
ABSTRACT 
 
 

PAYNE, JOSHUA BILL. Modeling the Growth and Death Kinetics of Salmonella in 

Poultry Litter as a Function of pH and Water Activity. (Under the direction of Dr. Brian 

W. Sheldon.) 

 
 

In order to assess Salmonella dynamics in a poultry production setting, two 

studies were conducted to evaluate how common environmental factors during 

production influence Salmonella populations in poultry litter.  A field study was initially 

conducted to determine Salmonella prevalence, populations, serotypes, and antibiotic 

resistance in fresh excreta and litter from commercial North Carolina broiler farms.   

Litter pH, temperature, ammonia levels, moisture content, and water activity (Aw) were 

also measured.  The purpose of this field study was to assess the populations and 

prevalence of Salmonella present during grow-out along with how varying environmental 

growth parameters and management practices impact its growth, persistence and true risk 

for consumers.  Field data were subsequently used to design a laboratory study that 

observed the combined effects of pH and Aw at a constant temperature on the growth and 

decline of Salmonella spp. in inoculated litter for the purpose of predicting microbial 

behavior using statistical modeling.  By understanding the growth and death kinetics of 

Salmonella based on environmental factors found normally during poultry production, 

production management strategies can be developed to reduce Salmonella populations on 

birds entering processing plants, thereby reducing the risk of foodborne illness for 

consumers. 
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Introduction 
 

Over the past 50 years, animal production in the United States has successfully 

transitioned from small-scale family run farms to large-scale feeding operations.  This 

movement has resulted in a substantial increase in both production and efficiency in the 

industry while providing job opportunities, economic revenue and an affordable source of 

protein for humans worldwide.  The economic success of the poultry industry has been 

credited to its evolution into a vertically integrated business having the capacity to raise 

large numbers of birds in confinement.  This production practice ultimately generates 

large amounts of waste in the form of poultry litter.  Poultry litter consists of a manure 

carrier, which is used as bedding material for absorption, and contains other components 

such as feathers and soil (Kelley et al., 1994).  Wood shavings, sawdust, and soybean, 

peanut, or rice hulls are all common manure carriers added to the poultry house floor and 

utilized for raising four to eight flocks on a single placement (generally top-dressed with 

new litter between flocks) prior to removal.  After removal from the house, the litter can 

be utilized as a land application fertilizer for pastureland and hay production.  Poultry 

litter is recognized as an excellent source of plant nutrients such as nitrogen, phosphorus 

and potassium.  However, due to the abundance of litter being produced in concentrated 

poultry production areas, environmental concerns have arisen because of the over-

application of litter to farmland.  In many areas of intensive livestock and poultry 

production, manure or litter are applied at rates to meet crop nitrogen requirements and 

oftentimes result in a concentration of soil phosphorus above the required amount for 

optimal crop yields.  This practice can lead to runoff or leaching of high nutrient levels, 

such as phosphorus and nitrogen, into surrounding surface and ground water sources and 
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contribute to the eutrophication of waterways or nitrate toxicity.  Eutrophication, caused 

by nutrient enrichment of a water body, is characterized by excess plant growth and 

oxygen depletion in the water.  This excessive biological activity can limit fishery, 

recreational, industrial, and drinking water use and has caused public and environmental 

concerns leading to regulations and litigation against the poultry industry.  Due to 

increasing environmental concerns regarding the land application of poultry litter and the 

high replacement cost of bedding materials, producers are reusing litter for an extended 

period of time.  This practice may not always be the most beneficial strategy for 

optimizing bird performance because of the increased moisture content and ammonia 

concentrations normally found in older recycled litter and the potential for microbial 

pathogen build-up.   

A second critical public and industry concern involving poultry production is the 

presence of foodborne pathogens in the production environment and in or on the bird.  

Due to the ubiquity of pathogens in the environment, agricultural products are prominent 

as a major source of contamination.  Intensive and highly concentrated farming practices 

favor the spread of Salmonella and other pathogens throughout the rearing environment 

(D’Aoust, 2001).  High pathogenic bacterial populations can have a negative effect on the 

growth and health of birds and have been linked to current food safety concerns at the 

processing plant and for consumers.  High pathogen loads present in the bird’s production 

environment can lead to increased populations in or on birds entering processing plants, 

which can increase the chances of a contaminated product entering the consumer market.  

Aside from food safety concerns, the land application of litter containing human 
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pathogens poses a potential health risk to humans and other animals via contamination of 

ground and surface waters. 

Foodborne pathogens are estimated to cause millions of illnesses and thousands of 

deaths annually in the United States (Russell, 2000).  Foodborne illnesses are caused by 

the ingestion of a sufficient infective dose of pathogenic bacterial cells, viruses, protozoa, 

or their toxins (Adams, 1990).  Consumption of contaminated poultry products is often 

associated with the foodborne illnesses salmonellosis and campylobacteriosis (Tauxe, 

1991; Bryan and Doyle, 1995; Hoszowski et al., 1996; Byrd et al., 1997; Cox et al., 

2000).  Combined, Salmonella and Campylobacter are estimated to cause between 1 and 

4 million annual U.S. cases of foodborne illness.  Each year in the U.S., Salmonella alone 

is responsible for an estimated 300,000-4,000,000 cases of foodborne illness (Dept. of 

Agriculture, FSIS, 1998) and an estimated 30.6% of the deaths associated with foodborne 

illness (Kiessling et al., 2002).  In other countries, Salmonella greatly exceeds 

Staphylococcus aureus, Campylobacter spp., Clostridium perfringens, Escherichia coli, 

and Listeria spp. as the primary cause of foodborne illnesses (D’Aoust, 2001).  Infection 

is usually attributed to cross-contamination in the kitchen, inadequate cooking (Silliker, 

1980) and improper storage temperatures.  Not only does Salmonella pose a public health 

threat, but it also has an economic impact from costs associated with investigation and 

testing, health care, loss of productive activity, compensation for illness and death 

(McMeekin et al., 1993) and costs to the poultry industry by threatening consumer 

markets and increasing production and processing costs (Bender and Mallinson, 1991).  

Consumer confidence has a direct correlation to the safety and wholesomeness of the 

product they will purchase. 
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Contaminated poultry carcasses remain an important concern to the poultry 

industry, government agencies, and the public.  To combat this contamination, Hazard 

Analysis Critical Control Point (HACCP) programs have been developed and 

implemented in all U.S. meat and poultry processing plants under Federal inspection as a 

means to identify and control or eliminate potential food safety hazards.  This Federally-

mandated program calls for the testing of the poultry processing plant environment and 

carcasses for the presence of the foodborne pathogen Salmonella along with generic 

Escherichia coli.  The level of E. coli considered acceptable falls below 100 CFU/ml of 

rinse, while populations above 1000 CFU/ml are considered unacceptable, with anything 

between considered marginal.  As for Salmonella, no more than 12 out of 51 carcasses 

(23.5%) can test positive according to USDA rules, however, if more than 12 are found 

Salmonella-positive the plant receives a noncompliance record (Russell, 2000).  The 

plant is then instructed to take the necessary actions to meet compliance.  Once three 

noncompliance records are issued, USDA inspections may be withheld.  This action, in 

turn, effectively shuts down the plant until the problem can be corrected because it is 

illegal to market products in commerce that do not bear the USDA inspection mark.   

Processors must provide control measures for this pathogen by using interventions 

such as applying disinfectants in carcass washers and chillers, although they are not held 

responsible for complete pathogen elimination on uncooked products since contaminated 

birds do arrive at plants with either undetectable to heavy pathogen loads.  In these latter 

cases, the use of proper control procedures to reduce carcass pathogen incidence may not 

always assure compliance with the USDA Salmonella Performance Standards as 

specified in the processor’s HACCP plan or Federal regulations.  A recent study 
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conducted by the USDA Food Safety and Inspection Service (FSIS) reported that 

Salmonella incidence on broiler carcasses collected from a wide variety of processing 

establishments between 1998 and 2002 ranged from 7.1% to 37.2% (Rose et al., 2002; 

FSIS, 2003).  It is apparent that the implementation of other on-farm pathogen reduction 

programs by poultry integrators (i.e., hatchery, feedmill, breeder and grow-out 

operations) is necessary in order to successfully meet Federal and processing plant 

pathogen control standards while reducing environmental contamination risks.  In order 

to address these challenges, our research focuses on understanding the dynamics of 

Salmonella in the live poultry production environment and how practical applications can 

be used to control its growth, survival and true risk to humans. 
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Literature Review 
 
 
I.  Salmonella Classification 
 

Salmonella are included in the family of Enterobacteriaceae, which consists of 

Gram-negative aerobic or facultatively anaerobic rod-shaped bacteria (Ashton, 1990).  

These bacteria are primarily intestinal parasites of animals, which are found worldwide 

and capable of causing human and animal diseases (Ashton, 1990).  Salmonella are 

classified as peritrichously flagellated rods that produce gas from glucose and utilize 

citrate as their sole carbon source.  The organism produces hydrogen sulfide gas, 

decarboxylates lysine, but is urease-negative and does not produce indole (D’Aoust, 

1989).  Salmonella and other pathogens can be commonly found in wastes such as human 

sewage, farm effluents, poultry litter, and any other type of material containing fecal 

wastes (Ashton, 1990). 

Named after D. E. Salmon, an American bacteriologist and veterinarian, 

Salmonella is a frequent cause of foodborne infection that can be associated with 

consuming contaminated poultry products (Ashton, 1990).  Many symptoms fall under 

the heading of salmonellosis, which is caused by a variety of Salmonella serotypes 

(Dougherty, 1976) and is considered a very common meat-related foodborne disease 

(Genigeorgis, 1987).  Gastroenteritis, enteric fever and bacteremia are a few of the 

symptoms that can be found in animals and humans suffering from salmonellosis (Foster 

and Spector, 1995).  Although poultry products are known to be frequent vehicles of 

Salmonella, the pathogen can be easily destroyed when foods are cooked to an internal 

temperature of 160°F or 71ºC (Jay, 1986).  Typical clinical symptoms of an infection by 

Salmonella in humans include diarrhea, fever, vomiting, and severe abdominal pain 
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(Tauxe, 1991).   Dehydration may be severe, especially among infants and the elderly.  

Incubation periods before onset vary between 7 to 72 hours while most occur between 18 

to 48 hours after ingestion (Bryan and Doyle, 1995).  The infective dose of Salmonella in 

humans is dependent on individual tolerances and strain virulence.  As few as 50 cells 

have been reported to cause illness (Doyle and Cliver, 1990).  Treatment of salmonellosis 

is generally limited to fluid and electrolyte replacement (D’Aoust, 2001).  Antibiotics are 

not recommended because they prolong the intermittent excretion of Salmonella and the 

carrier state that follows the acute phase of salmonellosis.  The use of antibiotics also 

diminishes endogenous gut microflora populations that compete with Salmonella for 

binding sites on the mucosa (D’Aoust, 1989).  Vaccines for Salmonella are challenging 

due to the diverse number of serovars and the limited specificity to only one or a few 

closely related serovars.  Commercially developed vaccines do exist for both humans and 

poultry that contain attenuated strains.  The Vivotif Berna oral typhoid vaccine, 

containing an avirulent Salmonella Typhi strain, provides protection for up to seven years 

in humans.   

 Salmonella are classified into two species, S. enterica and S. bongori that are 

currently comprised of over 2,400 serovars (D’Aoust, 2001).  The species enterica can be 

further divided into six subspecies (enterica, salamae, arizonae, diarizonae, houtenae, 

and indica) with the most common subspecies being enterica.  The two most prevalent 

serovars that have been isolated from humans are Salmonella enterica serovar Enteritidis 

and S. enterica serovar Typhimurium (Mattick et al., 2001); however, all strains have the 

potential of being pathogenic to humans. 
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II.  Salmonella Growth Parameters 

 The survival of Salmonella in the poultry house environment is dependent on both 

physical and chemical factors such as temperature, water activity (Aw), moisture content, 

and pH.  Whenever environmental stress factors fall outside the optimum range for 

microbial growth and survival, the factors can lead to cellular damage.  Depending on the 

severity of the stress factors, growth can be inhibited or death of the cell can occur 

(Farkas, 2001).  Research supports that some of these parameters appear to influence the 

presence or absence of Salmonella in broiler litter with the most significant factor being 

Aw (Opara et al., 1992).  Turnbull and Snoeyenbos (1972) concluded that the 

salmonellacidal activity of used litter may be attributed to changing values of Aw and pH 

in the litter.   

A.  Temperature   

Temperature is considered one of the most important environmental factors 

affecting growth and survival of microorganisms.  If temperatures are too hot or too cold, 

the growth of microorganisms will cease.  As temperature rises, important chemical and 

enzymatic reactions in the cell become more rapid thus cellular growth rate increases.  

Moreover, as temperature rises above optimum, the growth rate declines sharply due to 

irreversible denaturation of proteins and the thermal breakdown of the cell’s plasma 

membrane (Madigan et al., 2003).  Temperatures above the maximum for growth are 

sufficient to kill the organism (Adams and Moss, 1995).  As temperatures decrease from 

optimum, the growth rate slows due to the slowing of chemical and enzymatic reactions 

within the cell until cessation occurs.  For every organism there is a minimum 

temperature below which growth ceases, an optimum temperature during which growth is 
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most rapid, and a maximum temperature above which growth is not possible (Madigan, et 

al., 2003).  The range for Salmonella growth falls between 2 to 47°C with rapid and 

optimal growth occurring between 25 to 43°C (D’Aoust, 2001) and 37°C, respectively.  

Lanciotti et al. (2001) reported a minimum growth temperature value of 4.69°C for 

Salmonella Enteritidis, while growth was reported as high as 40°C.  Others have reported 

complete inhibition of growth at temperatures < 7°C (Gray and Fedorka-Cray, 2002).  In 

a Salmonella broiler house study (n=13), researchers reported the mean litter temperature 

in both wet and dry regions of the house to be 24.2°C ± 2.4 for Salmonella positive drag 

swabs (Opara et al., 1992). 

B.  Water Activity (Aw) 

Water is the solvent of life.  All organisms require water and water availability is 

essential to the growth of microorganisms (Madigan et al., 2003).  Not only does water 

availability rely on the water content found in an environment, but it also depends on the 

concentration of solutes such as salts, sugars or other substances dissolved in water.  

