methods on the same samples, the highest prevalence or the number of true positives among the 

different methods was utilized as a fail-safe measure. If different methods were used on different 

samples, the study was considered as separate trials and data points. 

After all data were extracted, data were grouped by sample type, pathogen, and 

production type. To be considered for meta-analysis, each subgroup needed to have at least two 

independent studies. Data from farm environmental, rehang, prechill, postchill, and retail 

samples were utilized. All data were stored in Microsoft Excel (Version 16.28, Microsoft 

Corporation; Redmond, WA).  

6.2.4 Data analysis 

All data analysis was performed using R (Version 3.6.1) (80). Meta-analyses and forest 

plot generation were conducted using the ‘meta’ and ‘metafor’ packages (95, 116).   

A generalized linear mixed model (GLMM) approach (26, 105) combined with the logit 

transformation has been recommended by various studies (96, 120), and was used in the current 

study. For each included study, prevalence values were calculated by dividing the sample size by 

the number of positive samples. Due to the presence of proportions equal to 0 or 1, values were 

first transformed using the logit transformation (56): 
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KLMNO	P = ln	(
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)                                                   (1) 

with variance: 

UVW(KLMNO	P) =
#

XR
+

#

(#SXR)
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where p is the prevalence of pathogen reported in a study and N is the sample size of that study.  

Following transformation, data for each pathogen and sample type combination were 

partitioned based on production type (i.e. conventional/alternative) to allow for subgroup 

analysis (45). If data were only available for conventional productions systems for a given 

pathogen/sample type combination, these data were modeled alone. A random intercept logistic 

regression model was then fitted to each subgroup to estimate the population prevalence (PP) and 

its 95% confidence interval (CI), as well as values to describe the between-study variance (τ2) 

and heterogeneity (I2) present (12, 47). As suggested by Higgins et al. (47), I2 values of 25%, 

50%, and 75% were considered as low, medium, and high measures of heterogeneity, 

respectively. Additionally, Cochran’s Q-test with alpha 0.10 was performed to compare the 

effect sizes yielded by each subgroup meta-analysis model (37, 38). If high amounts of 

heterogeneity were observed during subgroup analysis, a meta-analysis model with various 

moderating variables was fitted to the entire population of each pathogen/sample type 

combination to attempt to describe the between-study heterogeneity (35). The moderating 

variables included production system, detection method, and year for all sample types, and type 

of chicken sample for retail samples. Within each population, each moderating variable had to 

have at least 2 levels to be included. If multiple detection methods or sample types were used in 

a study, a value of ‘multiple’ was applied to variable. p values were obtained for all moderating 

variables and the amount of between-study variability explained (R2) by the moderating variables 
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was calculated. Model code can be found on GitHub 

(https://github.com/cgolden1993/Dissertation). 

6.3 Results 

6.3.1 Study results 

The complete systematic review process is outlined in Fig. 6.1. In total, 137 trials from 

72 studies were included in final meta-analysis models. This included 14,735 environmental, 

9,200 rehang, 1,270 prechill, 63,306 postchill, and 24,355 retail samples, for a total of 112,866 

samples (Tables 6.1-6.3). Between all sample types, there were a total of 82,671 and 30,195 

Salmonella and Campylobacter samples, respectively. There were a significantly greater number 

of conventional samples than alternative samples, with 108,873 and 3,993 total samples, 

respectively.  

 Table 6.4 presents the prevalence of various Salmonella serotypes in the different types 

of samples studied. It has been identified that some serotypes of Salmonella have greater public 

health risk than others, with Salmonella Typhimurium, Enteritidis, Newport, and Heidelberg 

being identified as a few of particular concern in the United States (30). In the present study, 

Salmonella Kentucky was identified as the most common serotype collected from various sample 

types at some points along along the chicken supply chain.  

6.3.2 Meta-analysis results of data from environmental sampling studies 

Meta-analysis models were constructed for each combination of pathogen and production 

type from the environmental sampling data (Table 6.5). For Campylobacter, the predicted 

population prevalence was significantly different (p < 0.10) for conventional (15.8%) and 

alternative (52.8%) environmental samples (Table 6.5, Fig. 6.2a). The predicted population 

prevalence for Salmonella samples was 22.9% (95% CI: 14.5-34.2%) and 19.9% (95% CI: 7.1-
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44.8%) for conventional and alternative environmental samples, respectively (Fig. 6.2b). These 

values were not significantly different. Heterogeneity was very high for all 4 populations, with I2 

³ 94.9% for all sample sets. For the combined Campylobacter model, 32.8% of the between-

study variability was explained by the type of production system, detection method, and year 

(Table 6.6). Production system and year accounted for 15.31% of the between-study variability 

for the Salmonella population. 

6.3.3 Meta-analysis results of data from processing sampling studies  

Meta-analysis models were separately created for rehang, prechill, and postchill 

processing samples to represent three prevalence benchmarks in the broiler chicken production 

chain (Table 6.5, Figs. 6.3-6.5). If possible, each sample type was evaluated for each 

combination of pathogen and production type. Among conventional samples, Campylobacter 

prevalence was highest in prechill samples (97.9%; 95% CI: 6.4-100%), followed by rehang 

(84.9%; 95% CI: 52.4-96.6%) and postchill (60.9%; 95% CI: 41.3-77.6) samples. The same 

trend was observed for Salmonella among conventional processing samples, with prevalence 

values of 68.6 (95% CI: 20.1-95.0%), 42.9 (95% CI: 24.3-63.8%), and 14.3% (95% CI: 6.3-

29.2%) for prechill, rehang, and postchill samples, respectively. The only alternative subgroup to 

have sufficient number of independent studies to be considered for meta-analysis was the 

postchill Campylobacter group. An estimated population prevalence of 34.3% (95% CI: 8.4-

74.8%) was calculated for this group and this value was not significantly different than the 

conventional estimated PP. Heterogeneity was high for all study groups, and between-study 

variance (τ2) was largest for prechill samples. Year was a significant moderator variable for 

Campylobacter rehang and postchill models and Salmonella rehang and prechill samples. For all 
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but the Salmonella rehang model, it was estimated that prevalence has decreased over time 

(Table 6.6). 

6.3.4 Meta-analysis results of data from retail sampling studies. 

Retail study groups contained the greatest number of studies when compared to other 

sample types. Meta-analysis models were constructed for each combination of pathogen and 

production type (Table 6.5; Fig. 6.6). Predicted Campylobacter prevalence in retail broiler 

chicken for both production types were similar with 59.2% (95% CI: 47.6-69.8%) and 55.4% 

(95% CI: 34.5-74.6%) for conventional and alternative samples, respectively. A similar trend 

was observed with Salmonella prevalence. The random-effects model predicted a population 

prevalence of 19.0% (95% CI: 12.2-28.3%) for conventional samples and 23.0% (95% CI: 14.8-

34.0%) for alternative samples. For both sets of subgroups, there was no significant difference in 

estimated effect size between alternative and conventional production systems. Again, high 

heterogeneity (I2 ³ 91.8%) was observed among each study group. In the combined 

Campylobacter model, production system, detection method, year, and sample type accounted 

for 50.14% of the between-study variability. Production system, detection method, year, and type 

of chicken sample accounted for 45.81% of the between-study variability in the Salmonella 

combined model, with production system, detection method, and type of chicken all being 

significant moderators (p < 0.10). 

6.4 Discussion 

 From 1998-2012, poultry caused the greatest number of foodborne illness outbreaks 

(279), illnesses (9,760), and hospitalizations (565) in the United States (17). As such, it is vitally 

important to understand the prevalence and transmission of foodborne pathogens throughout the 

poultry supply chain and the risk posed by various interventions and production methods. It is 
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unclear whether alternative poultry production practices present more risk than conventional 

practices. The current meta-analysis attempted to help quantify the differences in Salmonella and 

Campylobacter prevalence throughout conventional and alternative broiler chicken supply 

chains, utilizing data from the food safety literature. While Listeria has been identified as a 

foodborne pathogen of concern to the poultry industry, more studies need to be conducted on the 

prevalence of the organism throughout the poultry supply chain for inclusion in later meta-

analyses (86). 

6.4.1 Pathogen prevalence in the environment of broiler farms 

In the current study, random-effect models were generated for each sample group of 

interest, due to the existence of high heterogeneity in each group (23). The high heterogeneity 

present in groups could be due to variation in types of environmental samples that were 

collected. Poultry litter, feed, and drinking water have all been identified as potential 

contamination risk factors for broilers; contamination can result from factors such as 

contaminated feces and soil, small animals, such as rodents and insects, and poor worker hygiene 

(60, 114, 117). This highlights the importance of characterizing the prevalence of foodborne 

pathogens in a wide variety of environmental samples. To our knowledge, this is the first meta-

analysis to estimate pathogen prevalence in the preharvest environment of poultry farms. 

The estimated environmental prevalence of Campylobacter was higher for alternative 

poultry farms than conventional. Further research needs to be conducted to determine the cause 

of the increased prevalence of Campylobacter in alternative poultry farms. One possible reason 

could be due to the effect of climate and seasonality on Campylobacter prevalence (97). 

Alternative poultry production methods often provide more outside access to broilers than 
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conventional methods, where broilers are more likely to be introduced to environmental 

pathogens.  

Estimated Salmonella prevalence numbers were similar for both production types. Two 

included studies compared the prevalence of Salmonella among environmental samples from 

conventional and alternative farms. Alali et al. (1) isolated Salmonella from 28.8 and 4.3% of 

feces, feed, and water samples collected from conventional and organic broiler farms, 

respectively. Siemon et al. (98) found a similar trend with Salmonella isolated from 29.8 and 

16.2% of feces samples collected from conventional and pasture poultry farms, respectively.  

6.4.2 Pathogen prevalence in broiler processing samples 

During broiler processing, interventions are put into place to attempt to control for 

bacterial pathogen contamination, so it is important to understand the difference in pathogen 

prevalence at various steps in the processing chain (9). As part of a systematic review, Guerin et 

al. (39) found that Campylobacter prevalence on broiler carcasses was high throughout the entire 

processing chain, but generally found that prevalence decreased after chilling. These results are 

similar to those found in the current study. Campylobacter prevalence was high in conventional 

rehang and prechill samples with 84.9 and 97.9% positive samples, respectively, but lowered 

after chilling to 60.9%. It’s important to note that the prechill model only contained 2 studies, 

where one study found Campylobacter in all collected samples (101). Similar trends have also 

been noted for Salmonella prevalence in the processing supply chain. Rivera-Perez et al. (84) 

found that chilling of carcasses effectively reduced Salmonella numbers in broiler samples. In 

the presented models, estimated Salmonella prevalence reduced from 68.6 to 14.3%. 

 Sufficient processing carcass data for alternative production systems were only available 

for the postchill Campylobacter study group. The group consisted of 3 trials from two studies. 
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Campylobacter prevalence was lower for alternative samples when compared to conventional 

samples, but more studies need to be conducted to allow for direct comparison.  

6.4.3 Pathogen prevalence in retail broiler meat 

Retail samples of broiler meat are important, as they are the types of samples that are 

available for consumers’ direct use. While raw chicken should be cooked before consumption, it 

is important for pathogen prevalence to be controlled to prevent cross-contamination in the 

kitchen and risk due to undercooking (59).  

 No discernible difference was observed between pathogen prevalence of conventional 

and alternative retail meat samples. This refutes consumers’ belief that alternatively produced 

chicken is safer than conventionally produced chicken (115). Various studies directly compared 

products from the different production groups. Lestari et al. (54) did not identify significant 

differences in Salmonella prevalence between conventional and organic retail broiler carcasses. 