Water availability as measured as Aw is an important growth parameter that is crucial for 

the survival of Salmonella and other bacteria and is considered a critical factor for growth 

on the surface of poultry litter (Hayes et al., 2000).  Water activity is a measure of how 

tightly water is bound structurally or chemically in a product.  It measures available or 

free water, whereas, moisture content measurements include both bound (unavailable) 

and unbound (free) water (Opara et al., 1992).  Knowledge of moisture content alone is 

not sufficient evidence to determine whether an environment is compatible for 

microorganism growth or survival (Farkas, 2001).  A proportion of the total moisture 

content is bound and unavailable to the microorganism.  By definition, Aw is the ratio of 
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water vapor pressure over a sample (P) compared to that over pure water (Po) and is 

equivalent to the equilibrium relative humidity (ERH), which is the relative humidity of 

the surrounding air (ERH% = Aw x 100).  The measurement of Aw can thus be achieved 

by measuring the ERH of the atmosphere surrounding the sample (Adams and Moss, 

1995). 

Reactions that take place in the cell’s cytoplasm occur in an aqueous 

environment.  Surrounding the cytoplasm is a membrane that is permeable to water 

molecules that pass freely from the environment to the cytoplasm and vice versa (Adams 

and Moss, 1995).  During the process of osmosis, water will diffuse from a region of high 

water concentration (low solute concentration) to a region of lower water concentration 

(higher solute concentration) (Madigan et al., 2003).  In optimal growth conditions, the 

cytoplasm has a higher solute concentration than the environment outside of the cell and 

thus water diffuses into the cell.  The cytoplasm must remain in a liquid phase for active 

growth (Adams and Moss, 1995).  Should a microorganism find itself in an environment 

of pure water, it will experience a net flow of water into the cytoplasm.  If the cell cannot 

cope with this influx of water, it will increase in size and burst (Adams and Moss, 1995).  

However, this is normally prevented due to the cell wall found in bacteria and fungi.  In 

low Aw environments, water tends to diffuse out of the cell leading to plasmolysis.  As 

Aw decreases in the environment, it is essential that the Aw inside the cytoplasm remain 

even lower (i.e., higher internal osmotic pressure than the environment) if the cell is to 

resume growth.  In order to accomplish this state, the osmoregulation mechanism of the 

cell increases its internal solute concentration by either pumping inorganic ions into the 

cell from the outside environment or by synthesizing or concentrating organic solutes to 
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maintain homeostasis (Madigan et al., 2003).  The uptake of compatible solutes such as 

amino acids or amino acid derivatives (Adams and Moss, 1995) maintains cell viability 

(Mattick et al., 2001); however, if appropriate levels of solutes are not maintained within 

the cytoplasm, then macromolecules such as DNA do not function properly and cellular 

damage can occur due to cellular water loss.  As Aw values are reduced below optimal 

growth conditions for bacterial proliferation, the organism’s growth lag phase increases, 

thus decreasing the rate of multiplication (Frazier and Westhoff, 1967).  Cell growth 

would cease; however, survival may still occur (Adams and Moss, 1995).   

Minimal Aw for growth will vary depending on species, strain, temperature, 

humectant type, nutrient availability and other physico-chemical conditions.    In general, 

bacterial growth is virtually impossible below an Aw value of 0.90 (de Man, 1999).  

Others have reported that Salmonella grows at Aw levels ≥ 0.93 (D’Aoust, 2001) and 

optimal growth occurs at 0.99 (Mattick et al., 2001).  Lanciotti et al. (2001) reported 

minimum Aw limits of 0.94 for S. Enterititis in brain heart infusion (BHI) broth, while 

recovery was observed at levels as high as 0.99.  Banwart (1981) listed the approximate 

minimum Aw range for the growth of Salmonella to be between 0.93 and 0.96.  

According to Gray and Fedorka-Cray (2002), complete inhibition of Salmonella growth 

occurs at Aw values < 0.94.  In field studies, Salmonella spp. survived in poultry litter at 

Aw levels of < 0.84; however, the majority of positive samples (74.4%) had Aw values 

equal to or greater than 0.90 while most fell into the 0.90 to 0.95 range (Hayes et al., 

2000).  These researchers concluded that maintaining poultry litter below 0.84 can aid in 

controlling Salmonella populations in commercial poultry houses.  This conclusion seems 

to agree with the research of Carr et al. (1995) who found that high Aw values (0.90 to 
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0.95) in poultry litter were associated with Salmonella positive broiler flocks; low Aw 

values (0.79 to 0.84) were associated with Salmonella negative flocks, whereas medium 

Aw values (0.85 to 0.89) indicated an increased risk of contamination.  de Rezende et al. 

(2001) found similar results when broiler litter samples having Aw values between 0.90 to 

0.95 and moisture values between 35 and 50% exhibited the highest Salmonella 

populations (average of 44.7 and 250 cfu/10g, respectively), while litter Aw values 

ranging from 0.85 to 0.90 and moisture values of >50% exhibited the second best 

condition for growth (average of 20.7 and 12.6 cfu/10g, respectively).  Salmonella 

positive litter samples were reported at Aw values as low as 0.79.  Interestingly, litter 

samples with Aw values between 0.95-1.00 were not associated with high Salmonella 

populations.  The researchers speculated that such conditions are not ideal for Salmonella 

growth due to a hypotonic environment or the dilution of essential nutrients.  Opara et al. 

(1992) reported that Salmonella positive drag swabs were observed from broiler litter 

ranging from Aw 0.84 to 0.87. 

C.  pH 

The acidity or alkalinity of an environment, measured by pH, has a profound 

effect on microbial viability and survival (Adams and Moss, 1995).  pH is defined as the 

negative logarithm of the hydrogen ion concentration.  While different organisms can 

exhibit growth in different extracellular pH environments, the intracellular pH must 

remain near neutral to prevent destruction to structural proteins, enzymes, nucleic acids, 

and phospholipids. (Doyle et al., 2001; Madigan et al., 2003).  Most antimicrobials are 

weak acids and are most effective in their undissociated form because they can better 

penetrate the cytoplasmic membrane.  pH can adversely affect microorganisms due to the 
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migration of undissociated hydrogen or hydroxide ions into the cell.  In acidic 

environments undissociated hydrogen ions pass freely through the cell membrane, unlike 

protons and charged molecules, into the more neutral pH environment of the cytoplasm 

where the acid dissociates due to the higher internal pH (Adams and Moss, 1995).  

Protons that are generated from dissociation of the acid begin to acidify the cytoplasm.  

Although the cytoplasmic membrane is impermeable to protons and other charged 

molecules, intracellular protons must be transported out of the cell by the electron 

transport chain (Madigan et al., 2003).  This transport process creates an electrochemical 

potential across the membrane referred to as the proton motive force.  Essential cell 

functions such active transport of nutrients and cytoplasmic regulation occur at the cell 

membrane and are dependent on the energy stored by the proton motive force (Adams 

and Moss, 1995).  As the protons continue to acidify the cytoplasm, they begin to 

breakdown the pH gradient of the proton motive force.  The cell will strive to maintain 

it’s near neutral pH by transporting protons that are leaking in, at the expense of energy 

required for growth.  With a highly acidic external environment, the cell can become 

overburdened as it tries to maintain a neutral internal pH, deplete it’s energy reserves and 

eventually die (Adams and Moss, 1995).  Similarly, cell death can occur from exposure 

to alkaline environments by the uptake of undissociated alkaline substances which 

increase intracellular pH.  This, in turn, can lead to an inhibition of amino acid transferase 

RNA and protein synthesis (Banwart, 1981). 

  It has been reported that S. Typhimurium and E. coli grow optimally in pH 

environments between 5 and 9 (Foster, 1993; Small, 1994) although Salmonella growth 

generally falls between pH 6.5 and 7.5 (Chung and Goepfert, 1970; D’Aoust, 1989). 
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Others have reported that the pH growth range for Salmonella falls between 3.6 and 9.5 

(D’Aoust, 2001).  Minimum pH values allowing for the growth of S. Enterititis have been 

reported as low as 3.67 (Lanciotti et al., 2001) and 3.8 (Gray and Fedorka-Cray, 2002) 

while extreme alkaline pH values (pH > 10) are lethal to Salmonella (D’Aoust, 2001).  

Mean poultry litter pH values of 8.1 ± 0.1 were reported in a study where Salmonella 

positive drag swabs were isolated from broiler house litter (Opara et al., 1992). 

Salmonella spp. are susceptible to many natural environmental stresses including 

acidity.  Acidic environments are commonly encountered both inside and outside of the 

human or animal host whether it be stomach acid, acids found in sewage plants receiving 

certain wastes, some food processing treatment wastewaters, acidic foods, waterways 

affected by acid rain, or even in treated poultry litter.  Sub-lethal concentrations of some 

stressors can sometimes habituate certain organisms, allowing them to resist normally 

lethal doses (Goodson and Rowbury, 1988).  Salmonella have been found to survive 

extreme low pH environments if first adapted to a moderate pH (Foster, 1995).  In S. 

Typhimurium, this adaptation response is referred to as the acid tolerance response 

(ATR) system which provides protection of the cell to acidic environments (Foster and 

Spector, 1995).  For example, S. Typhimurium can adapt to pH conditions of below pH 4 

when first exposed to mildly acidic conditions of around pH 5.5 to 6.0 (Foster and Hall, 

1989, 1991; Lee et al., 1993; Foster, 1993,1995; Doyle et al., 2001).  This adaptive 

response maintains the intracellular pH via the ATPase proton pump thus preventing the 

intracellular pH from reaching lethal concentrations even in external pH 4 environments 

(Foster and Hall, 1991; Doyle et al., 2001).  At least 18 ATR-induced proteins have been 

identified (Doyle et al., 2001).  ATR is sensitive to protein synthesis inhibitors, gene 
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disruption mutations and metabolic inhibitors.  Cross-protection to other environmental 

stressors such as salt and heat has also been observed (Foster, 1995; Doyle et al., 2001).  

Foster and Spector (1995) reported a minimum growth pH for S. Typhimurium of 4.3 in a 

minimal glucose medium.  These preceding reports suggest that if poultry litter pH can be 

lowered to below pH 4, then pathogen populations may be successfully reduced or 

possibly eliminated in commercial poultry litter. 

III.  Presence of Salmonella in Poultry Production 

One area of the poultry production continuum that has recently received 

considerable attention on the subject of human pathogen control is during the grow-out 

phase of production.  Salmonella are commonly found throughout the grow-out stage of 

production, which significantly increases the potential for Salmonella cross-

contamination between the bird and its environment (Reiber et al., 1990).  Pre-harvest 

cross-contamination sources include contaminated feed (Jones et al., 1991), feces, nest 

boxes, litter, floors, incubators (Bryan et al., 1979), rodents, insects, wild birds, water 

(Ashton, 1990; Bailey et al., 2001), humans (Lahellec and Colin, 1985), and infected 

replacement stocks (D’Aoust, 2001).  Bryan and Doyle (1995) stated that commercially 

reared birds are in constant contact with litter and dust, both of which can be a source of 

microbial contamination. Birds may become contaminated with Salmonella before, 

during or after the grow-out phase of production (Barnes, 1972).  As few as 5 cells of 

Salmonella have been shown to effectively infect chicks (Milner and Shaffer, 1952) and 

this may even be reduced if the birds are under stress (Arkakawa et al., 1992).  Once 

infected, these birds may excrete fecal concentrations of up to 109 Salmonella per gram 

of feces for up to a two-week duration (Bailey, 1987).  Large amounts of contaminated 
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feces that are deposited in the litter can obviously lead to increases in contamination of 

the bird’s environment.   

Trampel (2000) reported that Salmonella isolates recovered from commercially-

processed carcasses may have their origin from fecal shedding onto the litter, and 

subsequent contamination of the bird’s feathers and feet.  This finding supports Rigby 

and Pettit’s (1980) assertion that birds having Salmonella-contaminated feathers and feet 

at the farm can lead to the introduction of Salmonella at the processing plant.  Recently, 

Corrier et al. (1999) reported that the incidence of Salmonella in the crop of broilers 

increased at the end of the feed withdrawal period as compared to the beginning of the 

feed withdrawal period (10% versus 1.9%).  These investigators speculated that the 

increased incidence of Salmonella was associated with an increased tendency for the 

broilers to consume contaminated litter in the broiler house during the withdrawal period.  

Poultry are known for their pecking habits and will typically consume litter and soil.  

Mallinson et al. (1989) stated that the reduction of Salmonella contamination on the farm 

and during live haul is crucial for preventing contamination on the final processed 

product.  Stress associated with the transportation of animals from the rearing 

environment to the processing plant can cause further shedding of Salmonella (D’Aoust, 

1989).  Furthermore, investigations have documented that the Salmonella serotypes 

isolated from the processed product are also generally found in the production house litter 

and other areas of the production environment (Bains and MacKenzie, 1974; Lahellec 

and Colin, 1985).   

While HACCP implementation during processing has been very successful at 

reducing Salmonella contamination of poultry carcasses, poultry slaughtering practices 
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still favor the spread of Salmonella from both internal and external surfaces to the 

finished product (D’Aoust, 2001).  Slaughtering procedures for poultry include 

immersion of fecally-contaminated carcasses into scald tanks followed by feather 

removal by rotary drum pickers.  Bird visera is then automatically removed followed by 

spray washing and chilling of carcasses in water baths.  Cross contamination of carcasses 

can occur during any of these unit operations.  For these reasons, it is important to target 

Salmonella reduction strategies during both pre-harvest and post-harvest activities.  If 

pathogen contamination populations can be reduced in the bird’s digestive tract and on its 

feathers and skin, then the cross-contamination potential between carcasses and the 

finished product should also be reduced during processing.   

IV.  Environmental Concerns 

Water quality, defined as the physical, chemical, and biological characteristics of 

water necessary to sustain desired water uses, (EPA, 2002) affects people’s well-being 

and livelihood and therefore, is an important issue for many around the globe. 

One common problem associated with water quality is the presence of fecal 

bacteria in water.  Fecal pollution affects many surface and ground waters in the United 

States (Hagedorn, et al., 1999).  Not only does fecal contamination degrade water quality, 

it also leads to increased human health risks and causes restrictions on recreational 

activities (Parveen et al., 1999).  Fecal contamination of water arises from a variety of 

sources including warm-blooded animals, inadequate or failing septic systems, runoff 

from land-applied animal wastes, and sewer overflow (Hartel et al., 2002; Dombek et al., 

2000).  Many of these sources are considered non-point source contaminants and can 

prove to be very difficult to accurately identify.  For example, land application of poultry 
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litter from a human pathogen-containing flock could result in stream contamination from 

runoff following a heavy rainfall.  If left untreated, such fecal contamination of natural 

waters may result in increased risk for disease transmission to humans and other animals 

(Wiggins, 1996). 

Potential waterborne pathogens such as E. coli 0157:H7, Salmonella spp., 

Campylobacter spp., and various viruses can be of animal origin.  Although foodborne 

outbreaks are associated with the consumption of contaminated food products, human 

waterborne outbreaks have been documented from swimmers exposed to contaminated 

waters (Shelton, 2001). 

Water sources can be tested to determine whether fecal pollution has occurred.  A 

strong correlation exists between fecal pollution and the presence of some pathogenic and 

nonpathogenic bacteria in the gastrointestinal tract of warm-blooded animals (Hartel et 

al., 2002).  For this reason, certain nonpathogenic bacteria are used as indicator bacteria 

for fecal pollution.  Fecal coliforms and fecal streptococci are two of the more common 

indicator organisms.  For example, the presence of the fecal coliform organism E. coli in 

a water sample is a good indicator of fecal pollution in the sampled water source.  E. coli 

and Enterococcus faecalis are two fecal indicator bacteria of most interest to regulatory 

agencies (Hartel et al., 2002).   

Some pathogens are considered obligate parasites and do not survive well for any 

length of time outside of the host, whereas others can persist for longer periods in the 

environment.  Even when exposed to dessication, Enterococcus strains can persist for up 

to 11 weeks on glass (Bale et al., 1993).  It was found, however, that E. coli only survived 

for a few weeks on pasture-land after the application of a fecal slurry (Linton and Hinton, 
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1984).  Salmonella, on the other hand, are known to be environmentally tolerant 

organisms and capable of surviving for months in harsh conditions outside of the 

gastrointestinal tract (Thomason et al., 1978) as well as in animal feeds, dried feces, 

(Hinton and Bale, 1991) and empty dry livestock buildings (Wray et al., 1990; Bale et al., 

1993).  The organism may also enter a viable-but-nonculturable state in which it can 

survive for even longer periods of time (Turpin et al., 1993).   

Salmonella positive litter samples have been reported to have Aw values as low as 

0.79 (de Rezende et al., 2001) and 0.83 (Carr et al., 1995).  Furthermore, de Rezende et 

al., (2001) found that out of 29 Salmonella-positive litter cultures, 34.5% exhibited Aw 

values < 0.85 and suggested that the resident organisms may be existing in a viable but 

non-culturable phase.   Salmonella Dublin was reported to survive for at least 1069 days 

in artificially-dried feces and was found to survive for 36 weeks in infected feces on 

rough grassland (Williams, 1975).  In Australian soil, S. Typhimurium was found to 

survive up to 200 days (Josland, 1951).  When testing the effects of temperature, Aw, pH, 

and ethanol concentration on the growth of Staphylococcus aureus, Bacillus cereus and S. 

Enteritidis, Lanciotti et al. (2001) found that Salmonella expressed the highest growth 

potential in relation to the stress factors applied.  

Research studies have shown that both animals and humans can develop 

salmonellosis from contact with contaminated land and water supplies that had been 

previously exposed to sewage, slurry and abattoir effluents (Williams, 1975; Reilly et al., 

1981).  Land application of sewage sludge may directly or indirectly cause infection of 

livestock due to run-off into surrounding waterways (Reilly et al., 1981).  Bovine 

salmonellosis has been reported to occur seasonally (Williams, 1975) with most incidents 
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occurring during the summer or fall while cattle are grazing (Hughes et al., 1971).  

Salmonellosis outbreaks involving S. Typhimurium in cattle grazing a pasture have been 

reported three weeks after the application of a liquid dairy cow manure slurry (Jack and 

Hepper, 1969).  There are numerous reports of isolating Salmonella from rivers and 

streams (Williams, 1975) with few appearing to be completely free from Salmonella 

contamination (Smith et al., 1978).  With optimal temperatures and sufficient organic 

matter present, Salmonella have been found to multiply in water (Gauger and Greaves, 

1946).  Williams (1975) reported that in a polluted river, 64 percent of the fish harvested 

were infected with Salmonella.  Between 1973 and 1979, there were 26 cases of 

salmonellosis that occurred in Scotland where environmental contamination was believed 

to be responsible.  Of these incidents, 23 involved infected livestock with three incidents 

involving humans.  Evidence indicated that all infections originated from sewage or 

effluents that contaminated water sources or from their direct application to agricultural 

land (Reilly et al., 1981).  Due to the cross contamination potential of Salmonella and 

other pathogens between animal feces and humans, other animals, and the environment, 

there is a need for research on control strategies to reduce pathogen populations by 

treating animal manures intended for land application on farmlands.  

V.  Antibiotic Resistance 

Another subject of considerable concern for the poultry industry with both 

environmental and human health implications is the use of antibiotics in animal 

agriculture.  Antimicrobial growth promoters are often added to poultry feed in order to 

enhance bird growth and improve feed efficiency; however, there are concerns for the 

potential development and transfer of antibiotic resistance to human pathogens such as 
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Salmonella or Campylobacter (Hofacre, 2001). Tetracyclines, virginiamycin, lincomycin, 

tylosin, bambermycin, penicillin, sulfonamides and bacitracin are used as feed additives 

for poultry and other animals in order to enhance growth rate, feed efficiency and prevent 

disease (Rajashekara et al., 2000).  Sub-therapeutic administration may lead to the 

development of resistant bacterial populations in the bird’s gut and surrounding 

environment (Kelley et al., 1998).  When these resistant bacteria are introduced into the 

environment, they can share genetic antibiotic resistance factors with other organisms 

through their extrachromosomal plasmids or r-plasmids (Kelley et al., 1998).  Antibiotic 

usage in the poultry industry has been linked to the emergence and spread of antibiotic-

resistant Salmonella strains (van Boogard and Stobberingh, 1999; Nayak and Kenney, 

2003).  Kelley et al., (1998) reported that a high percentage of the broiler litter bacterial 

isolates, including total coliforms, fecal coliforms, Pseudomonas aeruginosa, Yersinia 

enterocolitica, Aeromonas hydrophila and Campylobacter jejuni, that were recovered 

from four broiler houses were multiple antibiotic resistant (MAR).  Other investigators 

have reported on isolating multidrug resistant Salmonella Typhimurium definitive type 

104 organisms from a number of poultry sources during 1995-1997 (Rajashekara et al., 

2000).  Moreover, MAR Salmonella isolates were confirmed from both turkey production 

sites (Nayak and Kenney, 2002) and from broilers during processing (Lee et al., 1993; 

Tessi et al., 1997).  Whenever MAR strains are found in any animal production system, a 

public health concern arises due to the difficulty in treating infections caused by these 

bacteria.  Treating infections caused by MAR can involve a longer recovery and more 

expensive antibiotics resulting in increased treatment costs (Kelley et al., 1998).  

Particular attention has been given to the fluoroquinolones, which are strong antibiotics 
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used for the treatment of human foodborne infections.  Enrofloxacin is the veterinary 

equivalent to ciprofloxacin, which is an important fluoroquinolone becoming increasingly 

used for human treatment (Asperilla et al., 1990).    

These and other concerns have consequently led to the limitation or elimination of 

sub-therapeutic antibiotic usage in the broiler industry for many areas of the world.  For 

example, Denmark voluntarily stopped antibiotic usage in the broiler industry in 1998.  

Despite worries of increased fecal shedding or carriage of Salmonella in birds, a decrease 

in prevalence was observed (Evans and Wegener, 2003).  Other studies have shown that 

feeding diets containing commonly used growth promoting antibiotics to experimentally 

infected chickens facilitated the colonization of the alimentary tract with Salmonella and 

led to increased fecal shedding (Smith and Tucker, 1975, 1978, 1980; CVM, 2000).  Of 

the various antibiotics administered, Salmonella colonization was strongly favored by the 

addition of avoparcin or nitrovin, while bacitracin only slightly promoted colonization.  

Salmonella excretion rates have also showed a dose response association with increased 

concentrations of avoparcin (Smith and Tucker, 1975; Barrow, 1989).  These researchers 

suggested that the observed increase in colonization was due to the antibiotic’s inhibitory 

activity against the normal gut microflora that would normally antagonize and/or 

compete with Salmonella for nutrients.   

In practice, most antibiotics administered as growth promoters only target gram-

positive bacteria (CVM, 2000).  Although many antibiotics are not active against 

enterobacteria, they are active against many natural microflora that inhabit the alimentary 

tract (Williams and Tucker, 1975).  For example, Barrow (1989) found that with 

increased concentrations of avoparcin, streptococci and anaerobic bacterial populations 
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were significantly reduced in the bird’s gastrointestinal tract.  Disturbing the natural 

bacterial ecosystem of the bird’s gut may lead to an increase in enterobacteria capable of 

causing human infections (e.g., Salmonella) or it may increase the duration of the carrier 

state (CVM, 2000).  With an increased pathogen load at slaughter, there is an increased 

risk of product contamination and human infection (CVM, 2000).   

Antibiotic usage in poultry production continues to be an area receiving particular 

public attention and scrutiny.  Potential risks include the proliferation of pathogens in the 

bird’s gastrointestinal tract and the proliferation and spread of MAR pathogens from 

antibiotic fed birds.  Bacterial typing methods can be used to properly identify and trace 

the route of pathogen transmission in an attempt to break the cycle.  Once the route of 

transmission is identified, control strategies can be implemented to reduce the spread of 

disease.  The use of alternative feed additives such as probiotics and prebiotics has shown 

promise as a safer alternative to antibiotics and will be discussed later (Mead, 2000; 

Shane, 2001; Fooks and Gibson, 2002;).  Without proper implementation of effective 

control measures to reduce the development and spread of both MAR and non-MAR 

pathogens in poultry production, the cycle of pathogen transmission to humans, animals 

and the environment will remain in tact. 

VI.  Control strategies 

When considering the human health and economic concerns associated with 

poultry products contaminated with Salmonella, the industry must search constantly for 

new and effective control measures for pathogen reduction.  The identification of 

effective critical control points or control strategies on the farm can aid in developing a 

food safety control program similar to that of the HACCP program that has been 
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successfully implemented at the post-harvest level.  By specifically targeting successful 

pathogen intervention procedures during live production, the incidence of and 

populations of pathogens entering processing plants and the environment from 

contaminated flocks can be reduced.  In order to fully understand pre-harvest 

contamination problems for use in future control program development and 

implementation, one must first adequately characterize the incidence and level of 

Salmonella contamination on the farm along with how varying environmental growth 

parameters and management practices impact its growth, persistence and true risk for 

consumers. 

The poultry industry is currently evaluating the feasibility of implementing 

pathogen reduction programs at the grow-out phase in an effort to proactively address the 

potential for future implementation of pre-harvest HACCP-like programs.  Should 

pathogen control be mandated on the farm, both integrators and growers will be 

challenged to identify effective pathogen control measures for use during grow-out.   

Poultry house sanitation plays a crucial role in the control and prevention of 

diseases affecting bird health and of foodborne pathogens affecting human health.  

Sanitation refers to procedures used to lower the number of pathogenic microorganisms 

to a level at which they do not pose a disease threat to their host (Smith, 2005).  A good 

sanitation program can benefit the grower by optimizing bird performance while 

lowering the incidence of contaminated flocks.  Any number of disinfectants, treatments, 

or best management practices (BMP’s) can comprise a sanitation program.  However, if 

used improperly, sanitation procedures can adversely affect bird performance and disease 

prevention.  Salmonella prevalence has been shown to increase in a poultry environment 
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following ineffective cleaning and disinfection practices (Davies and Wray, 1995; Tucker 

et al., 1975).  Corrier et al. (1992) suggested that increased bird susceptibility to 

Salmonella colonization may occur from BMP’s that reduce exposure to protective gut 

flora, which can be found in litter.  For these reasons, it is important to routinely re-

evaluate the effectiveness of current poultry house sanitation programs and identify new 

approaches. 

Besides sanitation approaches, pathogen control has been evaluated through bird 

feed and water supplementation, treatments and vaccination programs.  Probiotics, 

prebiotics, bacteriophages and vaccines are all emerging prevention and control therapies 

against foodborne pathogen colonization in commercial poultry production.  These 

treatments essentially aid the bird in resisting pathogen colonization via promoting host 

immunological responses or gastrointestinal protection against invading pathogens. 

Many integrators and growers are currently faced with disposal problems of used 

litter because of present environmental concerns.  These concerns, coupled with rising 

costs of labor and materials, have lead to the re-use of litter over an extended time frame, 

which could compromise the poultry producer’s ability to follow proper sanitation 

procedures and best management practices (BMP’s).  Risks that have been associated 

with the re-use of litter include the increased potential for disease spread (Parkhurst et al., 

1974; Lovett et al., 1971; Bacon and Burdick, 1977) and the production of elevated 

ammonia levels (Reece et al., 1979).   However, there are various practices that can be 

used by the grower to reduce or eliminate these risks.   
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A.  Disinfection 

Disinfectants are defined as any chemical or physical agent used on an inanimate 

surface to destroy or inactivate all vegetative forms of microorganisms (Smith, 2005). 

Growers have become increasingly more dependent on disinfectants because of the 

increased economic pressure to quickly restock poultry units with new birds along with 

supporting evidence of prolonged survival times of bacterial pathogens and viruses in the 

environment (Woodger, 1996).  Removal of old litter, followed by cleaning and 

disinfecting of facilities, can help reduce pathogen loads and break disease cycles.  

Generally, the interior of poultry houses is pressure washed with a detergent and water, 

followed by disinfectant application (Lacy, 2005).  In most cases, this commercial 

practice will occur after the fifth or sixth flock cycle.  Optimum sanitation effectiveness 

requires that the bedding material first be removed from the facility due to the fact that 

most chemical disinfectants have a limited effectiveness in the presence of organic matter 

and soil.   