Cui et al. (22) found that Campylobacter prevalence on organic and conventional retail carcasses 

was similar, but Salmonella prevalence was slightly higher in organic samples. Mollenkopf et al. 

(62) found that retail chicken breast samples were routinely contaminated with bacterial 

pathogens, but that production status did not seem to play a role, which agrees with the results in 

the current study. While more studies were included in the conventional random-effects models 

for retail samples, a significant amount of research has been conducted on pathogen prevalence 

in alternative retail broiler meat allowing for better comparison of the two methods. 

6.4.4 Use of meta-analysis in future QMRAs  

One useful method for risk estimation is quantitative microbial risk assessment (119). 

Quantitative microbial risk assessments utilize qualitative and quantitative data and probability 

distributions to estimate the foodborne illness risk of the pathogen of interest. Depending on the 
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question at hand, QMRAs can include detail on the entire farm-to-fork continuum or focus on a 

certain area of interest (113). Quantitative microbial risk assessments depend on the quality of 

data at hand, and sometimes have to rely on expert elicitation to fill in gaps of knowledge (36). 

As such, systematic methods, such as meta-analyses, are important tools in QMRAs. Meta-

analyses provide data-driven estimates that can be used to estimate the prevalence of foodborne 

pathogens at stages along the continuum and the effects that interventions have on pathogen 

prevalence.  

 In recent years, QMRAs have been conducted to estimate the annual burden of 

salmonellosis and campylobacteriosis due to consumption of poultry (18, 68, 81), but 

comprehensive QMRAs analyzing the differences in risk between conventional and alternative 

poultry production practices are still lacking. Rosenquist et al. (85) found that the risk of 

Campylobacter infection was 1.7 times higher in organically produced broiler meat than 

conventional, but this study was limited to Danish produced meat. Similar studies analyzing the 

effects of conventional and alternative poultry production methods on foodborne pathogen risk in 

the United States need to be conducted. The meta-analysis provided in the current study should 

aid in the production of future QMRAs addressing these needs.   

 Normal distributions can be used to fit results generated by meta-analysis when there are 

low amounts of heterogeneity present (27). As discussed previously, all study groups included 

high levels of between-study heterogeneity. As such, it is suggested that a beta-PERT 

distribution is used to describe the information found in the meta-analysis, using both ends of the 

95% CI as the minimum and maximum parameters and the observed mean as the most probable 

value (15, 27). 
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6.4.5 Potential limitations and advantages  

While considering the results of meta-analyses, it is important to take note of the inherent 

limitations associated with this method. One of these limitations is the potential existence of 

publication bias, or the tendency to publish studies that contain “positive” results (102). Many 

methods exist for evaluating the potential for publication bias in a meta-analysis, including 

funnel plot evaluation and statistical tests such as Egger’s regression and Begg’s adjusted rank 

correlation tests (7, 28). While these evaluation tools are recommended in many cases, it has 

been shown that results can be misleading from meta-analyses with fewer than 10 studies or high 

amounts of between-study heterogeneity (104). It is suggested that it is very difficult to evaluate 

the true results of statistically significant publication bias tests, especially in the presence of high 

heterogeneity. In the current meta-analysis, 6 of 15 evaluated subgroups contained > 10 studies; 

high levels of between-study heterogeneity existed. As such, funnel plots were not constructed 

for any of the study groups. To address this concern, as high levels of heterogeneity were 

expected, the systematic review portion of the analysis did not exclude unpublished or non-peer-

reviewed studies. For example, two governmental reports (111, 112) were included in the final 

meta-analysis for various study groups. Additionally, since included studies were meant to 

survey foodborne pathogen prevalence throughout the broiler chicken supply chain, it was not 

anticipated that the lack of pathogen-positive samples would cause reports not to be published. In 

fact, prevalence numbers ranged from 0-100% in included studies. 

 Some potential limitations exist for the current meta-analysis. The first is that many 

included studies did not include information on whether collected samples came from 

conventional or alternative production chains. We believed that the best way to handle these 

instances was to include these studies in the conventional study category, as this was the most 
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likely event. Conversely, studies included in the alternative production category clearly stated the 

production type of the sample population. This should give the most accurate estimation of each 

group’s pathogen prevalence without having to discard any studies with valuable data. In 

addition, random-effects models were generated for both conventional and alternative studies 

combined for each pathogen/sample type combination, when available. Combined random-

effects models were provided for Salmonella and Campylobacter environmental and retail study 

groups, as well as for the Campylobacter postchill study group. It is important to take into 

consideration that some study groups contained as few as 2 studies. These results, nevertheless, 

should provide a better estimate of population behavior than a single study, which is especially 

important when developing a risk assessment model (36, 106).  

6.5 Conclusions  

The current study provided random-effects meta-analysis models as a means to estimate 

the prevalence of Campylobacter spp. and Salmonella spp. at various points throughout the 

broiler chicken supply chain. The presented results will be of use in the construction of future 

quantitative microbial risk assessments and as a means to help characterize the differences in risk 

between conventional and alternative broiler chicken production methods.   
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Table 6.1 Summary of broiler farm environmental sampling studies used in meta-analysis 

Pathogen Production State/Region Sample type 
Detection 
method 

No. positive 
samples 

Sample 
size 

Citation 

Campylobacter NRa GA Boot sock, drag swab, 
feces, litter 

SEb 262 549 (8) 

Campylobacter NR VA Air, feces/litter, feed 
pans, water lines 

SE 32 120 (94) 

Campylobacter NR NC Feed, litter, grass, 
inside/outside swabs 

SE 4 500 (107) 

Campylobacter NR NC Feces DPc 118 400 (107) 
Campylobacter Pasture NR Feed, water, drag swabs, 

insect traps 
SE 53 178 (42) 

Campylobacter Organic OH Feces, feed, grass, litter, 
water 

SE 152 215 (58) 

Campylobacter Pasture Southeast Soil, compost, processing 
wastewater 

SE 73d 127 (110) 

Salmonella 
 

Conv. NC Feces, feed, water SE 115 400 (1) 

Salmonella NR NR Feces SE 108 349 (4) 
Salmonella NR AL, AR, CA, 

GA 
Various environ. samples SE 860 8739 (5) 

Salmonella NR GA Boot sock, drag swab, 
feces, litter 

SE 177 549 (8) 

Salmonella NR GA Wild bird droppings near 
farm 

SE 10d 119 (21) 

Salmonella NR Southcentral Environ. drag swabs SE 37 68 (46) 
Salmonella NR NC Feed, litter, grass, 

inside/outside swabs 
SE 112 900 (107) 

Salmonella Conv. NC, SC, VA, 
WI 

Feces SE 125 419 (98) 

Salmonella Organic NC Feces, feed, water SE 13 300 (1) 
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Salmonella Pasture AR Feed, water, drag swabs, 
insect traps 

SE 41 164 (61) 

Salmonella Pasture NC, SC, VA, 
WI  

Feces SE 83 512 (98) 

Salmonella Pasture Southeast Soil, compost, processing 
wastewater 

SE 72d 127 (110) 

a Not reported (NR) 
b Selective enrichment (SE) 
c Direct plating (DP) 
d Estimated from reported prevalence and sample size.  
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Table 6.2 Summary of broiler processing sampling studies used in meta-analysis 

Category Pathogen Production State/Region Sampling method 
Detection 

method 

No. 
positive 

samples 

Sample 

size 
Citation 

Rehang Campylobacter NRa GA WCRc SEh 205 330 (8) 
 Campylobacter NR AL, AR, CA, 

DE, GA, IN, 
MO, NC, 
SC, TN, TX, 
VA, WV 

WCR DPi 596 800 (9) 

 Campylobacter NR Nationwide WCR SE 139 140 (83) 
 Campylobacter NR Nationwide WCR DP 2337 3275 (111) 
 Salmonella NR NR WCR SE 25 150 (4) 

 Salmonella NR GA WCR SE 142 330 (8) 

 Salmonella NR AL, AR, CA, 
DE, GA, IN, 
MO, NC, 
SC, TN, TX, 
VA, WV 

WCR BAX/SE 633k 900 (10) 

 Salmonella NR Nationwide WCR BAX/MPN 1500 3275 (111) 
Prechill Campylobacter NR GA WCR SE 194 330 (8) 
 Campylobacter NR NR WCR SE 75 75 (101) 
 Salmonella NR GA WCR SE 60 330 (8) 
 Salmonella NR NR WCR SE 60 60 (13) 
 Salmonella NR NR WCR/NSMd/WCEef SE 32 40 (19) 
 Salmonella NR NR WCR/NSMg SE 93 180 (20) 
 Salmonella NR Midatlantic WCR BAX/SE 212 240 (77) 
 Salmonella NR GA WCR BAX/SE 1 15 (82) 
Postchill Campylobacter NR GA WCR SE 144 330 (8) 
 Campylobacter NR AL, AR, CA, 

DE, GA, IN, 
MO, NC, 

WCR DP 279 800 (9) 
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SC, TN, TX, 
VA, WV 

 Campylobacter NR GA WCR DPf 34 36 (55) 
 Campylobacter NR GA WCR SEg 24 24 (55) 
 Campylobacter NR NR WCR DPg 152 240 (75) 
 Campylobacter NR Nationwide WCR SE 118 140 (83) 
 Campylobacter NR MO, NE WCR SE 132k 300 (89) 
 Campylobacter NR VA WCR SE 45 120 (94) 
 Campylobacter NR NR WCR SE 65 125 (101) 
 Campylobacter NR Nationwide WCR DP 1094 4200 (103) 
 Campylobacter NR Nationwide WCR SE 1526 3275 (111) 
 Campylobacter Conv. AFb Midwest WCR SE 19k 80 (6) 
 Campylobacter Organic Midwest WCR SE 8k 80 (6) 
 Campylobacter Pasture Southeast WCR SE 216 270 (109) 
 Salmonella NR NR WCR BAX/SEf 2 61 (2) 
 Salmonella NR AL, AR, CA, 

GA 
WCR SE 49 798 (5) 

 Salmonella NR GA WCR SE 8 330 (8) 
 Salmonella NR AL, AR, CA, 

DE, GA, IN, 
MO, NC, 
SC, TN, TX, 
VA, WV 

WCR BAX/SE 172k 900 (10) 

 Salmonella NR NR WCR SE 25 60 (13) 
 Salmonella NR NR WCR/NSMg SE 17 177 (20) 
 Salmonella NR NR WCR/NSM/WCEf SE 19 40 (19) 
 Salmonella NR Midatlantic WCR BAX/SE 202 240 (77) 
 Salmonella NR GA WCR BAX/SE 0 15 (82) 
 Salmonella NR MO, NE WCR SE 65k 300 (89) 
 Salmonella NR Nationwide WCR BAX/MPN 267 3275 (111) 
 Salmonella NR Nationwide WCR Enrichment, 

screeningj 
5251 47090 (122) 
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 a Not reported (NR) 
b Antibiotic-free (AF) 
c Whole carcass rinse (WCR) 
d Neck skin maceration (NSE) 
e Whole carcass enrichment (WCE) 
f Multiple sampling/detection methods used. Highest no. of positive samples among reported methods used.  
g Multiple sampling/detection methods used. The number of true positives among all methods used as no. of positive samples. 
h Selective enrichment (SE) 
I Direct plating (DP) 
j Standard screening method transitioned from immunoassay to BAX PCR at the end of the study, so both methods were used as 
screening tools in the study. 
k Estimated from reported prevalence and sample size. 
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Table 6.3 Summary of retail broiler sampling studies used in meta-analysis 

Pathogen Production State/Region Sample type 
Detection 

method 

No. 
positive 

samples 

Sample 

size 
Citation 

Campylobacter NR GA Outside liver 
swab 

SE/DP 29 45 (11) 

Campylobacter NR GA Inside liver 
swab 

SE/DP 14 45 (11) 

Campylobacter NR GA Blended 
liver 

SE/DP 30 45 (11) 

Campylobacter Conv. MD WCRb SE 45 61 (22) 
Campylobacter NR AR WCR DP 59 72 (24) 
Campylobacter Conv. LA WCR SE 61 141 (41) 
Campylobacter NR ND PRc SE 11 123 (52) 
Campylobacter NR NR PEd SEe 36 55 (57) 
Campylobacter Conv. MI, OH, PA PR SE 12 95 (62) 
Campylobacter NR NR WCR/Weepe SE 39 60 (64) 
Campylobacter NR NR WCR/Weepe SE/DPe 36 40 (64) 
Campylobacter NR AR WCR DP 332k 420 (67) 
Campylobacter NR AR WCR DP 548 744 (66) 
Campylobacter NR OK Liver/gizzard 

rinse 
SE 136 202 (69) 

Campylobacter Conv. OK Chicken 
rinse 

SE 32 85 (70) 

Campylobacter NR AL, WA PR/PEf SE 70 120 (76) 
Campylobacter NR AL, WA PR/PEf SE 103 120 (76) 
Campylobacter NR MD PE SE 43 45 (78) 
Campylobacter Conv. MD PE SE 64 80 (79) 
Campylobacter Conv. MD PRg SE 12 36 (88) 
Campylobacter Conv. PA WCR SE 26 50 (93) 
Campylobacter NR Nationwide PR SE 534 2496 (112) 
Campylobacter NR AL PE SE 308 755 (123) 
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Campylobacter NR MD WCR SE 130 184 (126) 
Campylobacter NR CT, GA, MD, 

MN, OR, TN 
PR SE 3064 6138 (128) 

Campylobacter Organic MD WCR SE 150 198 (22) 
Campylobacter Organic LA WCR SE 23 53 (41) 
Campylobacter Pasture NR WCR DP 36 48 (42) 
Campylobacter Organic MI, OH, PA PR SE 2 40 (62) 
Campylobacter AFa MI, OH, PA PR SE 11 96 (62) 
Campylobacter Organic OK Chicken 

rinse 
SE 21 71 (70) 

Campylobacter AF MD PE SE 33 45 (78) 
Campylobacter AF MD PE SE 88 118 (79) 
Campylobacter Organic MD PRg SE 20 28 (88) 
Campylobacter Farmer’s 

market 
MD PRg SE 28 32 (88) 

Campylobacter Farmer’s 
market 

PA WCR SE 90 100 (93) 

Campylobacter Organic PA WCR SE 14 50 (93) 
Salmonella Conv. MD WCR SE 27 61 (22) 
Salmonella NR SD GCEh BAX/SE 6 42 (29) 
Salmonella NR NR GCE SE, PCR, 

ELISAf 
61k 172 (31) 

Salmonella NR GA PE SE 170 525 (40) 
Salmonella Conv. TN WCR SE 0 50 (43) 
Salmonella NR GA PE SE 16 100 (49) 
Salmonella NR DE, NJ, PA Liver 

enrichment 
BAX/SE 148 249 (50) 

Salmonella NR ND PR SE 5 123 (52) 
Salmonella Conv. LA WCR SE 31 141 (54) 
Salmonella Conv. MI, OH, PA PR SE 24 95 (62) 
Salmonella NR NR GCE SE 2 72 (63) 
Salmonella NR MD PE SE, PCRf 25 90 (65) 
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Salmonella NR NR PEg SE 40 70 (74) 
Salmonella NR MD PEg SE 2 31 (71) 
Salmonella NR NR PEg SE 7 10 (72) 
Salmonella NR MD GCE SE 19 100 (73) 
Salmonella NR GA PR BAX 12 15 (82) 
Salmonella NR Nationwide GCE SE 153 519 (87) 
Salmonella NR Nationwide WCR SE 99 1197 (87) 
Salmonella Conv. PA WCR SE 4 50 (93) 
Salmonella NR GA WCEi SE 85 251 (99) 
Salmonella NR Nationwide PR BAX/MPN 657 2496 (112) 
Salmonella NR DC GCE SE 18k 51 (121) 
Salmonella NR Nationwide GCE Enrichment, 

screeningj 
387 1722 (122) 

Salmonella Conv. IN PR SE 3k 201 (125) 
Salmonella NR MD WCR SE 9 212 (126) 
Salmonella NR CA, CT, GA, 

MD, MN, NY, 
OR, TN 

PR SE 142k 1513 (127) 

Salmonella Free-range NR WCR SE 42 135 (3) 
Salmonella All-natural NR WCR SE 13 53 (3) 
Salmonella Organic MD WCR SE 121 198 (22) 
Salmonella Organic OK GCE SE 13 49 (32) 
Salmonella Organic TN WCR SE 2 50 (43) 
Salmonella Organic LA WCR SE 11 53 (54) 
Salmonella Pasture AR WCR SE 18 36 (61) 
Salmonella Organic MI, OH, PA PR SE 7 40 (62) 
Salmonella AF MI, OH, PA PR SE 25 96 (62) 
Salmonella Farmer’s 

market 
PA WCR SE 28 100 (93) 

Salmonella Organic PA WCR SE 10 50 (93) 
Salmonella AF IN PR SE 10k 201 (125) 

a Antibiotic-free (AF) 
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b Whole carcass rinse (WCR) 
c Chicken parts rinse (PR) 
d Chicken parts whole sample enrichment (PE) 
e Multiple sampling/detection methods used. The number of true positives among all methods used as no. of positive samples. 
f Multiple sampling/detection methods used. Highest no. of positive samples among reported methods used.  
g Parts were cut from a carcass and sampled. The number of carcasses with at least one positive chicken part is reported. 
h Ground chicken enrichment (GCE) 
i Whole carcass enrichment (WCE) 
j Standard screening method transitioned from immunoassay to BAX PCR at the end of the study, so both methods were used as 
screening tools in the study. 
k Estimated from reported prevalence and sample size. 
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Table 6.4 Salmonella serotype prevalence in various sample types collected along the chicken supply chain 
Environmental (n = 255):   
Alachua (0.4%) Bareilly (2.4%) Cubana (0.4%) Enteritidis (3.9%) 
Havana (0.4%) Heidelberg (3.9%) Kentucky (10.6%) Mbandaka (7.8%) 
Newport (0.4%) Ohio (10.6%) Schwarzengrund (4.3%) Senftenberg (9.8%) 
Tennessee (1.2%) Typhimurium (43.9%)   
    
Rehang (n = 25):    
Alachua (4.0%) Mbandaka (4.0%) Ohio (16.0%) Schwarzengrund (24.0%) 
Senftenberg (52.0%)    
    
Prechill (n = 201):    
Heidelberg (0.5%) Kentucky (54.2%) Litchfield (9.0%) Mbandaka (5.0%) 
Rough (4.5%) Schwarzengrund (2.5%) Senftenberg (1.0%) Thompson (0.5%) 
Typhimurium (21.9%) Virchow (0.5%) Worthington (0.5%  
    
Postchill (n = 198):    
Kentucky (68.7%) Litchfield (3.5%) Mbandaka (6.1%) Newington (0.5%) 
Rough (3.0%) Schwarzengrund (2.5%) Typhimurium (15.7%)  
    
Retail (n = 1290):    
4,[5],12:i:- (1.2%) 4,12:Nonmotile (0.2%) 4:i:- (0.1%) 6,7:-:1,5 (0.1%) 
6,7:-:e,n,z15 (0.1%) 8,20:-:z6 (0.3%) 8,20:2:z6 (0.1%) 8,20:i:- (0.1%) 
Agona (0.3%) Blockley (0.1%) Braenderup (0.5%) Brandenburg (0.1%) 
Duisburg (0.1%) Enteritidis (15.3%) Give (0.1%) Glostrup (0.3%) 
Hadar (0.6%) Heidelberg (12.5%) Infantis (2.3%) Istanbul (1.2%) 
Johannesburg (0.2%) Kentucky (29.1%) Kiambu (0.1%) Mbandaka (0.2%) 
Montevideo (0.9%) Muenchen (0.1%) Newport (0.3%) Ohio (0.3%) 
Orion (0.1%) Ouakam (0.1%) Rough_O:f,g,s:- (0.1%) Schwarzengrund (1.3%) 
Senftenberg (0.3%) Thompson (2.9%) Typhimurium (28.5%) Uganda (0.1%) 
Worthington (0.1%)    
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Table 6.5 Meta-analysis results for pathogen prevalence at different stages throughout the chicken supply chain subgrouped by type of 
production system 

Pathogen Sample type Production 
No. of 

trials 

Population 

prevalence (95% CI)c    τ2 d I2 e (%) 

Campylobacter Environmental Conventional 4 0.158 (0.030-0.528) A 3.25 99.4 
  Alternative 3 0.528 (0.328-0.718) B 0.51 94.9 
  Combineda 7 0.289 (0.105-0.585) 2.77 99.2 
       
 Rehang Conventionalb 4 0.849 (0.524-0.966) 2.58 99.7 
       
 Prechill Conventionalb 2 0.979 (0.064-1.000) 14.52 93.5 
       
 Postchill Conventional 11 0.609 (0.413-0.776) A 1.67 99.6 
  Alternative 3 0.343 (0.084-0.748) A 2.28 97.3 
  Combined 14 0.556 (0.367-0.731) 2.04 99.6 
       
 Retail Conventional 25 0.592 (0.476-0.698) A 1.35 99.0 
  Alternative 12 0.554 (0.345-0.746) A 2.18 96.1 
  Combined 37 0.581 (0.477-0.678) 1.61 98.8 
       
Salmonella Environmental Conventional 8 0.229 (0.145-0.342) A 0.63 98.5 
  Alternative 4 0.199 (0.071-0.448) A 1.41 97.8 
  Combineda 12 0.219 (0.140-0.326) 0.89 98.7 
       

 Rehang Conventionalb 4 0.429 (0.243-0.638) 0.74 99.1 
 

 Prechill Conventionalb 6 0.686 (0.201-0.950) 6.70 99.1 
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 Postchill Conventionalb 12 0.143 (0.063-0.292) 2.37 99.6 
       
 Retail Conventional 27 0.190 (0.122-0.283) A 1.76 98.9 
  Alternative 12 0.230 (0.148-0.340) A 0.81 91.8 
  Combined 39 0.202 (0.146-0.272) 1.44 98.3 

a Represents the meta-analysis model for both production methods combined. 
b Data were only available for the conventional production method. 
c Values with different superscript letters represent significantly different (p < 0.10) estimated pooled prevalence values for 
conventional and alternative production systems. 
d Between study variability (τ2) 
e Heterogeneity (I2) 
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Table 6.6 The heterogeneity explained by various moderator variables in the combined meta-analysis models for each sample type 
and pathogen combination 
  

Moderator variable P-values 
 Heterogeneity 

explained 

Organism 
Combined 
model 

Production 
system 

Detection 
method 

Year (est.)a 

Type of 

chicken 
sample 

 τ2 R2 (%) 

Campylobacter Environmental 0.213 0.517 0.986 –b  1.87 32.28 
 Rehang – 0.002 0.002 (-0.788) –  0.37 85.85 
 Prechill – – – –  – – 
 Postchill 0.285 0.169 0.003 (-0.252) –  1.08 47.19 
 Retail 0.410 0.389 0.339 0.437  0.80 50.14 
         