The goal of any disinfectant program is to prevent, reduce, or eliminate microbial 

populations on inanimate objects, surfaces, and throughout the premises (Eckman, 1994).  

Methods for the application of disinfectants include direct spray, mist, fog, fumigation, or 

foam (Eckman, 1994).  The various classes of disinfectants include alcohols, halogens, 

quaternary ammonium compounds, phenolics, aldehydes, coal tar distillates and 

oxidizing agents (Smith, 2005), with the most commonly used disinfectants for poultry 

houses being coal tar distillates, phenolics and quaternary ammonium compounds (Lacy, 

2005).  There are many disinfectants available and careful consideration should be taken 

when choosing the appropriate one.  Not all disinfectants are considered effective on all 
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types of organisms; therefore, the disinfectant selected must be effective at destroying the 

specific target organism causing the problem.  Proper care should also be taken while 

mixing disinfectants for personal safety reasons as well as to insure compatibility and 

efficacy. It is important to follow recommended procedures and application rates and to 

take into consideration factors such as water pH, temperature, and surface type where 

application will occur.  Both water pH and temperature can have a direct effect on 

disinfectant efficacy.  The efficacy of disinfectants is usually enhanced in warm solutions 

rather than cold solutions and at a near neutral pH (Smith, 2005).  Surface type plays an 

important role in disinfectant effectiveness due to the organic soil typically found from 

dirt floors and debris located on equipment inside the house that can limit product 

efficacy (Woodger, 1996).   It is imperative that surfaces be thoroughly cleaned prior to 

application of a disinfectant (Zander et al., 1997). 

The drinking water provided to birds can be a potential source of both avian and 

human disease causing organisms (Woodger, 1996).  Biofilms, which are communities of 

microbes, including potential pathogens, embedded in an organic polymer matrix 

adhering to a surface (Carpentier and Cerf, 1993), can form inside water lines.  For this 

reason, water systems should not only include a daily sanitation program, but should also 

be cleaned and disinfected between flocks in order to prevent or eliminate disease 

transmission and the development of biofilms.  The introduction of water-soluble 

vitamins, electrolytes, and vaccine stabilizers through the drinking water system can 

provide a source of nutrients for undesirable microorganisms.  This practice coupled with 

stagnant water in the lines and warm house temperatures can create a favorable 

environment for microbial proliferation and the formation of biofilms.  Once established, 
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biofilms can be extremely troublesome to eliminate (Carpentier and Cerf, 1993).  Routine 

cleaning, followed by disinfection, is recommended for controlling biofilms.  As with 

poultry house sanitation, many disinfectant products are available for use in water lines.  

It is possible to keep poultry lines clean and control bacterial growth by thoroughly 

cleaning and disinfecting water lines between flocks using a sanitizer that is different 

than the products used in a daily sanitation program or by using the same daily sanitizer 

but at a higher concentration (Watkins, 2004).  Choosing the right sanitizer is important 

for other reasons because some chemicals, such as a concentrated bleach solution, may 

damage (i.e., corrode) water lines (Watkins, 2004).  Once birds are placed in the facility, 

a producer will be limited to the concentration of disinfectant allowed to prevent 

compromising the bird’s health or water consumption rates.  For this reason, it is 

important to begin with a cleaned and disinfected water line prior to bird placement for 

optimal sanitation purposes.     

B.  Litter treatments  

Litter treatments are commonly used in poultry houses to reduce harmful 

ammonia emissions offering a potentially better in-house environment to both birds and 

growers.  Microbial degradation of nitrogenous compounds such as uric acid, which is 

excreted by the bird, leads to the release of ammonia, a colorless, highly irritating 

alkaline gas (Carlile, 1984).  Litter pH, moisture content and temperature all play an 

important role in the rate of ammonia volatilization with an increase in volatilization 

observed by increasing in any of these variables (Moore et al., 1996).  Depending on litter 

pH, ammonia is present as either the uncharged form (NH3) or the ammonium ion 
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(NH4
+).  As litter pH increases, ammonia concentration increases.  Uric acid 

decomposition, by the enzyme uricase, is most favored under alkaline conditions.   

Ammonia concentrations can reach high levels when birds are reared in houses 

having artificial ventilation systems and heating (Burnett, 1969; Wolfe et al., 1968).  It is 

important to control ammonia levels in production facilities because high concentrations 

of atmospheric ammonia can be detrimental to the health of the bird and the grower 

(Carlile, 1984).  Kristensen and Wathes (2000) stated that exposure to ammonia can 

affect birds by causing irritation of the eyes and respiratory system, increasing respiratory 

disease susceptibility, and affecting feed intake, feed conversion and growth rate.  Other 

effects of ammonia on birds include an increase in breast blisters and a delay in reaching 

sexual maturity (Charles and Payne, 1966).  Due to the adverse affects on bird 

performance, Reece et al. (1980) suggested that ammonia not exceed 25 ppm in poultry 

houses.  Ammonia is detectable by humans at a concentration of 25 ppm (Carlile, 1984) 

and the negative impact on the health of the poultry grower is oftentimes overlooked.  

The US Department of Labor Occupational Safety and Health Administration (OSHA) 

has set the maximum allowable 8 hour ammonia exposure for humans at 50 ppm (OSHA, 

2005).  In Europe, the Control of Substances Hazardous to Health limits human exposure 

to ammonia at 25 ppm for an 8-hour day and 35 ppm for a 10-minute exposure (Moore et 

al., 1996). 

Proper house ventilation and litter management can be used to control high 

ammonia levels.  However, during the winter months, ventilation rates are generally 

reduced in order to conserve heat, thus leading to increases in ammonia levels.  When 

coupled with the high costs of winter ventilation, litter amendments have been utilized to 
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reduce ammonia levels by slowing uric acid degradation through the inhibition of 

microbial growth or by lowering litter pH, creating a neutralizing effect on the ammonia 

released (Carlile, 1984).  Sodium bisulfate, sulfuric acid and aluminum sulfate products 

are all common treatments that accomplish this task by releasing hydrogen ions that will 

attach to the ammonia to form ammonium.  Ammonium further reacts with sulfate ions to 

form ammonium sulfate, a water-soluble fertilizer (Blake and Hess, 2005).   Application 

of these treatments can allow for lower ventilation rates during the brooding phase, which 

should lead to savings in electrical and fuel costs. 

Litter treatments may also be used to reduce litter pathogens by lowering litter pH 

or to enhance the litter nitrogen composition for use as a fertilizer by reducing nitrogen 

volatilization.  The reduction of litter pH to a more acidic level (pH 4) results in a decline 

in pathogens such as E. coli, Salmonella and Clostridium to below detectable limits 

(Hardin and Roney, 1989).  This finding agrees with those of Pope and Cherry (2000) 

who reported significant declines in litter pH and ammonia levels along with total aerobic 

bacterial and E. coli populations in litter treated with a sodium bisulfate product as 

compared to non-treated houses.  Payne et al. (2002) have also shown that lowering litter 

pH to 2.68 and 3.48 using a sulfuric acid and sodium bisulfate litter treatment product 

significantly reduced Salmonella populations by 1.04 and 1.30 logs, respectively. 

C.  Best Management Practices 

1.  House Construction 

BMP’s can also be followed to help control pathogens in the production setting.  

The first important BMP is the farm location, which is a significant factor that can impact 

disease prevention.  Poultry houses should not be constructed too close to neighboring 
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farms to reduce cross-contamination risks with a minimum acceptable distance of at least 

1 km (0.62 miles) (Woodger, 1996).  A frequent source of infection during a disease 

outbreak is a neighboring farm (Zander et al., 1997).  Prevailing wind direction should 

also be considered when building poultry units in order to minimize the risk of airborne 

transmission of pathogens and viruses from farm to farm and house to house.  Avoiding 

close proximity to lakes and other bird migratory flyways is another important disease 

prevention step that should be taken when choosing site location to minimize the risk of 

disease introduction from wild birds (Shukla and Chandra, 2001). 

2.  Relative Humidity (RH) and Ventilation 

Controlling relative humidity (RH) inside the house and in the litter is another 

important control strategy for reducing pathogens, ammonia fumes, and parasites such as 

coccidia in the bird’s environment (Zander et al., 1997).  Mallinson (1998) reported that 

when litter RH values are less than 92%, Salmonella populations decrease.  According to 

Wabeck (1998), Salmonella can be controlled with a reduced litter Aw below 0.80 or 

when litter pH is maintained below 4.0.  This finding agrees with the reports of Opara et 

al. (1992), Carr et al. (1995), Hayes et al. (2000) and de Rezende et al. (2001) who also 

stated that reduced litter Aw levels (<0.84) may serve as an effective control measure for 

Salmonella contamination.     

Proper ventilation practices are not only critical to cooling birds, but are also a 

key management tool used to remove excess moisture from the broiler house and 

maintain a certain degree of dryness in the litter.  Valentine (1964) found that both 

ammonia and RH levels were reduced as the rates of air exchange inside well-insulated 

test pens (8 x 14 ft. or 2.44 x 4.27 m floor area) increased.  These levels may be easier to 
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control during the summer months when the water holding capacity of incoming air is 

high and high ventilation rates are required in order to keep birds cool.  During the winter 

months, removal of excess litter moisture can become problematic since the cooler 

incoming air has less moisture holding capacity than warmer air.  In addition, cool 

outside air should not directly contact birds. However, this problem can be largely 

overcome by ensuring a high rate of airspeed of incoming cool air.  This allows mixing of 

the cool air with the warmer air in the house, thus increasing the moisture holding 

capacity of the air and greater moisture removal from the litter.  This saturated air can 

then be circulated out of the house, allowing the removal of excess moisture (Donald et 

al., 2005).   

Alternative ventilation practices such as a ventilated floor system have been 

introduced in the Netherlands (Ferket, 1997).  This system consists of a slatted floor 

constructed under feeders and drinkers and covered by a coarsely perforated cloth with a 

layer of wood shavings on top.  Ducts are then used to maintain a continuous flow of 

forced air up through the layer of litter thus limiting ammonia and odor emissions while 

maintaining favorable litter moisture content levels. 

Mallinson et al., (2000) reported that low broiler litter surface airflow rates (< 

15.6 m/min or 51 ft/min) were related to increased litter Salmonella populations (1.63 

cfu/10g) compared to higher airflow rates (>15.6 m/min or 51 ft/min) and decreased 

Salmonella populations (<1.33 cfu/10g).  These low airflow rates were associated with 

higher litter moisture content (41.5% vs. 30.9%) and Aw levels (0.91 vs. 0.89) compared 

to high airflow rates, respectively. In another study, litter areas exposed to higher 

ventilation rates (> 60 ft/min or 18.3m/min) in commercial broiler houses were found to 
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be inversely related to lower moisture content (28 vs. 41.2%), Aw (0.85 vs. 0.91) and E. 

coli populations (8.2 x 105 vs. 5.4 x 106 cfu/10g) when compared to lower ventilation 

rates (<60 ft/min or 18.3m/min) (de Rezende et al., 2001).  At reduced Aw (0.85 to 0.89) 

and moisture content (<35%) levels, Salmonella populations were reduced to 20.7 and 

5.3 cfu/10g compared to higher Aw (0.90 to 0.95) and moisture content (35 to 49%) levels 

and Salmonella populations of 44.7 and 250 cfu/10g, respectively.  A low incidence of 

Salmonella from litter samples was observed from houses that were tunnel ventilated 

(131 to 198 ft/min or 39.9 to 60.3 m/min).  This observation suggests that tunnel 

ventilation could be effective at reducing moisture from the litter, which would in turn 

reduce Salmonella populations. These investigators recommended maintaining a modest 

and uniform ventilation rate of 100 to 150 ft/min (30.5 to 45.7 m/m) over the litter in 

order to maintain a dryer litter environment.  The findings of a study comparing three 

different RH levels (45, 40-80, and 75%) and two air velocities (15.8 to 19.7 ft/min and 

35.4 to 49.2 ft/min; 4.8 to 6 m/min and 10.8 to 15 m/min) on litter conditions, ammonia 

levels, growth and carcass quality of broilers grown in climatic chambers demonstrated 

that increases in RH significantly increased litter caking scores (1.74 to 2.0 and 2.23) and 

moisture content levels (29% to 31 and 36%) (Weaver and Meijerhof, 1991).  Ammonia 

levels were more variable but generally increased with increases in RH with no 

concentrations exceeding 20 ppm.  Furthermore, 42 day mean body weights were 

significantly greater (32g) in birds exposed to 45% RH compared to the two higher 

levels.  The incidence of breast blisters (16.3% vs. 5.6%) and foot pad dermatitis (53.5% 

vs. 13.9%) were significantly higher in birds reared at 75 vs. 45% RH, respectively.  

Lower nitrogen content in the litter corresponded to higher RH levels.  This observation 
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is attributed to more ammonia volatilization in wetter litter.  The rates of air movement 

within the chambers had less of an influence on the environment than RH levels; 

however, air circulation rates did influence litter moisture and caking scores.  Carr and 

Nicholson (1980) using three ventilation rates of low, medium and high, reported that 

increases in ventilation rates led to significant increases in broiler body weights and 

reductions in litter moisture and ammonia concentrations.  At 8 weeks of age, litter 

moisture content, atmospheric ammonia and bird weights were 36.6, 31.2 and 26.1%; 

46.6, 55.0 and 37.7 ppm; and 1.81, 1.97 and 2.14 kg for low, medium and high airflow 

rates, respectively.  Others have reported significant increases in breast blisters (18.7 vs. 

3.2%) among 9 week-old male broilers raised on wet (47% moisture content) versus dry 

(23% moisture content) litter (May and Noles, 1965).   

The prevention of leaks from water lines will also serve as a control measure to 

ensure dryer litter.  Moreover, selection of the proper litter with desirable absorption 

properties is very crucial along with proper litter clean-out procedures.  Some litter, such 

as freshly-milled wood shavings, often contain high levels of moisture (Mallinson, 1998) 

and should be avoided if possible.  Following litter removal from the house, the dirt floor 

pads should be given sufficient time to dry prior to the addition of new litter.  By 

maintaining a dry litter environment through proper ventilation and management 

practices a safer and healthier environment can be attained for broiler production.   