Salmonella Environmental 0.443 – 0.154 –  0.75 15.31 
 Rehang – 0.007 0.054 (0.111) –  0.17 76.69 
 Prechill – 0.567 0.009 (-0.478) –  2.40 64.18 
 Postchill – 0.926 0.633 –  2.40 0.00 
 Retail 0.008 0.001 0.145 0.096  0.78 45.81 

a If statistically significant (p < 0.10), the estimated change in logit-transformed prevalence per one unit increase in year is shown. 
b –, not applicable.
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Figure 6.1 Flow diagram of the systematic review process. 
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Figure 6.2 Forest plots for the (a) Campylobacter spp. and (b) Salmonella spp. environmental 
sample subgroups. 
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Figure 6.3 Forest plots for the (a) Campylobacter spp. and (b) Salmonella spp. rehang sample 
subgroups. 
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Figure 6.4 Forest plots for the (a) Campylobacter spp. and (b) Salmonella spp. prechill sample 
subgroups. 
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Figure 6.5 Forest plots for the (a) Campylobacter spp. and (b) Salmonella spp. postchill sample 
subgroups.
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Figure 6.6 Forest plots for the (a) Campylobacter spp. and (b) Salmonella spp. retail sample subgroups. 
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CHAPTER 7 

ASSESSING THE RISK OF SALMONELLOSIS FROM CONSUMPTION OF 

CONVENTIONALLY AND ALTERNATIVELY PRODUCED BROILER MEAT PREPARED 

IN-HOME IN THE UNITED STATES 
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Abstract 

Salmonella spp. have long presented a major problem related to the food safety of broiler 

meat. As the popularity of alternatively produced (e.g. organic) broiler meat increases, an 

understanding of the food safety risks associated with these types of products is needed. The 

purpose of this study was to develop a retail-to-consumption quantitative microbial risk 

assessment model that could be used to estimate the differences in risk of salmonellosis acquired 

from consumption of conventionally and alternatively produced broiler meat annually in the 

United States. Data were extracted and used to define distributions to estimate Salmonella 

growth during retail storage, transportation, and home storage, as well as concentration changes 

during preparation or due to cross-contamination. A Monte Carlo simulation with 100,000 

iterations was performed to estimate the total risk per serving and total number of illnesses in the 

United States annually from both meat types. Sensitivity analyses were performed to determine 

factors that were highly correlated with increased risk of salmonellosis. Conventionally produced 

chicken meat was estimated to have a median risk per serving of 7.62 × 10-8 and cause a median 

of 1,695 illnesses annually compared with a median risk per serving of 9.23 × 10-8 and 280 

estimated illnesses for alternatively produced chicken. The sensitivity analysis identified cross-

contamination of hands during meal preparation as the most important factor linked to risk. The 

‘what-if’ scenario analysis estimated that using antimicrobial soap during hand washing after 

handling raw chicken can reduce risk considerably. The developed risk assessment model 

provides information on the public health risk of conventionally and alternatively produced 

broiler meat. These results will be useful in determining the key intervention strategies to 

mitigate the food safety risks associated with the consumption of contaminated chicken products. 
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7.1 Introduction 

 Salmonella enterica presents an annual food safety problem for the poultry industry. 

According to the Centers for Disease Control and Prevention (CDC), from 1998-2017 there were 

298 salmonellosis outbreaks in the United States that were linked to consumption of chicken, 

accounting for 7,881 illnesses and 4 deaths (11). The gastrointestinal tract of broilers has been 

shown to be a reservoir for Salmonella, potentially signifying why the organism is so often 

linked to chicken-borne salmonellosis (10). Live broilers and broiler carcasses can be 

contaminated with Salmonella spp. during many points of the supply chain, such as pre-slaughter 

contamination due to poor environmental conditions, poor worker hygiene, contaminated 

transport crates, and leakage of fecal material during processing (1, 7, 27, 58). An effort has been 

made to quantify the prevalence of Salmonella on broiler carcasses and broiler meat throughout 

the supply chain, including its United States retail prevalence (22). 

 Recently, alternative types of poultry production, such as organic, pastured, and free-

range, have increased in popularity due to consumers’ desire for sustainable food products and 

products they see as “natural” (15, 56). Researchers have shown that consumers are willing to 

pay more for organic chicken meat and that consumers view organic foods as safer and healthier 

options than conventionally produced food products due to the lack of pesticides and antibiotics 

in organic farming (29, 62, 70). An understanding of the food safety risks presented by 

alternatively produced broiler meat is still needed, due to different production and environmental 

conditions (23, 24, 30). 

 Quantitative microbial risk assessment (QMRA) has been a widely used tool in the food 

industry to estimate the risk of biological hazards to food consumers; in the late 1990s Whiting 
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and Buchanan (72) used QMRA to estimate the salmonellosis risk due to consumption of liquid 

eggs. Risk assessment is characterized by four main steps as defined by Codex Alementarius 

Comission (14): i) hazard identification, (ii) hazard characterization, (iii) exposure assessment, 

and (iv) risk characterization. Quantitative microbial risk assessment models help to quantify the 

risk due to specified hazards, but also help to point out data gaps in the literature and usefulness 

of intervention strategies in reducing risk (9, 19). 

 To our knowledge, there has only been one QMRA estimating the food safety risk of 

alternatively produced broiler meat, where Rosenquist et al. (57) found campylobacteriosis risk 

to be 1.7 times higher in Danish organic poultry meat when compared to conventional meat. The 

goal of the current study was to construct a retail-to-consumption QMRA model that could be 

used to estimate the number of annual illnesses caused by consumption of conventionally and 

alternatively produced broiler meat prepared in-home in the United States and how different 

intervention strategies could mitigate those risks.  

7.2 Materials and methods 

7.2.1 QMRA overview 

 A process flow of the time from when broiler meat is packaged to the time when 

consumers consume the meat was developed. Areas of the flow included retail storage, 

transportation to consumer home, home storage, preparation, and consumption. A literature 

search was conducted to identify distributions that could be used to describe parameters in each 

of these areas, as well as the growth and inactivation kinetics of Salmonella at various 

temperatures. A list of all variables is shown in Table 7.1. 
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7.2.2 Salmonella growth kinetics 

 To capture the growth behavior of Salmonella at the wide variety of temperatures it could 

encounter during the retail-to-consumption chain, a comprehensive understanding of Salmonella 

growth rates on various types of broiler meat was needed. As such, Combase 

(https://www.combase.cc/index.php/en/) was searched for primary growth data using Salmonella 

spp. as the “organism” search parameter and chicken as the “food name” parameter. A similar 

method was used by Dominguez and Schaffner (17), but only data obtained from Salmonella 

growth on chicken were considered in the current study. In the search, various sources of 

primary growth data were identified (3, 8, 31, 47, 49-52) (Table 7.2). For each study, primary 

growth data were extracted and the three-phase linear model was fitted to growth data to 

determine growth rate, or µ, using the following equations (5, 32): 

"# = "%	for ' ≤ ')*+	                            (1) 

"# = "% + -.' − ')*+0 for ')*+ < ' < '2*3               (2) 

"# = "2*3	 for ' ≥ '2*3	                           (3) 

where "# = the number of cells at time t (log CFU/g); "%	= the initial number of cells (Log 

CFU/g); "2*3	= the maximum number of cells supported by the environment (log CFU/g); µ = 

growth rate (log CFU/h); t = elapsed time (h); ')*+	= lag time (h); and '2*3	= time when "2*3	is 

reached (h). When only two phases were present in the growth data, the biphasic model was 

fitted instead. Primary models were fitted using the United States Department of Agriculture 

(USDA) Integrated Pathogen Modeling Program (IPMP; Version 2013) (28). 

 After obtaining µ from each set of primary data, the Ratkowsky model was fitted to 

growth rates, characterized by the following equation (55): 



 

 

211 

 

√- = 6(8 − 829:)                     (4) 

where T = temperature (°C); 829: = the theoretical minimum temperature for growth (°C); and b 

is a growth constant. It has been shown that the Ratkowsky model should be applied for 

temperatures between the minimum and optimum growth temperatures of an organism, so only 

growth rates from temperatures between 5.9 and 37°C were used (17, 54). As such, if simulated 

temperatures were below 5.9°C in the QMRA, a growth rate of 0 was used to represent no 

growth. Secondary modeling was performed using the MATLAB Curve Fitting Toolbox 

(Version R2019b; Mathworks, Natick, MA), and estimates were obtained for b and 829:. A 

PERT distribution was defined for each parameter, where the Ratkowsky model estimate was 

treated as the most likely value, and the 95% confidence intervals for the estimates were used to 

describe the 2.5 and 97.5% percentiles of the distribution.  

7.2.3 Product temperature change 

 Newton’s law of heating has been used to describe the change of temperature of a food 

product when it enters a warmer ambient environment as a function of the starting temperature of 

the product, the ambient temperature, and the time it is in the ambient temperature (42). It can be 

described by the following equation: 

8 = 8* − (8* − 8%)<=>#                 (5) 

where T = final product temperature (°C); 8* = ambient temperature (°C); 8% = starting product 

temperature (°C); t = time in ambient temperature (h); and B is a constant (h-1). Using this eq. 5, 

eq. 4 can be re-written as: 

√- = 6((8* − (8* − 8%)<=>#) − 829:)               (6) 
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to describe the growth rate of Salmonella when chicken enters a warmer ambient temperature 

(e.g. when it leaves refrigerated storage during transportation home), given that the starting meat 

temperature, ambient temperature, time the meat is exposed to the new temperature, and the B 

constant are known.  

Since the value of B is different for every type of food product, experimental data were 

needed to estimate its value for broiler meat. Raw boneless/skinless thighs and breasts and 

ground chicken were procured from a local Athens, GA supermarket and stored at approximately 

5°C. Portions of 100-150 g of each type of chicken were placed in 20 and 30°C incubators for 

three hours, and temperature values were obtained from K-type probes attached to data loggers 

(EL-USB-TC-LCD; Lascar Electronics, Eerie, PA) placed approximately 1 cm beneath the 

surface of the meat. Temperature values were recorded every 10 s for 3 h; 2 replications were 

performed for each temperature/meat combination (N=12). The value of B was estimated for 

each replication using MATLAB Curve Fitting Toolbox (Version R2019b; Mathworks, Natick, 

MA).  

For the QMRA model, a PERT distribution was used to describe B, where the 

experimental mean was considered the most likely value, and the observed minimum and 

maximum experimental value for B were used as the minimum and maximum values in the 

distribution, respectively. Equation 6 was used to estimate Salmonella growth rate when a 

change from cold ambient temperature to a warmer ambient temperature was expected, 

otherwise eq. 4 was used. 
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7.2.4 Retail storage and prevalence 

 To determine Salmonella prevalence on retail broiler meat, Golden and Mishra (22) 

conducted a meta-analysis utilizing reported literature prevalence values and provided estimates 

on the prevalence values for both conventionally and alternatively produced broiler meat. A 

PERT distribution was defined for each type of meat, with the estimated population prevalence 

used as the most likely value and the 95% confidence interval used to define the 2.5 and 97.5% 

boundaries of the distribution. The PERT distribution was chosen due to high amounts of 

observed heterogeneity in the meta-analysis (6, 16).  

 Starting Salmonella concentration was based off a nationwide USDA survey conducted 

in 2012, where chicken samples were collected at the end of the production line, and Salmonella 

was quantified from positive samples (MPN/mL; Table 7.3) (65). These values were then 

converted to MPN/g and used as the starting concentration in terms of CFU/g. While these units 

are not equal, it has been shown in the literature that the MPN from a sample is often higher than 

the CFU from a sample (13, 39), so this can be considered a fail-safe choice.  