3.  Biosecurity 

Proper biosecurity measures should be taken in order to prevent and control the 

introduction of diseases onto the premises.  Biosecurity refers to the measures and 

methods adopted in order to secure a disease free environment for optimal flock health 
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and profitability of the farm (Shukla and Chandra, 2001).  A secure farm entrance along 

with a change room/shower facility for visitors to use will help to establish an effective 

biosecurity system (Woodger, 1996).  Additionally, only essential visitors should be 

allowed access to the farm and they should wear protective clothing with shoe covers 

before entering any facility.  Footwear is most often suspected as the carrier for disease 

transmission; however, hands can become contaminated when examining birds (Zander 

et al., 1997).  It is imperative for visitors to adequately wash and sanitize their hands with 

an antiseptic soap prior to entering any house. Diseases can be introduced onto the farm 

via personnel movement between houses and flocks and by contamination from vehicles, 

feed, water, rodents and insects (Shivaprasad, 1997).   

The entrance of each poultry house should contain an apron of concrete to help 

prevent tracking of disease into the unit (Zander et al., 1997).  Footbaths containing an 

effective disinfectant and located at the entrance of each facility can be an important 

biosecurity measure if properly maintained.  A disinfectant that is effective in the 

presence of high organic matter, low temperatures, and ultra violet light should be used.  

Regular changing of the disinfectant is required in order to be effective.  Wheel dips can 

also be used for vehicles visiting the farm.  A disinfectant with similar properties as those 

listed for footbaths should be chosen and changed frequently (Woodger, 1996).  An even 

more effective approach would be to construct a concrete apron containing a suitable 

water and power supply for spray washing and disinfecting vehicles entering the premises 

(Shukla and Chandra, 2001).   

Immediate removal of dead birds as well as an all-in/all-out flock program will 

help reduce the spread of diseases and infection.  By rearing birds of different ages on the 
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same farm, the risk of disease transmission increases and the ability to completely clean 

out and properly sanitize the site is compromised (Woodger, 1996).  As with any 

operation, insect and rodent control is required and operating a multi-age farm makes this 

task even more difficult.  Both insects and rodents can be vectors to pathogens such as 

Salmonella, Campylobacter and other disease causing organisms and should be 

controlled from a flock health and food safety standpoint (Woodger, 1996; Zander et al., 

1997).  Litter beetles are essential to control and should be sprayed for when detected.   

Other insects of concern include files, poultry mites, and the lesser mealworm, all of 

which may be carriers of Salmonella (Shivaprasad, 1997).  Applying a residual 

insecticide to the walls and floor of the poultry house after disinfection will further assist 

in control.  Rodents do not like to travel over spaces with insufficient cover; therefore, 

providing a 20 m or 65 ft. band of shortly mowed grass or gravel around each facility can 

aid in discouraging rodent migration onto the premise (Zander et al., 1997).  This same 

practice works well for discouraging insect migration.  Baiting rodents when food 

supplies are not present is considered an effective control strategy as well (Woodger, 

1996).  Free-flying birds are common carriers of Salmonella and poultry houses should 

be birdproof (Shivaprasad, 1997).  Wild bird intestinal, cloacal and fecal droppings 

collected on or near broiler houses during grow-out from 4 different farms showed that 

out of the total samples taken, 10% tested positive for Salmonella spp., 10% for 

Campylobacter jejuni, and 23% for Clostridium perfringens (Craven, 2000). 

4.  Vaccines 

Vaccines have been proposed for the reduction of Salmonella Enteritidis, S. 

Gallinarum, S. Heidelberg (D’Aoust, 2001) and S. Typhimurium DT104 in poultry.  
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Since S. Pullorum and S. Gallinarum have been mostly eradicated from commercial 

poultry flocks in the US, there is very little incentive for the production of vaccines to 

control these two species.  Both killed and live vaccines have been associated with 

significant protection in poultry with live vaccines traditionally exhibiting a longer 

lasting protective response (Gast, 1997).  However, neither type of vaccine has proven to 

provide full protection against Salmonella infection.  Recent interest in the use of killed 

vaccines for the control of S. Enteritidis in laying hens has emerged and researchers from 

the USDA have developed an oil emulsion vaccine of inactivated S. Enteritidis that 

provides increased protection for laying hens (Durham, 2005).  This experimental 

vaccine differs from other commercially used S. Enteritidis vaccines in that it is 

formulated to increase antibody levels in the host gastrointestinal tract thus reducing 

colonization, shedding and the spread to other internal organs.  Vaccination can be 

regarded as an additional measure to increase the resistance of birds to Salmonella and to 

reduce fecal shedding of Salmonella thus decreasing public health risk. 

5. Competitive Exclusion and Probiotics 

Adult-type microflora established into newly hatched chicks have shown 

protection against Salmonella infection.  This concept, referred to as competitive 

exclusion, was developed by Nurmi and Rantala (1973).  These researchers recognized 

that under current poultry production practices, the chick has no contact with the mother 

hen.  Under past management practices, bacteria shed in the feces of the healthy adult hen 

provided the establishment of a similar microflora in the chick.  Day-old chicks have very 

little microflora in their gut and this makes them even more susceptible to Salmonella 

colonization (Bailey, 1993).  Due to the advent of modern incubation, the first bacteria 
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that the chick is exposed to are of hatchery, chick box or poultry house litter origin.  In 

some instances, new litter has shown to be contaminated with Salmonella prior to bird 

placement (Kumar et al., 1971, Simmons and Byrnes, 1972; Bhatia et al., 1979).  The 

normal microflora of the gut is made up of diverse bacterial populations that compete for 

attachment sites and nutrients from the ingested feed passing through the intestinal tract.  

We now know that this natural microflora plays an important role in preventing pathogen 

colonization by physical obstruction of attachment sites, competition for essential 

nutrients, modulation of the host immune response and producing antimicrobial agents 

such as hydrogen peroxide, organic acids, and bacteriocins which all may limit pathogen 

proliferation (Mead, 2000; Rastall et al., 2005).  Probiotics, live microorganisms which 

beneficially affect the host by improving the intestinal microflora balance and prebiotics, 

a non-digestible food ingredient that selectively stimulates the growth and/or activity of 

one or a limited number of bacteria that can improve host health, have both been used in 

forming a barrier against invading pathogens (Rastall et al., 2005).   

When considering probiotics, the strains with beneficial properties are most often 

Bifidobacteria and Lactobacillus (Isolauri, 2004).  These bacteria benefit intestinal health 

through competitive exclusion of pathogens and stimulation of the host immune response.  

In commercial poultry production, this treatment is aimed at increasing the resistance to 

chicks or poults to Salmonella infection by compensating for the slow development of the 

natural gut microflora (Mead, 2000).  Other uses include restoring intestinal microflora 

following disruption from antibiotic therapy.  Antibiotics may be used to eliminate 

certain infections; however, they may leave the bird susceptible to re-infection after the 

treatment ceases (Mead, 2000).  Ideally, probiotic products would be administered as 
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early as possible to the day-old bird.  Automated spray cabinets are preferred due to a 

rapid and evenly dispersed treatment.  If older birds are to be treated in the field, 

administration by the drinking water is the usual choice (Mead, 2000).   

Both defined and undefined probiotic cultures have been used with advantages 

and disadvantages noted with both types.  Undefined cultures of intestinal bacteria have 

been highly effective against pathogen colonization; however, there have been concerns 

over their undefined nature.  It is essential that cultures are free from human and avian 

pathogens; therefore, the product must be screened for pathogens prior to manufacturing 

the product.  Defined cultures have been developed; however, the number of strains in a 

product is critical for their effectiveness.  Products containing only a few strains of 

bacteria are not as effective (Stavric and D’Aoust, 1993).  Blankenship et al. (1993) 

found that by applying an undefined culture of mucosal scrapings to broiler chicks, the 

prevalence of Salmonella contaminated carcasses following processing was 10% in 

treated vs. 41% for controls.  In an in vitro study of chicken small intestine fragments, 

Lactobacillus animalis inhibited the adhesion of S. Pullorum, S. Enteritidis and S. 

Gallinarum to the gastrointestinal tract by 90, 88 and 78%, respectively (Gusils et al., 

1999). 

6. Prebiotics 

Prebiotics such as oligosaccharides also show promise for the prevention and 

reduction of pathogen colonization in the intestinal tract and promoting gut health.  

Fructooligosaccharides (FOS) are oligosaccharides of D-fructose that competitively 

exclude the adherence of pathogens by acting as a substrate for beneficial gut microflora 

such as Bifidobacteria and Lactobacilli (Ferket, 2003).  The idea behind introducing 
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prebiotics into the intestine is to stimulate certain beneficial indigenous bacteria, which in 

turn secrete antimicrobial compounds, modulate immune function and compete with 

pathogens for binding sites (Rastall, 2005).  Having optimal gut microflora can increase 

resistance to pathogenic bacteria (Gibson, 2004).  Broilers fed FOS supplemented diets 

resulted in 24- and 7-fold increases in Bifidobacteria and Lactobacilli populations, 

respectively (Patterson et al., 1997).  

Mannan-oligosaccharides (MOS) are derived from the yeast cell wall of 

Saccharomyces cerevisiae and are available as commercial prebiotic feed supplements 

(Shane, 2001).  Although MOS fall under the same classification of oligosaccharides, 

MOS works much differently than FOS as a prebiotic.  Enteric pathogens with Type-1 

fimbriae will attach specifically to the mannose as opposed to adhering to the intestinal 

epithelial cells.  These pathogens can then be passed through the intestinal tract without 

colonizing (Ferket, 2003).   According to Oyofo et al. (1989a), mannose inhibited in vitro 

adherence of S. Typhimurium to intestinal cells of day-old chicks by more than 90%.  

Furthermore, Oyofo et al. (1989b) showed that colonization of S. Typhimurium in 

broilers could be inhibited by supplementation of mannose in the diet.  Due to the high 

concentrations of mannose required to control colonization, the use of pure mannose in 

the diet is not cost effective.  However, the mannose based carbohydrate MOS is 

available at reasonable prices, making it a more cost efficient approach for diet 

supplementation (Spring et al., 2000).  According to Ferket (2003), MOS promotes 

animal growth and health by inhibiting colonization of enteric pathogens, enhancing 

immunity, modifying microflora fermentation favoring nutrient availability, enhancing 
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the brush border mucin barrier, reducing enterocyte turnover rate and enhancing gut 

lining integrity.   

7. Bacteriophages 

The use of bacteriophages is another viable option to prevent and treat bacterial 

infections and reduce foodborne pathogen colonization in poultry.  Bacteriophages are 

viruses that infect, multiply and kill bacteria.  Evolving from bacteria ubiquitous in 

nature, bacteriophages are considered safe and are not active against animal or plant cells 

(Huff et al., 2005).  The two general types of bacteriophage include virulent and 

temperate.  Virulent bacteriophage kill bacteria by a multiple-step process that first 

involves attachment to the bacteria by recognizing specific bacterial receptors such as 

proteins, carbohydrates, glycoproteins, lipids, or lipoproteins.  Next, viral DNA is 

injected into the bacterial cell where viral replication occurs and the cell enters into the 

lytic pathway.  Destruction of the bacterial cell occurs through lysis, resulting in a release 

of bacteriophage daughter particles or virions.  Temperate bacteriophage behave in a 

much different way by coexisting within the bacterial cell as a prophage by integrating 

viral DNA into the host DNA following infection.  The prophage replicates along with 

the host cell and converts the bacteria to a lysogenic cell.  If the lysogenic cell becomes 

stressed, the prophage can become activated and enter the lytic pathway, resulting in the 

production of new virions and lysis of the host cell (Madigan et al., 2003; Huff et al., 

2005).  For the control of pathogens, virulent bacteriophages are the preferred treatment 

(Huff et al., 2005). 

Bacteriophage treatment has been studied for use in poultry.  Barrow et al. (1998) 

inoculated treated groups of 3-week-old birds intramuscularly with 106 cfu/ml of E. coli 
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and 106 pfu/ml of bacteriophage R while untreated groups received 106 cfu/ml of E. coli 

alone.  In the absence of phage R, the E. coli produced 100% mortality, whereas in birds 

treated with equal doses of E. coli and phage R, no mortality was observed.  In a similar 

study, seven-day-old birds were inoculated with 103 cfu/ml of E. coli alone or with the 

challenge culture mixed with 103 or 106 pfu/ml of bacteriophage SPR02.  Birds receiving 

the challenge culture alone resulted in an 80% mortality rate whereas birds receiving the 

challenge culture mixed with the bacteriophage of 103 or 106 pfu/ml resulted in 25 and 

5% mortality rates, respectively (Huff et al., 2005).  Bacteriophage treatments not only 

show promise for controlling pathogens at the live production setting but also during 

processing.  Goode et al. (2003) found that lytic bacteriophages (103 pfu/cm2) applied to 

chicken skin experimentally contaminated with approximately 103 cfu/cm2 of Salmonella 

Enteritidis reduced mean counts from log10 3.91 to 2.96 after 48 hours at 4ºC while non-

phage treated samples contained a mean log10 value of 3.49.  In the same study, chicken 

skin was inoculated with 104 cfu/cm2 of Campylobacter jejuni and then treated with 106 

pfu/cm2 of bacteriophage.  After 24 hours at 4ºC, mean counts were reduced from log10 

4.05 to 1.74 while non-phage treated samples contained a mean log10 value of 2.99.  

Some limitations associated with bacteriophage treatment include their specificity, their 

ability to act as a vehicle of bacterial genes that may be transferred to other bacteria, 

regulatory and public acceptance, and the practicality of administration to animals (Huff 

et al., 2005). 

It is apparent that disinfection, litter treatments, best management practices, 

vaccines, and other bird treatment products can be effectively used as a multi-step 

intervention program by the producer and integrator for animal and foodborne pathogen 
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control at the grow-out phase of production.  By following these and other recommended 

practices, disease risk and transmission can be reduced resulting in optimized poultry 

production with increased profitability.  Healthy birds are less compromised and stressed, 

making them less susceptible to pathogen invasion, colonization and fecal shedding, thus 

reducing foodborne pathogen risks.  Furthermore, understanding the ecology, interactions 

between varying environmental factors in the poultry production setting and the 

subsequent effects on foodborne pathogen populations and transmission, can lead to the 

development of improved control strategies for reducing these pathogen risks and their 

transmission to humans. 