 To model retail storage temperature, distributions were fit to retail refrigerator 

temperatures observed in a study by Ecosure (18). A Laplace distribution was the best fitting 

distribution. To eliminate abnormally high values during simulation, the distribution was 

truncated at the minimum and maximum observed temperatures (18). A correlation coefficient of 

-0.75 was applied to storage time and temperature, as meat that is stored at a high temperature 

for a long time is unlikely to reach a consumer before it is spoiled (73). 
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7.2.5 Transportation and home storage 

 Distributions were constructed to estimate growth conditions for Salmonella on chicken 

during the time from when meat leaves retail refrigerated storage until it reaches home 

refrigeration. Growth was estimated using eq. 6, where the ambient temperature and time spent 

at the ambient temperature were chosen from distributions constructed from the Ecosure (18) 

data, and starting temperature was determined by the retail storage temperature.  

 In the baseline model, scenarios were constructed for whether or not a consumer chose to 

freeze the purchased chicken meat or not. Consumer freezing behavior was obtained in a study 

by Mazengia et al. (38), who found that 40% of surveyed individuals froze chicken meat before 

consumption. If a consumer did not freeze their chicken, Salmonella growth during home storage 

was calculated using home refrigerator data and time of refrigerated storage (4, 38). If a 

consumer did choose to freeze their chicken meat, the same amount of refrigerated storage was 

used to simulate the time it took for a consumer to place their chicken into frozen storage. It was 

assumed that no growth took place while in frozen storage, as representative freezer temperatures 

would not allow for the growth of Salmonella (64). Following frozen storage, 4 different thawing 

methods were considered: refrigerated, running water, microwave, and room temperature 

thawing. The behavior chosen by a consumer was based off the Mazengia et al. (38) study. 

Growth rates were determined by thawing time and temperatures encountered during various 

thawing methods. Thawing times were based on USDA recommendations and personal 

communication with an expert (66). For the running water thawing method, a correlation 

coefficient of -0.75 was used, as a higher running water temperature was assumed to lead to a 

shorter thawing time. For the microwave thawing method, a correlation coefficient of 0.75 was 
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used to represent that longer microwave times were likely to lead to higher meat temperatures. 

For all methods, it was assumed that following thawing consumers immediately prepared their 

chicken. 

7.2.6 Cross-contamination during preparation 

 Different types of cross-contamination scenarios were assessed in the baseline QMRA 

model: raw chicken to hands transfer, raw chicken to utensils (e.g. knives, cutting boards, etc.), 

hands to cooked chicken, and contaminated utensils to cooked chicken. Various studies were 

identified as part of a literature search that reported transfer rates relating to the types of cross-

contamination considered in the current study (Table 7.4) (12, 36, 43, 71). While transfer rates 

from raw chicken to hands and utensils were available, no identified studies presented data on 

transfer rate from contaminated hands and utensils to cooked chicken. Instead, surrogate food 

products, such as bread, lettuce, and cucumber were used.  

For each study, transfer rates were extracted from the articles and assigned to one of the 

four types of cross-contamination. Transfer rates were then log transformed and distributions 

were fit to the data, as recommended by Chen et al. (12). These distributions were sampled 

during simulation to represent a variety of transfer rates that could occur during each cross-

contamination step. Salmonella concentration on hands after handling raw chicken could be 

reduced if the consumer washed their hands. In the baseline model, it was assumed that regular 

soap was being used by the consumer and the probability of the consumer washing their hands 

was determined by a poultry handling study conducted by Kosa et al. (34). A beta distribution 

with parameters (3.01, 1.91, -3.0, 0.6) was recommended by Montville et al. (44) to represent 
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bacterial reduction (log CFU) after hand washing with regular soap. A transfer rate of 0% was 

assumed if a consumer used different utensils than what were used to handle the raw chicken. 

7.2.7 Cooking 

 Undercooking of chicken allows the opportunity for Salmonella survival in consumed 

product. For the current study, undercooking was defined as cooking chicken to less than 165°F 

(73.9°C), the recommended temperature by USDA (67). To determine the probability of a 

consumer undercooking their chicken, a weighted average of the reported number of 

undercooked samples from Bruhn (4) and Ecosure (18) was calculated. If chicken was properly 

cooked, it was assumed that 0 CFU/g Salmonella would be present in the cooked product. If 

chicken was undercooked, the D-value was calculated based on cooking time and temperature 

using an inactivation model proposed by Smadi et al. (61), and subtracted from the concentration 

prior to cooking. Because the inactivation model only utilized inactivation data from 55-70°C, 

only simulated cooking temperatures within this range were considered. A PERT distribution 

was used for cooking temperature, with the most likely value being the mean temperature of 

undercooked chicken samples collected by Bruhn (4). A correlation coefficient of -0.75 was used 

to describe cooking time and temperature, as higher temperatures are likely to lead to shorter 

cooking times (60, 73). 

7.2.8 Dose-response modeling and risk characterization 

 Probability of illness was determined using a beta-Poisson model represented by the 

following equation (26): 

? = (1 − A1 + B
CD

=E
                 (7) 
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where P = probability of illness; D = ingested dose (CFU); and a and b represent model 

parameters. A triangular distribution was used to describe a and b during simulation (20, 73). 

 The total risk per serving of chicken was then determined by multiplying the probability 

of illness by the retail prevalence for both conventionally and alternatively produced chicken 

meat (53). Total number of salmonellosis cases caused annually by each type of meat was then 

determined by multiplying the total risk per serving by the estimated annual number of servings 

consumed by the United States population. 

7.2.9 “What-if” scenarios 

 A variety of best- and worst-case alternate scenarios to the baseline QMRA model were 

evaluated, and the total number of estimated salmonellosis cases from each scenario was 

compared to the baseline result. First, the effect of handwashing was considered by running 

simulations where all and no consumers washed their hands after handling raw chicken. Another 

simulation was run to see the effect of all consumers using an antimicrobial soap, compared to 

the baseline QMRA model where all consumers used a regular soap. A beta distribution with 

parameters (4.19, 2.99, -4.50, 1.50) was used to model the log CFU reduction on hands after 

washing with antimicrobial soap (44). Next, the effect of cooking chicken to the USDA 

recommended 165°F (73.9°C) was considered by running simulations where all consumers 

cooked chicken to the recommended temperature and another simulation where all consumers 

cooked chicken to a temperature between 55-70°C. Finally, the effect of using new dishes or 

utensils after handling raw chicken was determined by running simulations where all and no 

consumers used new dishes/utensils after handling raw chicken.  
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7.2.10 Risk modeling 

 All distribution fitting and simulations were performed using @Risk software (Version 

7.6.1; Palisade, Ithaca, NY). All Monte Carlo simulations were performed using 100,000 

iterations and Latin hypercube distribution sampling. Spearman’s correlation coefficients were 

used in sensitivity analysis to determine the most impactful factors in determining total risk per 

serving and total number of illness cases per year. 

7.3 Results and discussion 

 Primary Salmonella growth rates were estimated at various temperatures from 0-45°C 

(Table 7.2). These growth rates are graphically displayed in Fig. 7.1a. As mentioned previously, 

the Ratkowsky model was only fitted to growth rates from temperature profiles that were in the 

range of 5.9-37°C (17) (Fig 7.2b). The Ratkowsky model provided parameter estimates of b = 

0.031 (95% CI: 0.030-0.032) and 829: = 6.30°C (95% CI: 5.67-6.94°C), with an adjusted-R2 = 

0.933. It is important to note that the 829: value estimated by the Ratkowsky model is a 

theoretical value, different than what is observed in practice (40). For Salmonella growth to 

occur in the current QMRA model, temperatures needed to be above 5.9°C, as recommended by 

Dominguez and Schaffner (17). 

 Newton’s law of heating was applied to various types of chicken to account for time it 

takes for chicken to reach ambient temperature when it enters a warmer environment. From the 

experimental data, the average value for Newton’s heating constant, B, was 2.26 h-1 (SD: 0.54 h-

1). This value is intended to help estimate the surface temperature of chicken after a known time 

in a known ambient temperature. This is vitally important when estimating pathogen growth 

during transportation to a consumer’s home from retail refrigerated storage, where a rise in 
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product temperature is often observed (41). Kim et al. (33) found that fresh meat reached up to 

30°C after storage in a car trunk exposed to sunlight for 90 min. In a study by Ecosure (18), the 

average temperature of refrigerated products when they were placed in a consumer’s home after 

retail purchase was 8.39°C. To account for this in the baseline QMRA model, distributions were 

fit to estimate the ambient temperature during transportation and the time a consumer takes to 

place retail purchased chicken in their home refrigerator (Table 7.1). 

 To account for the uncertainty in how consumers handle chicken meat once it is in the 

home, various potential pathways were included in the QMRA model. Specifically, consumer 

freezing and thawing behavior was modeled. In a United States survey, Mazengia et al. (38) 

found that 40% of respondents stored their raw poultry in the freezer. As such, a Bernoulli 

distribution with p = 0.40 was used in each model iteration to indicate whether a consumer froze 

their chicken meat or not. In the same survey it was identified that, on average, consumers stored 

poultry meat in the refrigerator for 1 to 7 days before use (38). If a consumer did not freeze their 

meat, it was assumed that it was cooked directly after refrigerated storage. A Weibull distribution 

was used to model the time meat was stored in the refrigerator before either cooking or freezing. 

 Similarly, uncertainty in the way that different consumers thaw their frozen meat needed 

to be accounted for. Data were extracted from a survey conducted by Mazengia et al. (38) and 

used to determine the probabilities that a consumer would thaw by refrigeration, microwave, 

running water, or room temperature thawing methods. All methods besides room temperature 

thawing are recommended by USDA for safe defrosting of meat (66). Thawing times for 

refrigeration and running water methods were based off USDA recommendations, and 

microwave thawing times were based off typical home microwave “defrost” settings (25-30% 
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power) (63, 66). For each thawing method, it was assumed that a consumer would cook the meat 

directly after defrosting. Before-cooking Salmonella concentration was estimated for each 

iteration, dependent on consumer handling (Table 7.1). 

 After considering cooking and cross-contamination events within the home kitchen, final 

Salmonella concentration was calculated in log CFU/g chicken. These results are displayed 

graphically in Fig. 7.2. The final concentration numbers were approximately normally distributed 

with a mean of -5.74 log CFU/g (SD: 1.66 log CFU/g) and maximum of 6.37 log CFU/g. These 

numbers are representative of chicken servings which were contaminated with Salmonella at 

retail purchase. Salmonella prevalence at retail for both production systems was used to calculate 

the risk per serving of chicken meat.  

 For both production systems, the total salmonellosis risk per chicken serving and total 

number of illnesses due to consumption of chicken in United States homes were calculated 

(Table 7.5). Due to the presence of outliers, median and interquartile range (IQR) statistics were 

generated from simulation results so as not to be distorted by the skewed data (37). Median total 

risk per serving was slightly higher for alternatively produced chicken (9.2 × 10-8, IQR:           

9.7 × 10-7) when compared to conventionally produced chicken (7.6 × 10-8, IQR: 1.2 × 10-6) 

(Fig. 7.3). These values reflect the trend seen in retail Salmonella prevalence, where prevalence 

estimates for alternative chicken were slightly higher than conventional chicken, but differences 

were not significant (22). 

To determine the number of illnesses caused by each production type annually in the 

United States, the total number of servings for each production type was estimated from publicly 

available data, using the reference amount customarily consumed per eating occasion for poultry 
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meat of 85 g (9 CFR §381.412) (25, 45, 46, 69). This resulted in estimates of 2.2 × 1010 and    

3.0 × 109 of total number of annual servings for conventionally and alternatively produced 

chicken meat cooked in-home, respectively (Table 7.1). The estimated median number of 

illnesses caused by consumption of conventionally and alternatively produced chicken in the 

baseline QMRA model were approximately 1,695 (IQR: 21,693.4) and 280 (IQR: 3,577.7), 

respectively.  

 The baseline QMRA model predicted a median number of 1,985 cases of salmonellosis 

cases annually when combing both production systems (Table 7.6). From 1998-2017, according 

to the National Outbreak Reporting System (NORS) from the CDC, there were 7,881 cases of 

salmonellosis linked to the consumption of chicken (11). Of these, there were 2,194 cases where 

chicken was the only identified source of illness, resulting in 109.7 illness cases per year. This 

estimate is best to consider, as the current model did not account for cross-contamination from 

other ingredients. Scallan et al. (59) recommended a multiplier of 29.3 to account for the 

underdiagnosis of non-typhoidal salmonellosis, which would result in 3,214.2 annual cases. This 

number is higher than the number predicted by the baseline QMRA model, the number 

accounting for underdiagnosis includes illnesses acquired from consumption of chicken in 

restaurants and other out-of-home scenarios, while the QMRA model only accounts for chicken 

prepared in-home.  

 Sensitivity analysis showed that cross-contamination events were the three most 

important QMRA variables in determining total Salmonella risk per serving, followed by 

Salmonella concentration at purchase and ambient temperature during transportation (Fig. 7.4). 

The current model specifically identified handling cooked chicken with hands that had handled 
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raw meat as the most significant risk indicator. Studies have shown that even when hands are 

properly washed, significant numbers of bacteria can remain (44). Interestingly, no variables 

linked to cooking steps during chicken preparation were identified in the top 8 most important 

variables. These results are concurrent with other risk assessment studies that have shown that 

cross-contamination events are the primary route of exposure for Salmonella and Campylobacter 

infection during poultry consumption (35, 60).  

Various “what-if” scenarios were considered and the total number of estimated illnesses 

for each scenario was compared to the baseline model (Table 7.6). Alternate handwashing 

scenarios were considered first. Consumers always washing their hands with regular soap after 

handling raw chicken resulted in 19.4% reduction in total illnesses, compared with a 347.1% 

increase when hands were never washed, further emphasizing the importance of handwashing 

after handling raw chicken. The effect of hand soap was also observed by running a simulation 

where all consumers used an antimicrobial soap during handwashing. This resulted in a 26.1% 

decrease in estimated number of illnesses from the baseline model. As handwashing reduction 

was identified as an important variable in determining risk (Fig. 7.4), and antimicrobial soap has 

been shown to increase the bacterial reduction during handwashing (44), this was expected. 

While this can be viewed as a measure to reduce the risk of illness due to chicken consumption, 

the risk of bacterial antimicrobial resistance to chemicals found in antimicrobial soaps, such as 

triclosan, should also be considered (21). Additionally, when consumers always washed 

dishes/utensils or used new dishes/utensils after handling raw chicken, estimated number of 

illnesses decreased by 11.6% compared to the baseline model. Again, undercooking of chicken 
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had very little impact in the model. Simulations where chicken was always undercooked by 

consumers only resulted in an increase of 5.2% estimated number of illnesses. 

 The current QMRA model was constructed to best reflect the current knowledge and 

practices of the retail-to-consumption broiler meat supply chain. In doing so, several assumptions 

were made in the model and knowledge gaps were identified. First, it was assumed that 

consumers did not use refrigerated storage during the transportation of meat from retail to home. 

It is likely that other purchased products would impact the temperature change in the chicken, 

but data were too limited to specifically address this point. Next, assumptions had to be made in 

thawing times during the considered thawing methods to best reflect the behavior that is most 

often performed by United States consumers. Data on thawing method tendencies were available, 

but information on the exact procedures carried out during these methods were lacking, so 

USDA guidance and personal communication with an expert had to be relied on (66).  It was also 

assumed that bacterial transfer rates for Salmonella are similar to the surrogates used in the 

included cross-contamination studies (Table 7.4), as relevant transfer rate data for Salmonella 

were lacking. Finally, other recognized types of cross-contamination events, such as chicken 

washing or cross-contamination from other types of food items, were not included in the QMRA 

model (68). For chicken washing, data on transfer rate of chicken to various surfaces in the 

kitchen were not able to be identified. Cross-contamination from other foods was not included, 

as the current model was only interested in determining the number of annual illnesses caused 

specifically by broiler meat. 
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7.4 Conclusions 

 In conclusion, the current QMRA model estimated the number of annual cases of 

salmonellosis caused by consumption of alternatively and conventionally produced chicken meat 

prepared in-home in the United States. The total risk per serving presented by both production 

methods was similar. The model specifically identified cross-contamination events to be the 

most important predictors of risk. The presented model provides a framework of chicken 

consumption from purchase at retail to consumption in-home and identified various data gaps 

that could be addressed to better fill out the framework, as well as strategies to employ to reduce 

the risk of salmonellosis due to chicken meat consumption in the United States.  
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Table 7.1 Description of QMRA inputs 
Description Cell Logic Unit Reference 
Growth parameters:     
Growth model, b B4 =RiskPertAlt(2.5%,0.030077,50%,0.031168,97.5%,0.032259) Constant Current study 
Growth model, !"#$ B5 =RiskPertAlt(2.5%,5.667,50%6.304,97.5%,6.941) °C Current study 
Observed !"#$ B6 =5.9 °C (17) 
Newton heating constant, B B7 =RiskPert(1.703,2.261,3.014) h-1 Current study 
     
Retail:     
Retail Salmonella 

prevalence, conventional 
B10 =RiskPertAlt(2.5%,0.12,50%,0.19,97.5%,0.28) % (23) 

Retail Salmonella 
prevalence, alternative 

B11 =RiskPertAlt(2.5%,0.15,50%,0.23,97.5%,0.34) % (23) 

Salmonella concentration at 
purchase 

B12 =LOG(RiskKumaraswamy(0.15141,2.343,0.0066037,3.6434)) log CFU/g (65) 

Retail storage time B13 =RiskPert(24,204,336) h Expert opinion 
Retail storage temperature B14 =RiskLaplace(3.6642,2.4903,RiskTruncate(-6.67,19.4)) °C (18) 
Growth rate during retail 

storage 
B15 =IF(B14<B6,0,(B4*(B14-B5))^2) log CFU/h Calculated 

Change during retail storage B16 =B15*B13 log CFU/g Calculated 
Conc. at point of purchase B17 =B16+B12 log CFU/g Calculated 
     
Transportation:     
Ambient temperature during 

transportation 
B20 =RiskKumaraswamy(0.99019,1.0419,12.778,33.333) °C (18) 

Transportation time B21 =RiskPert(0.3,1.167,3.7) h (18) 
Transportation growth rate B22 =IF(B20<B6,0,(B4*((B20-(EXP(-B6*B21)*(B20-B14)))-

B5))^2) 
log CFU/h Calculated 
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Change during 
transportation 

B23 =B21*B22 log CFU/g Calculated 

Concentration after 
transportation 

B24 =B23+B17 log CFU/g Calculated 

     
Home storage:     
Does chicken get frozen?a  B27 =RiskBernoulli(0.4) No units (38) 
If frozen:     
Time until frozen B30 =RiskWeibull(1.0859,1.9476,RiskTruncate(,7)RiskShift(0.9816

3))*24 
h (38) 

Home refrigerator 
temperature 

B31 =RiskLaplace(4.4638,2.1715,RiskTruncate(-0.56,15.56)) °C (4) 

Growth rate in refrigerator B32 =IF(B31<B6,0,(B4*(B31-B5))^2) log CFU/h Calculated 
Change before frozen B33 =B32*B20 log CFU/g Calculated 
Concentration before frozen B34 =B33+B24 log CFU/g Calculated 
Freezer temperature B35 =RiskPert(-23.33,-18.39,-6.67) °C (64) 
Thawing methodb B36 =RiskDiscrete((1,2,3,4),(0.48,0.14,0.24,0.14)) No units (38) 
If thaw method = 1:     
Thaw time B38 =RiskTriang(2,24,72) h Expert opinion 
Growth rate during 

refrigerated thawing 
B39 =IF(B31<B6,0,(B4*((B31-(EXP(-B6*B38)*(B31-B35)))-

B5))^2) 
log CFU/h Calculated 

Change during refrigerated 
thawing 

B40 =IF(B36=1,B39*B38,0) log CFU/g Calculated 

If thaw method = 2:     
Running water temperature B42 =RiskTriang(10,20,35) °C Expert opinion 
Thaw time B43 =RiskTriang(0.25,1,2) h Expert opinion 
Growth rate during running 

water thawing 
B44 =(B4*((B42-(EXP(-B6*B43)*(B42-B35)))-B5))^2 log CFU/h Calculated 
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Change during running 
water thawing 

B45 =IF(B36=2,B44*B43,0) log CFU/g Calculated 

If thaw method = 3:     
Temperature of meat during 

microwave thawing 
B47 =RiskPert(-8,-4,8) °C (63) 

Thaw time B48 =RiskUniform(8,20) h Expert opinion 
Growth rate during 

microwave thawing 
B49 =IF(B47<B6,0,(B4*((B47-(EXP(-B6*B48)*(B47-B35)))-

B5))^2) 
log CFU/h Calculated 

Change during microwave 
thawing 

B50 =IF(B36=3,B49*B48,0) log CFU/g Calculated 

If thaw method = 4:     
Ambient room temperature B52 =RiskPert(13.89,22.52,30.55) °C (2) 
Thaw time B53 =RiskUniform(1,10) h Expert opinion 
Growth during room 

temperature thawing 
B54 =(B4*((B52-(EXP(-B6*B53)*(B52-B35)))-B5))^2 log CFU/h Calculated 

Change during room 
temperature thawing 

B55 =IF(B36=4,B54*B53,0) log CFU/g Calculated 

Concentration after thawing B56 =IF(B27=1,B34+B40+B45+B50+B55,0) log CFU/g Calculated 
If not frozen:     
Time, refrigerated storage B59 =B30 h (38) 
Growth rate during 

refrigerated storage 
B60 =IF(B31<B6,0,(B4*(B31-B5))^2) log CFU/h Calculated 

Change during refrigerated 
storage 

B61 =B60*B59 log CFU/g Calculated 

Concentration after 
refrigerated storage 

B62 =IF(B27=1,0,B61+B24) log CFU/g Calculated 

     
Preparation:     
Concentration before 

preparation 
B65 =B56+B62 log CFU/g Calculated 
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Raw chicken handling:     
Transfer rate from raw 

chicken to hands 
B67 =(10^RiskNormal(0.40615,0.64307,RiskTruncate(,2)))*0.01 % (12, 36, 43, 70) 

Concentration on hands 
after handling 

B68 =LOG(B67*(10^B65)) log CFU Calculated 

Concentration left on 
chicken 

B69 =IF(10^B65-10^B68=0,0,LOG(10^B65-10^B68)) log CFU/g Calculated 

Transfer rate from raw 
chicken to utensils 

B70 =(10^RiskTriang(-2.2106,-0.69897,1.9863))*0.01 % (12, 36, 70) 

Concentration on utensils 
after handling 

B71 =LOG((10^B69)*B70) log CFU Calculated 

Concentration on chicken B72 =LOG(10^B69-10^B71) log CFU/g Calculated 
Cooking:     
Is chicken undercooked?a B74 =RiskBernoulli(0.399) No units (4, 18) 
Cooking time B75 =RiskPert(15,30,45) min (50) 
Cooking temperature B76 =RiskPert(55,65.83,70) °C (4) 
D-value B77 =10^(6.0157-(0.0429*B76)-(0.00075*B76^2)) min (61) 
Change during 

undercooking 
B78 =B75/B77 log CFU/g Calculated 

Concentration after 
undercooking 

B79 =B72-B78 log CFU/g Calculated 

Cooked product handling:     
Are hands washed?a B81 =RiskBernoulli(0.883) No units (34) 
Hand washing reduction B82 =RiskBetaGeneral(3.01,1.91,-3,0.6) log CFU (44) 
Concentration on hands 

after washing 
B83 =B82+B68 log CFU Calculated 

Transfer rate to cooked 
chicken by hands 

B84 =(10^RiskNormal(-0.29639,1.0115,RiskTruncate(,2)))*0.01 % (12, 36) 
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Concentration after 
handling cooked chicken 
with hands 