VII.  Observations of Salmonella Growth Behavior  

In a food system, assuming sufficient nutrients are available, microbial growth is 

controlled primarily by intrinsic factors such as available nutrients, pH, Aw, and redox 

potential and extrinsic factors such as storage temperature, relative humidity, gaseous 

atmosphere (Adams and Moss, 1995) with additional environmental factors or treatments 

also contributing (Gibson et al., 1988).  These same factors are equally important and 

applicable in non-food systems when observing microbial behavior.  Research studies 

designed to control the growth parameters of various microorganisms have been 

conducted in order to study the organism’s growth and death kinetics over time.  

Numerous studies have focused on evaluating the growth kinetics of Salmonella as 

affected by changes in growth parameters or treatments in various optimal and 

nonoptimal environmental conditions (Gibson et al., 1988; Blackburn et al., 1997; 

Himathongkham et al., 1999; Koutsoumanis et al., 1999; Oscar, 1999a,b; Lanciotti et al., 
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2001; Tamagnini et al., 2004).  Other factors such as previous growth conditions may 

also be important when predicting bacterial growth during stressful conditions.   

Oscar (1999a) evaluated the effects of temperature, pH and previous growth pH 

on the growth kinetics of Salmonella Typhimurium in brain heart infusion broth and 

reported that previous growth pH, common to that found in fecal material (5.7 to 8.6), did 

not significantly alter the growth kinetics of Salmonella populations.  However, pH and 

temperature effects influenced Salmonella lag time and growth rate.  Other researchers 

have examined the effects of temperature, pH and NaCl concentration as control factors 

for Salmonella in modified tryptone soya broth and discovered that optimum survival 

occurred between pH 5.9 and 6.5 (Blackburn et al., 1997).  Increasing the alkalinity or 

acidity above or below pH 6.4 at 3.5% NaCl w/w and 64.5ºC caused a reduction in the 

observed and predicted D-values.  Himathongkham et al. (1999) studied the survival of 

Salmonella in chicken manure at different levels of water activity and observed an 

increase in populations at Aw levels higher than 0.93 while at Aw levels of 0.89 to 0.75 

there was a thousand-fold decrease in Salmonella populations.  The destruction of 

Salmonella was most rapid at an intermediate Aw level of 0.89.  The authors theorize that 

at Aw levels slightly below that permitting growth, metabolism continues and by products 

are produced that damage or perhaps destroy the cell.  At lower Aw levels, metabolism 

may cease altogether.  Koutsoumanis et al. (1999) found that S. Enteritidis survival in 

taramasalad with 0.5% oregano oil increased as temperature decreased from 20 to 5ºC, 

presumably due to the lower metabolic activity.  An additive effect of decreased pH (5.3 

to 4.3) and increased storage temperature (5 to 20ºC) resulted in the greatest reductions 

(> 5 log) in Salmonella populations.  Tamagnini et al., (2005) also observed storage 
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temperature effects on Salmonella inoculated into Crottin goat cheese.  They found that 

the organism survived for 42 days when stored at 5 and 15ºC yet was undetectable at 42 

days when stored at 25ºC.  In a second where previous growth conditions were evaluated, 

Oscar (1999b) explained the effects of growth temperature and previous growth 

temperature on Salmonella growth kinetics on cooked ground chicken breast. Growth 

temperature had a significant effect on Salmonella lag time and growth rate, whereas 

previous growth temperature did not.  As expected, as temperature increased from 16 to 

34ºC, lag time decreased and growth rate increased.  Results from these and other studies 

are useful to better understand and predict Salmonella growth behavior when exposed to 

varying environmental conditions.    

VIII.  Predictive Modeling 

Modeling of an organism’s growth or death response to various thermal 

treatments began around 1920 with the development of methodologies for determining 

thermal death times.  These modeling studies served to revolutionize the canning industry 

(Whiting and Buchanan, 2001).  Since then, predictive modeling of microbial populations 

in the food industry has become increasingly popular due to the advent of the personal 

computer, increased numbers of limited shelf life food products, and the concept of 

multiple hurdle approaches for food preservation (Whiting and Buchanan, 2001).  The 

concept behind predictive modeling in foods is to develop a mathematical model that 

estimates the organism’s growth or inactivation in a nutrient broth or a defined food 

model system while controlling environmental factors.  This approach allows food 

scientists to foresee the effects of altering extrinsic factors or applying treatments on 

microbial growth, shelf-life, and safety of consumer food products and possibly may help 
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to pinpoint the conditions that should be avoided.  The models are constructed by 

measuring the response of microorganisms to the principle controlling factors 

(McMeekin et al., 1993).  Common environmental factors used in model food systems 

include temperature, pH, salt or water activity, sodium nitrite, organic acid, aerobic-

anaerobic atmosphere (McClure, et al., 1994), redox potential, and other inhibitory agent 

concentrations (ICMSF, 1996).  Understanding the interactions and effects of these 

environmental factors on microbial populations allows for the prediction of microbial 

behavior, identifies key control factors, and helps to reduce food spoilage 

microorganisms and pathogens, thus extending product shelf life and minimizing 

potential human foodborne illnesses (Hajmeer and Cliver, 2002). 

Observing changes in bacterial populations over time while controlling 

environmental growth factors yields a growth and/or death curve.  A typical growth curve 

under favorable conditions consists of a lag, log (exponential), stationary and death 

(decay) phase.  During the lag phase, cells adjust to the surrounding environment and 

exhibit little or no growth.  Growth occurs rapidly at a relatively constant rate during the 

exponential phase, while growth slows and the cell division rate equals the death rate 

during the stationary phase.  This reduction in growth can be attributed to the 

accumulation of waste metabolites produced by the bacteria along with the depletion of 

essential nutrients.  Lastly, the death phase involves further accumulation of toxins 

causing bacterial lysis as the death rate exceeds the reproduction rate (Hajmeer and 

Cliver, 2002).   

The various environmental factors listed above may influence microbial growth or 

inactivation either independently or interactively.  The cured meat system provides an 
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excellent example of how to control bacterial growth through the interactive effects of 

environmental factors.  The combined effects of temperature, pH, NaCl content, oxygen 

availability, and nitrite concentration are responsible for the control of foodborne 

pathogens in cured meat (ICMSF, 1996).  Such complex relationships could require large 

and complex experimental designs containing many combinations and concentrations of 

variables to describe the interactive effects, which can be very costly and extremely time 

consuming.  The likelihood of testing every possible combination of factors that could 

occur is generally not feasible.  It is here that predictive modeling allows for the analysis 

of multiple variables by establishing design points with different levels of each variable.  

By comparing the bacterial growth kinetics for each set of distinct environmental 

conditions, the influence of environmental parameters on bacterial populations can be 

determined by building a cumulative data set from growth or death curves, followed by 

interpolating calculated microbial responses (ICMSF, 1996).  Predicting microbial 

responses can be accomplished through the development of a mathematical equation or 

model from the observed responses to predict population outcomes over the entire range 

of experimental conditions. 

Typically, two approaches have been used to model the growth or inactivation of 

foodborne pathogens.  The probabilistic approach focuses on the probability of growth or 

toxin production.  This approach has been widely used for modeling Clostridium 

botulinum populations, where any growth or toxin production is considered unsafe.  For 

this paper, we will focus primarily on the kinetic approach, which describes the growth 

and death kinetics of microorganisms and was originally developed for vegetative 

pathogens (ICMSF, 1996). 
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A number of growth kinetic models have been cited in the literature such as 

Gompertz, log-linear, vitalistic, Baranyi, etc. (Cole et al., 1993; Little et al., 1994; Linton 

et al., 1995; Blackburn et al., 1997; Grijspeerdt and Vanrolleghem, 1999; Koutsoumanis 

et al., 1999; Whiting and Buchanan, 2001; Hajmeer and Cliver, 2002; Buzrul and Alpas, 

2004; Tamagnini et al., 2004).  A well-known model is often fitted to the observed 

microbial population data and the growth parameters applicable to the chosen model are 

then calculated.  Using a model does not always guarantee a good fit to the experimental 

data, which can lead to misinterpretations.  One must proceed with caution when 

choosing the appropriate model or as an alternative use experimental trial and error for 

model selection because different models use different parameters and thus cannot be 

compared directly (Hajmeer and Cliver, 2002).  The most important quality for a 

predictive model to exhibit is the ability to accurately describe the observed data.  The 

model should allow for a full range of variables so that when predicting responses, the 

values do not fall beyond the range of the variables used to establish the model 

(McMeekin et al., 1993). Given the empirical nature of these models, the decision to use 

a particular model to properly describe microbial behavior often relies on statistical 

criteria (Tamagnini, 2004). 

A.  Gompertz Model 

The Gompertz model is widely used for modeling bacterial growth and is 

regarded as one of the best analytical tools.  The general form of the model is written as 

follows:  

 

Log N = A + Dexp{-exp[-B(t-M)]} 
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Where N represents the number of bacteria; A, B, D, and M are empirical constants; and t 

is time.  A corresponds to the value of the lower asymptote or initial inoculum population 

[i.e. log N (-∞)], D corresponds to the value between the lower and upper asymptotes [i.e. 

log N (∞) – log N (-∞)] or the change in cell numbers between inoculum and stationary 

phase, M corresponds to the time at which exponential growth rate is maximum, and B 

corresponds to the slope of the curve at M or the relative growth rate (Whiting and 

Buchanan, 2001; Hajmeer and Cliver, 2002).  Despite it’s wide use in the United 

Kingdom for the Food Micromodel and the USDA Pathogen Modeling Program, the 

Gompertz function does exhibit certain characteristics that aren’t always compatible with 

microbial kinetics (Whiting and Cygnarowicz-Provost, 1992).  For instance, the lag 

period is not generally strictly horizontal and there is no period of linear exponential 

growth as observed with most growth curves (Whiting and Buchanan, 2001).  

Additionally, the model does not extend beyond the stationary phase. 

B.  Baranyi Model 

 The Baranyi model (Baranyi and Roberts, 1994), on the other hand, overcomes 

many of the objections posed by the Gompertz model and therefore provides a more 

mechanistic approach.  The model includes a linear exponential growth phase and a lag 

phase that is determined by an adjustment function.  Besides having good predictive 

capabilities, the Baranyi model is dynamic due to it’s ability to fit time varying 

environmental conditions (Grijspeerdt and Vanrolleghem, 1999).  The Baranyi model is 

based on four parameters: 1) a parameter expressing the lag phase LP; 2) kD, the death 
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rate (log10 cfu/g*days-1); 3) y0 representing the initial bacterial count (log10 cfu g-1); and 

4) yend representing the final bacterial count (log10 cfu g-1). 

C.  Log-linear Model 

 When describing the thermal inactivation of microorganisms under adverse 

conditions, the traditional log-linear model has been largely used.  This is achieved by 

plotting the logarithm of the survivor populations against exposure time and calculating 

the decimal reduction time (D-value) (Cole et al., 1993), assuming that the reduction in 

population decreases linearly over time.  The model also assumes that cells in a 

population have equal heat sensitivity and the model fits well when death is rapid; 

however, deviations from linearity are common under different circumstances including 

milder heat exposure (Cole et al., 1993; Little et al., 1994; Buzrul and Alpas, 2004).  This 

lack of linearity may suggest variability in heat sensitivities in the overall population 

(Stephens et al., 1994).  Little et al. (1992) showed that Yersinia enterocolitica under sub-

optimal pH and temperature conditions did not follow a log-linear relationship.  

Furthermore, the model does not properly describe the sigmoidal or semi-sigmoidal 

survival curves with shoulder or tailing regions (Skandamis et al., 2002).    

D.  Vitalistic Model 

 In order to overcome the problems associated with the log-linear model, thermal 

inactivation has been described using a logistic function of log survivors to log time 

(vitalistic model) which allows for a better fit across a range of conditions tested such as 

temperature, pH and NaCl (Cole et al., 1993; Little et al., 1994; Stephens et al., 1994).  

This vitalistic model (Cole et al., 1993) assumes a distribution of heat sensitivity within a 
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cell population and includes parameters describing non-linear curves.  The general form 

of the model is: 

 

log10 (viable cell number/ml) =  ά   +     ώ   –   ά    

         1 + exp(4σ(τ – log10 time)/ώ-ά  

 

where Alpha, ά = upper asymptote or shoulder (the maximum viable population) 

           Omega, ώ = lower asymptote or tail (the minimum viable population) 

Sigma, σ = the maximum rate of inactivation 

Tau, τ = the time to the maximum rate of inactivation 

Membre et al., (1997) found that the vitalistic model yielded an accurate description of 

Listeria monocytogenes during the decline phase as a function of temperature, NaCl and 

phenol compounds.  Buzrul and Alpas (2004) reported that the log-logistic model gave 

more accurate predictions of the inactivation of Listeria innocua at different pressure and 

temperature levels when compared to the traditional log-linear model. 

E.  Churchill Model 

One common disadvantage of the above-proposed models is the inability to fit a 

data set exhibiting both growth and decline in one successive step.  A model proposed by 

Churchill and Usagi (1972), referred to as the Churchill model, was developed for use in 

chemical engineering and has been adapted for use in microbial kinetics (Membre, et al., 

1997).  This approach allows for both a growth and decline phase to be factored into the 

equation.  The general form of the model is:  
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Log N = Y = Ŷ + ε 

 

Where N represents the initial population of bacteria, Y is the statistical response, Ŷ 

represents the adjusted value and ε corresponds to the residual error at time t.  Ŷ can be 

further broken down into two functions: 

 

Ŷ = {ƒ1
-1+ ƒ2

-1}-1

 

The term ƒ1 = K1 · exp(λ1 · t) and ƒ2 = K2 · exp(λ2 · t) with ƒ1 corresponding to microbial 

growth and  ƒ2 corresponding to microbial decline.  The overall equation describing the 

entire set of experimental conditions is as follows: 

 

Ŷ = [1/ K1 · exp(-λ1 · t) + 1/ K2 · exp(λ2 · t)]-1 

 

The use of a single equation prediction model has advantages over models requiring two 

equations, which require knowledge a priori of the organism’s behavior in the selected 

environment (Membre et al., 1997).  The Churchill model is capable of predicting 

microbial growth responses throughout the range of experimental conditions regardless of 

the microbial behavior.  In addition, the proposed model offers a simplistic approach to 

solving the non-linear equation system (Membre et al., 1997). 