B85 =LOG(IF(B81=0,(10^B68)*B84,(10^B83)*B84)+IF(B74=0,0, 
10^B79)) 

log CFU/g Calculated 

Are different dishes or 
utensils used?a 

B86 =RiskBernoulli(0.959) No units (34) 

Transfer rate to cooked 
chicken from dirty utensils 

B87 =(10^RiskExtvalueMin(1.0356,0.73594))*0.01 % (12, 36) 

Final concentration B88 =LOG(10^B85+IF(B86=0,B87*(10^B71),0)) log CFU/g Calculated 
     
Dose-response and illnesses:    
Serving size B91 =85 g 9 CFR §381.412 
Concentration per serving B92 =(10^B88)*B91 CFU Calculated 
Dose-response model, a B93 =RiskTriang(0.0763,0.1324,0.2274) Constant (20, 72) 
Dose-response model, b B94 =RiskTriang(38.49,51.45,57.96) Constant (20, 72) 
Probability of illness B95 =1-(1+(B92/B94))^-B93  Calculated 
Total risk per serving, 

conventional 
B96 =B95*B10  Calculated 

Total risk per serving, 
alternative 

B97 =B95*B11  Calculated 

Total per capita poultry 
availability 

B98 =41004.75 g (68) 

Total used in raw chicken 
preparation 

B99 =B98*0.5 g (46) 

U.S. population B100 =325186237 People (68) 
Number of consumers who 

purchased chicken from 
grocery/supermarket 

B101 =B100*0.83 People (45) 

Servings per capita per year, 
total 

B102 =93.6 Servings (45) 
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Servings per capita per year, 
conventional 

B103 =B102-B104 Servings Calculated 

Servings per capita per year, 
alternative 

B104 =B102*0.12 Servings (25) 

Total conventional servings 
consumed per year 

B105 =B103*B101 Servings Calculated 

Total alternative servings 
consumed per year 

B106 =B104*B101 Servings Calculated 

No. of annual illnesses, 
conventional 

B107 =B105*B96 Illnesses Calculated 

No. of annual illnesses, 
alternative 

B108 =B106*B97 Illnesses Calculated 

No. of annual illnesses, total B109 =B107+B108 Illnesses Calculated 
a (0 = no, 1 = yes) 
b (1 = refrigerator, 2 = running water, 3 = microwave, 4 = room temperature
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Table 7.2 Studies containing primary Salmonella growth data on chicken used in secondary growth model fitting 

Study Type of chicken 
used Temperature(s) used (°C) 

No. of 
data 
points 

Reference 

Bovill et al., 2000  Minced chicken 10.7, 30 2 (3) 
Callaghan et al., 2003 Chicken thigh 0, 4, 6, 8, 10, 12 60 (8) 
Juneja et al., 2007 Ground chicken 10, 15, 20, 25, 28, 32, 35, 37, 42, 45 20 (31) 
Nissen et al., 2001 Chicken breast 10 2 (47) 
Oscar, 2006 Ground chicken 10, 11, 12, 14, 18, 22, 26, 30, 34, 40 30 (48) 
Oscar, 2007 Ground chicken 10, 11, 12, 14, 18, 22, 26, 30, 34, 40 85 (49) 
Oscar, 2011 Chicken skin 20, 22.5, 25, 27.5, 30, 32.5, 35, 

37.5, 40, 42.5, 45 
47 (51) 

Oscar, 2012 Chicken parts 30 47 (52) 
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Table 7.3 Cumulative distribution of Salmonella concentration in Salmonella positive chicken 
samples taken from the end of the production line 
MPN/mL MPN/g Cumulative probability (%) 
< 0.030 < 0.007 30.59 
0.030-0.30 0.007-0.066 78.69 
0.301-3.00 0.066-0.661 94.22 
3.01-30.00 0.664-6.614 100.00 
> 30.01 > 6.616 100.00 

Source: United States Department of Agriculture (USDA) (65) 
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Table 7.4 Cross-contamination studies containing bacterial transfer rate data used in this study 
Study Types of transfer rates (no. data points) Organism Reference 
Chen et al., 2001 Raw chicken to hand (36), raw chicken to 

cutting board (8), contaminated cutting 
board to lettuce (32), contaminated hand 
to lettuce (30) 

Enterobacter aerogenes (12) 

Luber et al., 2006 Raw chicken to hand (27), contaminated 
plate to fried sausage (7), raw chicken to 
cutting board/cutlery/plate (22), 
contaminated utensils to cucumber (11), 
contaminated hand to bread (5) 

Campylobacter spp. (36) 

Montville et al., 2001 Raw chicken to hand (30) Enterobacter aerogenes (43) 

Verhoeff-Bakkenes et al., 2007 Raw chicken to hand (5), raw chicken to 
cutting board/cutlery (10) 

Campylobacter jejuni (70) 
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Table 7.5 Median, 25th percentile, and 75th percentile estimated total risk per serving and total 
annual number of illnesses due to consumption of conventionally and alternatively produced 
broiler meat, as determined by the baseline QMRA model 

Production method Total risk per serving  No. of illnesses 
Median 25% 75%  Median 25% 75% 

Conventional 7.6 × 10-8 6.2 × 10-9 9.8 × 10-7  1,694.2 138.8 21,832.2 

Alternative 9.2 × 10-8 7.6 × 10-9 1.2 × 10-6  279.9 23.0 3,600.7 
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Table 7.6 Median, 25th percentile, and 75th percentile estimates of total annual number of 
illnesses caused by “what-if” scenarios compared to the baseline QMRA model 

Scenario No. of illnesses 
Median 25% 75% 

Baseline 1,985.0 163.4 25,549.3 
Handwashing:    
   Always wash hands 1,600.9 132.1 20,619.8 
   Never wash hands 8,874.0 1,032.3 86,691.3 
   Antimicrobial soap 1,466.0 87.9 23,037.8 
Cooking:    
   Always cook to ³ 165°F 1,940.4 161.5 24,908.5 
   Always undercook 2,087.7 177.1 26,187.8 
Cleaning:    
   Always use different dishes/utensils 1,754.7 149.0 21,857.4 
   Never use different dishes/utensils 34,279.8 4,890.0 284,344.7 
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Figure 7.1 Growth rates derived from primary growth data from Combase data sources (a). 
Secondary modeling of primary growth rates in temperature profiles from 5.9-37°C (b). The 
dotted line represents the 95% confidence interval and the dashed line represents the prediction 
interval. 
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Figure 7.2 The distribution of final Salmonella concentration numbers in log CFU/g across all 
Monte Carlo iterations. 
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Figure 7.3 Cumulative distribution functions for log Salmonella risk per serving for 
conventionally produced broiler meat (solid line) and alternatively produced broiler meat 
(dashed line) as predicted by the baseline QMRA model. 
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Figure 7.4 Spearman’s correlation coefficients showing the 8 most important model parameters 
in predicting the total Salmonella risk per serving of broiler meat.  
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CHAPTER 8 

SUMMARY AND CONCLUSIONS 

In Chapter 3, the gradient boosting machine and random forest models were evaluated for 

their use in predicting Listeria spp. in preharvest pastured poultry samples based on recent 

weather patterns. This was the first study in the food safety literature evaluating the gradient 

boosting machine model for its efficacy in predicting foodborne pathogen prevalence. It was 

shown that both models can effectively be used in a food safety context. The models provided 

information on the most important predictors of Listeria spp. contamination of preharvest 

samples, allowing broiler farmers and producers to be aware of weather conditions that could 

lead to higher risk of pathogen contamination.  

 Chapter 4 presented random forest models that were constructed to evaluate major 

pastured poultry farming practices as potential risk factors for Listeria spp. contamination of 

preharvest and postharvest broiler samples. Both models performed well, with area under the 

receiver operating characteristic curve (AUC) values of >0.87. The preharvest model identified 

that days of the year that are commonly associated with colder temperature provided a higher 

risk of Listeria contamination in feces and soil samples. These results are in agreement with the 

results provided in Chapter 3, where minimum temperature was identified as a significant 

predictor of Listeria prevalence in both sample types. 

 In Chapter 5, random forest models were constructed to predict Campylobacter 

prevalence in feces and soil samples collected from pastured poultry farms based on recent 
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weather patterns. Again, both models performed well with AUC values >0.88. Additionally, the 

models were built into a usable tool that provides Campylobacter prevalence probabilities based 

on forecasted weather for up to seven days ahead. The forecasting ability of the models was 

validated on additional feces and soil samples collected during the 2019 growing season. The 

generated models will be useful for pastured poultry farmers and producers in risk-based 

decision making, such as how often to move to new areas of pasture during farming.  

 Chapters 6 and 7 were conducted to address the need for a critical understanding of the 

relative risk of Campylobacter and Salmonella contamination in alternatively produced broilers, 

such as organic, free-range, and pastured broilers. In Chapter 6, a systematic review and meta-

analysis study was performed to provide estimates of the prevalence of Campylobacter and 

Salmonella at various points along the broiler supply chain based off prevalence surveys 

previously conducted by other researchers. In total, 72 studies were included. Estimated 

prevalence values were compared for conventional and alternative broiler production systems, 

when possible. Estimated prevalence values were similar for both productions systems, except 

for Campylobacter prevalence in environmental samples, where estimated prevalence was 

significantly higher in alternative production. The obtained results provide a systematic estimate 

of prevalence values along the broiler chain that can be used in quantitative microbial risk 

assessment (QMRA) studies, as shown in Chapter 7. 

 To determine the risk that Salmonella poses to human consumers in the United States due 

to in-home preparation and consumption of broiler meat and the differences in risk between 

conventionally and alternatively produced broilers, a retail-to-consumption QMRA was 

conducted in Chapter 7. Small differences in probability of illness per serving of chicken 
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consumed were observed between conventional and alternative production. In total, the model 

predicted that there were around 2,000 illnesses caused by consumption of chicken meat 

prepared in home due to Salmonella contamination. Post cook-step cross-contamination events 

were identified as the most important determinants of risk for both production systems. The 

generated model can be used to identify key intervention steps to mitigate the risk of 

salmonellosis due to consumption of chicken meat. 