 The Churchill model was used in a study modeling the growth, survival and death 

of Listeria monocytogenes in Listeria enrichment broth as a function of temperature (4, 8 

and 12ºC), NaCl (2, 3 and 4% w/v), and phenol (5, 12.5 and 20 ppm) concentrations 
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(Membre et al., 1997).  The model successfully fit observed growth and decline data of 

Listeria over time and led to a better description of the data when compared to the 

Gompertz and vitalistic models.  Furthermore, a generalized model predicting Listeria 

growth and death kinetics under all experimental design conditions was developed.  

Tamagnini et al. (2005) observed similar results when studying the growth and death 

behavior of Yersinia enterocolitica and Salmonella Typhimurium in goat cheese stored at 

5, 15 and 25ºC for 42 days.  When a growth phase was followed by decline in bacterial 

populations, the Churchill model expressed the best fit when compared to the Gompertz 

and vitalistic models. 

F.  Modeling Limitations 

 It should be noted that predictive models have limitations and should not be solely 

relied upon for determining the safety of foods and other processing systems.  

Independent microbial laboratory studies are still required for validation purposes when 

determining the growth or survival of pathogens.  Moreover, most models do not include 

all of the growth factors influencing the growth kinetics of the organism under 

investigation.  Other factors such as the presence of bacteriocins and essential oils or 

competitive exclusion effects from other organisms are often not factored into the model.  

In many cases, the behavior of a specific pathogen in a specific growth media or food 

product is investigated and thus the results should only be interpreted for those specific 

conditions. 

G.  Modeling Applications For Poultry Production 

Predictive modeling has been used in the past in order to describe the effect of 

environmental factors and their interactive effects on the microbial behavior of foodborne 
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pathogens (Gibson et al., 1988; Buchanan and Phillips, 1990; Wijtzes et al., 1993; Linton 

et al., 1995; Koutsoumanis et al., 1999).  The USDA based Microbial Pathogen Computer 

Modeling Program can be used as a valuable tool for food companies when supporting 

HACCP requirements and is now available in a series of programs that can be run on 

personal computers (Whiting and Buchanan, 2001).  A food manufacturing company can 

use these programs as a tool for estimating the influence of a limiting agent or the 

combination of agents and evaluating potential problems that might occur during 

processing.  Pathogen modeling programs are useful in supporting hazard analysis, 

developing critical limits, and predicting the effectiveness of corrective actions taken.  

Although the majority of predictive models have been used in model food systems, the 

opportunity for use in other model systems such as live animal production environments 

certainly presents itself.  Predictive modeling can serve as a useful tool for assessing 

Salmonella contamination issues currently facing the poultry industry.  Observing 

Salmonella growth and death kinetics in an animal production based model system while 

controlling environmental factors can lead to the development of a predictive model for 

estimating microbial responses under a range of environmental factors.  By understanding 

the behavior of Salmonella in the grow-out environment and how these pathogens 

interact with various environmental growth parameters such as pH, Aw and temperature, 

pre-harvest Salmonella control strategies can be developed for reducing foodborne 

pathogen prevalence and populations entering processing plants and their subsequent 

transmission risk to humans. 

Numerous studies involving predictive modeling have evaluated bacterial 

behavior in laboratory media and then used those predictions for real world applications, 
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specifically food products.  This approach may compromise the accuracy of the model 

thus leading to poor predictions of microbial responses because data used to develop the 

model were derived from culture broths and not the specific foods or applications of 

interest (Skandamis et al., 2002).  In order to more accurately predict Salmonella 

behavior during pre-harvest production, whenever possible the natural reservoirs of this 

organism should be used as a base when designing a predictive model system.  In the 

case of Salmonella contamination during the grow-out phase of production, spent poultry 

litter can adequately serve as this base product for modeling purposes.  Studies carried 

out in this fashion have the advantage of developing more accurate models that are 

specific to the product being evaluated. 

H. Objectives 

 The purpose of our studies is to assess Salmonella dynamics in the commercial 

poultry production environment.  Insight gained into the effects of common 

environmental growth factors on Salmonella growth or death behavior in poultry litter 

could lead to improved control strategies for reducing foodborne and environmental 

contamination risks.  Furthermore, a predictive model could estimate Salmonella 

contamination populations based on environmental factors and identify litter conditions 

that should be avoided.  The end result would be to use the information gained as a tool 

for developing best management practices to be used in a multiple step intervention 

program during pre-harvest production.   
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ABSTRACT 
 

Salmonella contamination during the grow-out phase of poultry production is an area that 

is receiving increased attention.  By assessing the relationship of on-farm Salmonella 

populations to environmental parameters and farm management practices, on-farm 

pathogen control strategies similar to those developed for processing HACCP programs 

may be identified.  A study was conducted to determine Salmonella prevalence, 

populations, serotypes, and antibiotic resistance in fresh excreta and litter from North 

Carolina broiler farms.   Litter pH, temperature, ammonia levels, moisture content, and 

water activity were also measured.  Composite litter and fecal samples were aseptically 

collected from three commercial farms (two houses per site) as a function of bird age (1-3 

wks, 4-6 wks) and season (summer, winter) and the population of Salmonella spp. 

enumerated using a 3-tube Most Probable Number (MPN) method.  Fifty percent of the 

litter (n = 24) and fecal (n = 24) samples were Salmonella positive.  Litter and fecal mean 

and range of Salmonella populations were 1.70 and ≤1.0 to 3.6 and 1.57 and ≤1.0 to 3.1 

log MPN/g, respectively.  A total of four different serotypes were isolated from the six 

broiler houses with Salmonella Kentucky and Salmonella Heidelberg being the two most 

common isolates.  Ninety-six percent of the isolates were resistant to ≥ 1 antimicrobial 

agent(s).  The results of this study indicate that Salmonella spp. populations and their 

prevalence in commercial broiler farms were not impacted by individual farm, season, or 

flock age effects, but their 3-way interaction did influence Salmonella populations. 

  
 
 
 

 

 73



INTRODUCTION 

A critical public and industry concern involving poultry production is the 

presence of foodborne pathogens in the production environment and in or on the bird.  

These foodborne pathogens are estimated to cause millions of illnesses and thousands of 

deaths annually in the United States (29).  Foodborne illnesses are caused by the 

ingestion of a sufficient infective dose of pathogenic bacterial cells, viruses, or their 

toxins (1).  Consumption of contaminated poultry products is often associated with the 

foodborne illness salmonellosis (12, 45).  Not only does Salmonella pose a public health 

threat, but it also has an economic impact on the poultry industry by threatening 

consumer markets and increasing production and processing costs (9).  

Contamination can arise at the pre-harvest level with sources including 

contaminated feed (24), feces, nest boxes, litter, floors, incubators (13), rodents, insects, 

wild birds, water (3, 6), and humans (26).  Bryan and Doyle (12) stated that commercially 

reared birds are in constant contact with litter and dust, both of which can be a source of 

contamination.  Salmonella contamination of birds may occur before, during or after the 

grow-out phase of production (8).  Once infected, these birds may excrete concentrations 

of up to 109 Salmonella per gram of feces for up to a two-week duration (7).  Studies 

have documented that the Salmonella serotypes isolated from the final commercial 

product are also generally found in the production house litter and other areas of the 

production environment (7, 26).  A recent study conducted by the USDA Food Safety and 

Inspection Service (FSIS) (49) reported that Salmonella prevalence in broiler carcasses 

collected from a wide variety of processing establishments between 1998 and 2002 

ranged from 7.1% to 37.2%. 
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 When considering the human health and economic concerns associated with 

Salmonella contaminated poultry products, the industry must constantly be searching for 

new and effective control measures.  One area of the production continuum that has 

recently received considerable attention on this subject is the grow-out phase.  The 

identification of effective critical control points or control strategies on the farm can aid 

in developing a food safety control program similar to that of the Hazard Analysis 

Critical Control Point (HACCP) program which has been implemented at the post-

harvest level.   In order to fully understand pre-harvest contamination problems for use in 

future pathogen control program development and implementation, one must properly 

assess the populations and prevalence of Salmonella present on the farm along with how 

varying environmental growth parameters and management practices impact its growth, 

persistence and true risk for consumers.  Numerous studies have been conducted to 

determine the presence or absence of Salmonella at the grow-out phase, yet few have 

actually determined Salmonella populations.  Merely observing the presence or absence 

of Salmonella does little to determine if contamination levels are high or low, making it 

difficult or impossible to properly assess the impact of management practices, housing, 

and the environment on the fate of Salmonella.  The following study was conducted to 

estimate specific Salmonella populations in fresh excreta and litter from commercial 

North Carolina broiler farms using the Most Probable Number (MPN) method for 

enumeration.  Serotyping and antimicrobial resistance testing further characterized the 

Salmonella isolates.  Litter pH, temperature, moisture content and water activity were 

determined along with weekly bird mortality rates.  A grower survey was conducted as 

well in order to assess on-farm management practices.  Baseline data collected were also 
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used for developing future studies modeling Salmonella growth and death behavior in 

poultry litter. 

MATERIALS AND METHODS 

Experimental design.  Six individual houses from three commercial broiler farms (two 

houses per farm) were sampled in this study.  Each farm consisted of tunnel ventilated, 

dirt-floored houses with pine shavings serving as bedding material. Salmonella 

populations were enumerated during two different seasons of the year, winter and 

summer. The farms were coded as F1 through F3. In addition to seasonal effects, age 

effects were also studied. The farms were sampled from different flocks when the birds 

were between 1 to 3 weeks of age as well as when birds were between 4 to 6 weeks old. 

All three farms had similar management practices since they were integrated under the 

same company.  According to the grower surveys, Farms 1 and 3 removed litter from the 

house every 2-5 years while Farm 2 cleaned out the facility once every year.   

Sampling procedures.  Litter samples, measuring approximately one inch (2.54 cm) in 

depth and weighing approximately 10 g each, were uniformly taken from 10 points in 

between water and feed lines following a zigzag pattern throughout each house. The 10 

samples were pooled in a Ziploc® bag and stored on ice during transport to the laboratory. 

Fresh composite fecal droppings were also sampled across the entire length of the house, 

placed in sterile Whirl-Pak® (Nasco, Fort Atkinson, WI) bags and stored on ice in a 

transport cooler. 

Litter temperatures were measured with a calibrated thermometer (Oakton 

Instruments, Vernon Hills, IL) at 10 points in between the water and feed lines (same 

locations where litter samples were taken for microbiological analysis). 
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Ammonia concentration in the litter was measured at floor level (35) for 3 points 

of the house (both ends and middle) using short-term tubes (5-70 ppm capacity) and an 

ammonia gas detector pump (Draeger, Pittsburgh, PA). A 1.6 L flower pot (with a small 

opening in its bottom) was placed up-side down on the litter where it remained for a 5-

minute equilibration time. The short-term tube was subsequently inserted in the opening 

and ammonia readings were measured as recommended by the manufacturer. Ammonia 

testing tubes were used once and discarded. 

Total bird mortalities were recorded during each sampling visit from house record 

sheets and the current weekly mortality rates were calculated. 

Most Probable Number (MPN) technique.  Upon arriving at the laboratory, 25 g of 

each composite sample were placed in separate 7 x 12 inch (17.78 x 30.48 cm) sterile 

filtered stomacher bags (Oxoid, Ogdensburg, NY) and 50 ml of buffered peptone water 

(BPW) (Oxoid) were added to each bag.  The bags were then homogenized for one 

minute each (53) using a stomacher (IUL Instruments, Barcelona, Spain). 

A three tube MPN technique as similarly described by Voogt et al. (52) was 

employed using BPW as a pre-enrichment broth. Ten milliliters were taken directly from 

each bag, placed into empty sterile test tubes (identified as 100 dilution), and then 1 ml of 

sample was transferred to 9 ml BPW dilution tubes followed by serial dilution in BPW. 

All tubes were then incubated at 37°C for 18-24h before transferring 0.1 ml of the 

appropriate dilutions to 10 ml of Rappaport-Vassiliadis (RV) broth (Oxoid) for selective 

enrichment.  All RV broth tubes were incubated at 42°C for 24 h.  Following incubation, 

10 µl from each tube was streaked for isolation onto modified lysine iron agar (MLIA) 

(Oxoid, 19) and incubated at 37°C for 24 h. Suspect colonies were picked, streaked, and 
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stabbed onto triple sugar iron (TSI) (Difco, Sparks, MD) agar slants (19) and then 

incubated at 37°C for 24 h.  Positive Salmonella colonies were confirmed by 

agglutination using poly-O antiserum (Difco, 19).  Populations of Salmonella spp. for 

each sample were determined using the Thomas’ approximation (10). 

Salmonella spp. prevalence.  For determining Salmonella prevalence, 25 g of each 

sample were placed in a sterile filtered stomacher bag (Fisher Scientific, Pittsburgh, PA) 

containing 100 ml of lactose broth (LB) (Difco) and stomached for one minute each. An 

additional 125 ml of LB was added to the homogenized samples resulting in a 1:10 

dilution (2). The bags were mixed for an additional 60 seconds and then incubated for 18 

to 24 hours at 37°C. Similar to the MPN technique, a selective enrichment step was 

performed by transferring 1 ml from each bag to 100 ml bottles of RV broth (2). Bottles 

were then incubated at 42°C for 24 h.  Following incubation, 10 µl from each bottle was 

streaked for isolation onto MLIA and incubated at 37°C for 24 h.  Suspect Salmonella 

colonies were confirmed as described under the MPN procedures.  The prevalence 

procedure was employed to increase the minimum detectable level of Salmonella in a 25 

g sample. 

Serotyping.  Samples that were confirmed as Salmonella positive were re-streaked onto 

MLIA plates and incubated at 37°C for 24 h.  From these samples, litter (n = 11) and 

fecal (n = 12) isolates representative of each farm and season were selected.  One of the 

12 litter isolates was not recoverable after repeated culture transfers and was not further 

characterized.  Two isolated colonies from each sample were then randomly picked, 

streaked onto tryptic soy agar (Oxoid) and shipped to the U.S. Department of Agriculture, 
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Animal Plant Health Inspection Service, National Veterinary Services Laboratories, 

Ames, IA, for serotyping. 