 This dissertation worked to address knowledge gaps relative to the food safety of 

alternatively produced broilers, but further research into this area is recommended. For example, 

gaining a further understanding on the gut microbiota of alternatively produced broilers could 

provide insight into the nature of contamination of the broiler gastrointestinal tract. Additionally, 

to provide for even more accurate QMRA studies, a priority needs to be put on conducting 

consumer behavior studies and surveys to get a better understanding of the range of occurrences 

that can occur during chicken preparation. For example, hand washing frequency and bacterial 

transfer during chicken washing are two key parameters that could be included in future broiler 

QMRA studies to provide better risk estimates. Finally, surveys on Listeria prevalence 

throughout the broiler supply chain should be conducted to address the limited information on 

Listeria contamination of broilers present in the literature 
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APPENDICES 

Appendix A List of the meteorological predictor variables used in the construction of random 
forest and gradient boosting machine models generated in Chapter 3 
 
Variable Description (unit) 
MaximumWindSpeedSampleDay 
 

Maximum wind speed on the day of sample collection 
(m/s) 

MaximumWindSpeedOneDay 
 

Maximum wind speed 1 day before the day of sample 
collection (m/s) 

MaximumWindSpeedTwoDay 
 

Maximum wind speed 2 days before the day of sample 
collection (m/s) 

AvgMaxWindSpeedSamp.1 
 

Average maximum wind speed between the day of sample 
collection and 1 day prior (m/s) 

AvgMaxWindSpeedSamp.2 
 

Average maximum wind speed between the day of sample 
collection and 2 days prior (m/s) 

AvgMaxWindSpeedSamp.3 
 

Average maximum wind speed between the day of sample 
collection and 3 days prior (m/s) 

AvgMaxWindSpeedSamp.4 
 

Average maximum wind speed between the day of sample 
collection and 4 days prior (m/s) 

AvgMaxWindSpeedSamp.5 
 

Average maximum wind speed between the day of sample 
collection and 5 days prior (m/s) 

AvgMaxWindSpeedSamp.6 
 

Average maximum wind speed between the day of sample 
collection and 6 days prior (m/s) 

AvgMaxWindSpeedSamp.7 
 

Average maximum wind speed between the day of sample 
collection and 7 days prior (m/s) 

AverageWindSpeedSampleDay 
 

Average wind speed on the day of sample collection (m/s) 

AverageWindSpeedOneDay 
 

Average wind speed 1 day before the day of sample 
collection (m/s) 

AverageWindSpeedTwoDay 
 

Average wind speed 2 days before the day of sample 
collection (m/s) 
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AverageAvgWindSpeedSamp.1 
 

Average wind speed between the day of sample collection 
and 1 day prior (m/s) 

AverageAvgWindSpeedSamp.2 
 

Average wind speed between the day of sample collection 
and 2 days prior (m/s) 

AverageAvgWindSpeedSamp.3 
 

Average wind speed between the day of sample collection 
and 3 days prior (m/s) 

AverageAvgWindSpeedSamp.4 
 

Average wind speed between the day of sample collection 
and 4 days prior (m/s) 

AverageAvgWindSpeedSamp.5 
 

Average wind speed between the day of sample collection 
and 5 days prior (m/s) 

AverageAvgWindSpeedSamp.6 
 

Average wind speed between the day of sample collection 
and 6 days prior (m/s) 

AverageAvgWindSpeedSamp.7 
 

Average wind speed between the day of sample collection 
and 7 days prior (m/s) 

MaxGustSpeedSampleDay 
 

Maximum wind gust speed on the day of sample collection 
(m/s) 

MaxGustSpeedOneDay 
 

Maximum wind gust speed 1 day before the day of sample 
collection (m/s) 

MaxGustSpeedTwoDay 
 

Maximum wind gust speed 2 days before the day of 
sample collection (m/s) 

AvgMaxGustSpeedSamp.1 
 

Average maximum wind gust speed between the day of 
sample collection and 1 day prior (m/s) 

AvgMaxGustSpeedSamp.2 
 

Average maximum wind gust speed between the day of 
sample collection and 2 days prior (m/s) 

AvgMaxGustSpeedSamp.3 
 

Average maximum wind gust speed between the day of 
sample collection and 3 days prior (m/s) 

AvgMaxGustSpeedSamp.4 
 

Average maximum wind gust speed between the day of 
sample collection and 4 days prior (m/s) 

AvgMaxGustSpeedSamp.5 
 

Average maximum wind gust speed between the day of 
sample collection and 5 days prior (m/s) 

AvgMaxGustSpeedSamp.6 
 

Average maximum wind gust speed between the day of 
sample collection and 6 days prior (m/s) 
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AvgMaxGustSpeedSamp.7 
 

Average maximum wind gust speed between the day of 
sample collection and 7 days prior (m/s) 

MinHumiditySampleDay 
 

Minimum humidity on the day of sample collection (%) 

MinHumidityOneDay 
 

Minimum humidity 1 day before the day of sample 
collection (%) 

MinHumidityTwoDay 
 

Minimum humidity 2 days before the day of sample 
collection (%) 

AvgMinHumiditySamp.1 
 

Average minimum humidity between the day of sample 
collection and 1 day prior (%) 

AvgMinHumiditySamp.2 
 

Average minimum humidity between the day of sample 
collection and 2 days prior (%) 

AvgMinHumiditySamp.3 
 

Average minimum humidity between the day of sample 
collection and 3 days prior (%) 

AvgMinHumiditySamp.4 
 

Average minimum humidity between the day of sample 
collection and 4 days prior (%) 

AvgMinHumiditySamp.5 
 

Average minimum humidity between the day of sample 
collection and 5 days prior (%) 

AvgMinHumiditySamp.6 
 

Average minimum humidity between the day of sample 
collection and 6 days prior (%) 

AvgMinHumiditySamp.7 
 

Average minimum humidity between the day of sample 
collection and 7 days prior (%) 

MaxHumiditySampleDay 
 

Maximum humidity on the day of sample collection (%) 

MaxHumidityOneDay 
 

Maximum humidity 1 day before the day of sample 
collection (%) 

MaxHumidityTwoDay 
 

Maximum humidity 2 days before the day of sample 
collection (%) 

AvgMaxHumiditySamp.1 
 

Average maximum humidity between the day of sample 
collection and 1 day prior (%) 

AvgMaxHumiditySamp.2 
 

Average maximum humidity between the day of sample 
collection and 2 days prior (%) 
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AvgMaxHumiditySamp.3 
 

Average maximum humidity between the day of sample 
collection and 3 days prior (%) 

AvgMaxHumiditySamp.4 
 

Average maximum humidity between the day of sample 
collection and 4 days prior (%) 

AvgMaxHumiditySamp.5 
 

Average maximum humidity between the day of sample 
collection and 5 days prior (%) 

AvgMaxHumiditySamp.6 
 

Average maximum humidity between the day of sample 
collection and 6 days prior (%) 

AvgMaxHumiditySamp.7 
 

Average maximum humidity between the day of sample 
collection and 7 days prior (%) 

AverageHumiditySampleDay 
 

Average humidity on the day of sample collection (%) 

AverageHumidityOneDay 
 

Average humidity 1 day before the day of sample 
collection (%) 

AverageHumidityTwoDay 
 

Average humidity 2 days before the day of sample 
collection (%) 

AvgAverageHumiditySamp.1 
 

Average humidity between the day of sample collection 
and 1 day prior (%) 

AvgAverageHumiditySamp.2 
 

Average humidity between the day of sample collection 
and 2 days prior (%) 

AvgAverageHumiditySamp.3 
 

Average humidity between the day of sample collection 
and 3 days prior (%) 

AvgAverageHumiditySamp.4 
 

Average humidity between the day of sample collection 
and 4 days prior (%) 

AvgAverageHumiditySamp.5 
 

Average humidity between the day of sample collection 
and 5 days prior (%) 

AvgAverageHumiditySamp.6 
 

Average humidity between the day of sample collection 
and 6 days prior (%) 

AvgAverageHumiditySamp.7 
 

Average humidity between the day of sample collection 
and 7 days prior (%) 

MinTemperatureSampleDay 
 

Minimum temperature on the day of sample collection 
(°C) 
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MinTemperatureOneDay 
 

Minimum temperature 1 day before the day of sample 
collection (°C) 

MinTemperatureTwoDay 
 

Minimum temperature 2 days before the day of sample 
collection (°C) 

AvgMinTemperatureSamp.1 
 

Average minimum temperature between the day of sample 
collection and 1 day prior (°C) 

AvgMinTemperatureSamp.2 
 

Average minimum temperature between the day of sample 
collection and 2 days prior (°C) 

AvgMinTemperatureSamp.3 
 

Average minimum temperature between the day of sample 
collection and 3 days prior (°C) 

AvgMinTemperatureSamp.4 
 

Average minimum temperature between the day of sample 
collection and 4 days prior (°C) 

AvgMinTemperatureSamp.5 
 

Average minimum temperature between the day of sample 
collection and 5 days prior (°C) 

AvgMinTemperatureSamp.6 
 

Average minimum temperature between the day of sample 
collection and 6 days prior (°C) 

AvgMinTemperatureSamp.7 
 

Average minimum temperature between the day of sample 
collection and 7 days prior (°C) 

MaxTemperatureSampleDay 
 

Maximum temperature on the day of sample collection 
(°C) 

MaxTemperatureOneDay 
 

Maximum temperature 1 day before the day of sample 
collection (°C) 

MaxTemperatureTwoDay 
 

Maximum temperature 2 days before the day of sample 
collection (°C) 

AvgMaxTemperatureSamp.1 
 

Average maximum temperature between the day of sample 
collection and 1 day prior (°C) 

AvgMaxTemperatureSamp.2 
 

Average maximum temperature between the day of sample 
collection and 2 days prior (°C) 

AvgMaxTemperatureSamp.3 
 

Average maximum temperature between the day of sample 
collection and 3 days prior (°C) 

AvgMaxTemperatureSamp.4 
 

Average maximum temperature between the day of sample 
collection and 4 days prior (°C) 
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AvgMaxTemperatureSamp.5 
 

Average maximum temperature between the day of sample 
collection and 5 days prior (°C) 

AvgMaxTemperatureSamp.6 
 

Average maximum temperature between the day of sample 
collection and 6 days prior (°C) 

AvgMaxTemperatureSamp.7 
 

Average maximum temperature between the day of sample 
collection and 7 days prior (°C) 

  AverageTemperatureSampleDay 
 

Average temperature on the day of sample collection (°C) 

AverageTemperatureOneDay 
 

Average temperature 1 day before the day of sample 
collection (°C) 

AverageTemperatureTwoDay 
 

Average temperature 2 days before the day of sample 
collection (°C) 

AvgAverageTemperatureSamp.1 
 

Average temperature between the day of sample collection 
and 1 day prior (°C) 

AvgAverageTemperatureSamp.2 
 

Average temperature between the day of sample collection 
and 2 days prior (°C) 

AvgAverageTemperatureSamp.3 
 

Average temperature between the day of sample collection 
and 3 days prior (°C) 

AvgAverageTemperatureSamp.4 
 

Average temperature between the day of sample collection 
and 4 days prior (°C) 

AvgAverageTemperatureSamp.5 
 

Average temperature between the day of sample collection 
and 5 days prior (°C) 

AvgAverageTemperatureSamp.6 
 

Average temperature between the day of sample collection 
and 6 days prior (°C) 

AvgAverageTemperatureSamp.7 
 

Average temperature between the day of sample collection 
and 7 days prior (°C) 

PrecipitationSampleDay 
 

Average amount of precipitation on the day of sample 
collection (mm) 

PrecipitationOneDay 
 

Average amount of precipitation 1 day before the day of 
sample collection (mm) 

PrecipitationTwoDay 
 

Average amount of precipitation 2 days before the day of 
sample collection (mm) 
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AvgPrecipitationSamp.1 
 

Average amount of precipitation between the day of 
sample collection and 1 day prior (mm) 

AvgPrecipitationSamp.2 
 

Average amount of precipitation between the day of 
sample collection and 2 days prior (mm) 

AvgPrecipitationSamp.3 
 

Average amount of precipitation between the day of 
sample collection and 3 days prior (mm) 

AvgPrecipitationSamp.4 
 

Average amount of precipitation between the day of 
sample collection and 4 days prior (mm) 

AvgPrecipitationSamp.5 
 

Average amount of precipitation between the day of 
sample collection and 5 days prior (mm) 

AvgPrecipitationSamp.6 
 

Average amount of precipitation between the day of 
sample collection and 6 days prior (mm) 

AvgPrecipitationSamp.7 
 

Average amount of precipitation between the day of 
sample collection and 7 days prior (mm) 