Antimicrobial Resistance.  Partial range minimum inhibitory concentrations (MICs) 

were determined for the 23 serotyped isolates using a broth microdilution method (Trek 

Diagnostics, Westlake, OH) for the following 15 antimicrobial agents: amikacin, 

ampicillin, amoxicillin/clavulanic acid, ceftriaxone, chloramphenicol, ciprofloxacin, 

trimethoprim/sulfamethoxazole, cefoxitin, gentamicin, kanamycin, nalidixic acid, 

sulfisoxazole, streptomycin, tetracycline, and ceftiofur.  Salmonella Typhimurium DT104 

(ATCC 700408) was used as a control strain for susceptibility testing.  Isolates were 

grown overnight (~ 18 hours) in brain heart infusion (BHI) broth (Oxoid) at 37°C and 

subsequently streaked onto BHI agar (Oxoid) plates and incubated at 37°C for 24h.  

Following incubation, 2 isolated colonies of the same morphological type were 

transferred to 5 ml of 0.9% sterile saline solution and adjusted to a 0.5 MacFarland 

standard (Difco) using a nephelometer (Trek). Seventy-five microliters of saline 

suspension were then transferred to 10 ml of Mueller-Hinton (MH) broth (Oxoid).  From 

the diluted MH broth 50 µl was transferred to each plate well (Trek). Plates were then 

incubated at 37°C for 24h and manually read using a microtiter plate holder (Trek).  The 

National Committee for Clinical Laboratory Standards (NCCLS) MIC breakpoint 

standards (31) were used for determining antimicrobial resistance whenever possible.  

Salmonella were considered resistant whenever growth was observed at the following 

concentrations: ≥ 32 µg/ml for amikacin, ampicillin, chloramphenicol, cefoxitin, and 

nalidixic acid; ≥ 32/16 µg/ml for amoxicillin/clavulanic acid; ≥ 64 µg/ml for ceftriaxone; 

≥ 4 µg/ml for ciprofloxacin; ≥ 8/152 µg/ml for trimethoprim/sulfamethoxazole; ≥ 8 µg/ml 
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for gentamicin; ≥ 25 µg/ml for kanamycin; ≥ 350 µg/ml for sulfisoxazole; and ≥ 16 

µg/ml for tetracycline. Resistance to ceftiofur and streptomycin was defined as a MIC of 

≥ 8 µg/ml and ≥ 64 µg/ml, respectively, as previously described (36).  

Moisture Content, Water activity (aw) and pH analysis.  The remaining composite 

litter samples were used for moisture content, water activity and pH analysis.  Moisture 

content of the litter was measured by drying 2.5 g of the composite sample overnight in a 

forced-air convection oven at 105°C.  Water activity of litter samples was measured 

according to the manufacturer’s instructions using a Decagon Model CX-3 Water 

Activity System (Decagon Devices, Pullman, WA).  To calculate litter pH, 1 g of sample 

was combined with 10 ml of deionized water, mixed by vortexing and allowed to stand 

for 1 minute (35). Litter pH was then measured using a Corning 220 pH meter with a G-P 

Combo with RJ probe (Corning Inc., Corning, NY). 

Statistical analysis.  All data were analyzed using the general linear model (GLM) of 

SAS (41). Samples served as the experimental units for statistical analysis and residual 

effects were used as the error term. All MPN data were transformed to a base-10 

logarithm prior to analysis.  Farm, season, and age were the main effects for a 3 x 2 x 2 

factorial analysis.  Variables having a significant F-test were compared using the least-

square-means (LSMEANS) function of SAS and were considered to be significant at P < 

0.05.  Besides the GLM procedure, the regression procedure with the stepwise selection 

function of SAS and the correlation procedure were used to analyze litter MPN data with 

temperature, moisture content, water activity, pH, and ammonia concentration as factors 

(41). 
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RESULTS & DISCUSSION 

The populations of Salmonella in commercial broiler farms are shown in Tables 1 

(litter samples) and 2 (fecal dropping samples).  Fifty percent of the litter (n = 24) and 

fecal (n = 24) samples were Salmonella positive.  All three farms were Salmonella 

positive at least once during the sampling period.  Litter and fecal mean and range of 

Salmonella populations were 1.70 and ≤1.0 to 3.6 and 1.57 and ≤1.0 to 3.1 log MPN/g, 

respectively (minimum detection level = 1 log MPN/g).  The highest litter and fecal 

Salmonella populations (3.6 and 3.1 log MPN/g, respectively) were detected on Farm 2 

during the winter months for 4-6 week old birds.   

A significant 3-way interaction of season, farm and age did influence the litter 

Salmonella populations (P = 0.02); however, Salmonella populations in fecal samples 

were not influenced by season, age, farm or their interactions.  A two-way analysis of 

season and age effects on litter Salmonella populations for each individual farm was then 

conducted and a season and age interaction was observed for Farm 2 (Table 1).   

As previously stated in the materials and methods, there was variation between 

farms in litter cleanout cycles with Farms 1 and 3 replacing litter less frequently than 

Farm 2.  It has been shown that older and more built-up litter, such as that found in Farms 

1 and 3, can exhibit an inhibitory effect on Salmonella when compared to fresh litter, 

similar to the litter present on Farm 2 (11, 18, 21, 33, 38, 43, 47, 54).  According to 

Turnbull et al. (48), the salmonellacidal effects of older litter may be explained by the 

rise in ammonia producing bacteria, which will result in an increase in ammonia 

production, thus increasing litter pH to a more alkaline level.  However, at our sample 

times, no correlation was observed between ammonia levels and litter Salmonella 
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populations.  Another argument is that used litter can aid in competitive exclusion by 

developing organisms to compete against Salmonella colonization in the chick’s gut (21, 

22).  Other management practices such as rodent and insect control, water quality and 

biosecurity practices could also influence Salmonella populations. 

Salmonella spp. were detected on more farms in the summer months from litter 

samples; however, the highest populations were observed during the winter months for 

both litter and fecal samples (Tables 1 and 2).  Other researchers monitoring Salmonella 

movement in broilers from numerous hatchery, grow-out and processing sources 

observed the highest prevalence in the fall, followed by winter, spring, and summer 

months (6).  Soerjadi-Liem and Cumming (44) reported similar results with broiler flocks 

sampled during the colder months having higher prevalence of Salmonella than flocks 

sampled during warmer months.  Opara et al. (34) also found an increased prevalence of 

Salmonella in broiler houses sampled between September and December.  Both Opara et 

al. (34) and Jones et al. (24) suggested possible seasonal trends for Salmonella 

populations in litter.  Further evaluations of seasonal trends are needed in order to 

provide conclusive proof. 

The microbiological, physical and chemical properties of litter samples are 

summarized in Table 3.  The environmental parameters monitored in this study did not 

significantly influence the litter Salmonella populations.  As anticipated, litter moisture 

content and Aw were positively correlated (r = 0.70; P = 0.0001) in addition to fecal and 

litter Salmonella populations (r = 0.55; P = 0.005). Weekly mortality rate, litter 

temperature, moisture content, and Aw varied across all farms, while little variation was 

observed for litter pH.  The mean and range for weekly mortality rate, litter temperature, 
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moisture content, Aw, pH and ammonia levels were 0.59% and 0.24 to 1.55%; 31.5ºC and 

28.6 to 34.3ºC; 29.6% and 18.7 to 41.8%; 0.91 and 0.79 to 0.94; 8.09 and 6.79 to 8.88; 

38.23 ppm and 15 to 65.9 ppm.  As expected, litter ammonia levels were generally higher 

during the winter months and in older birds.  This can be explained due to decreased 

ventilation for heat conservation during the winter months and an increased amount of 

fecal shedding occurring in older birds.  With the exception of one Salmonella positive 

composite litter sample with a Aw value of 0.79, Aw values for Salmonella positive 

composite litter samples ranged from 0.88-0.94. These results agree with Carr et al. (16) 

and Opara et al. (34) who found that higher litter Aw values (0.90-0.95) were associated 

with Salmonella positive flocks.  According to D’Aoust (20), Salmonella grow at Aw 

values ≥ 0.93; however, Salmonella positive litter samples of ≤ 0.84 Aw have been 

previously reported (23).  These researchers suggested the possibility of a more resistant 

organism present in the samples or that the measured Aw values may not have represented 

the immediate environment in which the organism was present.  Based on the findings 

from previous studies (16, 23), it does appear that Salmonella populations can be reduced 

by lowering litter Aw values to ≤ 0.84.  

As documented in Table 4, Salmonella Kentucky was the most commonly 

isolated serotype from both litter and fecal dropping samples (64-67%) followed by 

Salmonella Heidelberg, Mbandaka, and a non-classified serotype expressing the antigenic 

formula 8, (20):-:z6.  Table 5 shows that S. Kentucky was well distributed across the 

three farms, while S. Heidelberg, S. Mbandaka, and S. 8, (20):-:z6 were found on only 

one farm.  S. Heidelberg was associated with the high populations detected on Farm 2. 
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The Salmonella serotypes identified in the present study have also been identified 

as common poultry serotypes (14, 15, 24, 40, 42). In the present study, S. Kentucky and 

S. Heidelberg comprised the two most common poultry isolates.  Previous studies have 

indicated that S. Kentucky and S. Heidelberg accounted for the highest percentage of total 

serotypes isolated from commercial broiler production facilities (14, 15). Roy et al. (40) 

reported that 47.4% of the total serotyped Salmonella isolates from poultry, poultry 

products, and the poultry production environment were typed as S. Heidelberg and S. 

Kentucky.  In a second study conducted by the USDA FSIS, S. Kentucky followed 

second by S. Heidelberg were the two most common Salmonella serotypes isolated from 

broiler processing establishments (50, 51). 

Based on the findings reported in Table 4, it is apparent that positive Salmonella 

samples taken from both fecal and litter samples contained organisms of the same 

serotype, suggesting that the serotypes recovered from the litter were shed by the host.  

The positive correlation found between fecal and litter Salmonella populations also 

supports this hypothesis.  Previous studies have shown that the cycling of Salmonella 

between contaminated litter and the bird’s gastrointestinal tract is a significant factor for 

maintaining an intestinal infection (17, 21, 24, 39). 

The antimicrobial agents to which the Salmonella isolates (n = 23) exhibited the 

most resistance to were sulfisoxazole (61%), tetracycline (52%), streptomycin (52%), 

ceftiofur (48%), cefoxitin (43%), amoxicillin-clavulanic acid (43%), ampicillin (39%) 

and kanamycin (4%) (Table 6).  No Salmonella isolates demonstrated resistance to 

amikacin, chloramphenicol, ceftriaxone, ciprofloxacin, gentamicin, nalidixic acid, and 

trimethoprim-sulfamethoxazole.  Tessi et al. (46) observed similar results when out of 93 
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Salmonella broiler carcass isolates tested, the largest number of isolates was resistant to 

tetracycline (52.7%), sulfisoxazole (45.2%), and streptomycin (37.6%).  Other 

researchers have observed a 57% incidence of resistance to tetracycline, streptomycin, 

sulfisoxazole gentamicin, or a combination of trimethoprim and sulfamethoxazole from 

1,824 Salmonella serotypes isolated from broiler carcasses (27).  Of the 23 isolates, 22 

(96%) were resistant to ≥ 1 antimicrobial agent tested, 19 (83%) were resistant to ≥ 2 

antimicrobial agents, 18 (78%) were resistant to ≥ 3 antimicrobial agents, 9 (39%) were 

resistant to ≥ 4 antimicrobial agents, 6 (26%) were resistant to ≥ 5 antimicrobial agents 

and 4 (17%) were resistant to ≥ 6 microbial agents (Table 6).  Isolates resistant to ≥ 6 

microbial agents were all recovered during the summer months. 

There is current concern over an increasing resistance of pathogens to 

fluoroquinolones which are strong antibiotics used for the treatment of human foodborne 

infections.  Enrofloxacin is the veterinary equivalent to ciprofloxacin which is an 

important fluoroquinolone becoming increasingly used for human treatment (4).  No 

resistance was found in this study to either ciprofloxacin or nalidixic acid (a quinolone). 

 Resistance was found to amoxicillin-clavulanic acid, ampicillin, cefoxitin, 

kanamycin, streptomycin, sulfisoxazole, and tetracycline, each used for human treatment.  

Resistance was also observed to ceftiofur, a third generation cephalosporin developed 

strictly for veterinary use and available for use in poultry.  Interestingly, isolates were 

resistant to antibiotics not used in poultry production which include kanamycin, 

amoxicillin-clavulanic acid, ampicillin, and cefoxitin.  This suggests that resistant isolates 

may have been introduced into poultry from different sources such as rodents, insects, 

humans or an already contaminated farm environment and could be unrelated to direct 
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antibiotic use in poultry production (37).  Novick, (32) stated that approximately 2% of 

“wild type” bacteria are resistant to any given antibiotic.  Antibiotic resistance genes can 

accumulate by genetic encoding at either the chromosomal or the plasmid level on 

resistance plasmids (R plasmids); however the majority of drug resistant bacteria isolated 

from patients harbor the genes on R plasmids (28). 

Tetracyclines, virginiamycin, lincomycin, tylosin, bambermycin, penicillin, 

sulfonamides and bacitracin are approved for use as feed additives for poultry and other 

animals in order to enhance growth rate, feed efficiency and prevent disease (30, 37).  

This may help to explain the resistance found to ampicillin, sulfisoxazole and 

tetracycline. Whenever multiple antibiotic resistant strains are found in the animal 

production system, a public health concern may arise due to the difficulty in treating 

infections caused by these bacteria.  Treating infections caused by multiple antibiotic 

resistant bacteria can involve a longer recovery and more expensive antibiotics resulting 

in increased treatment costs (25). 

The findings of this study indicate that Salmonella populations and their 

prevalence on commercial North Carolina broiler farms were not significantly impacted 

by individual farm, season, or flock age effects, but their 3-way interaction did influence 

Salmonella populations. While the present study was unable to relate observed litter 

properties to organism populations, perhaps more in depth studies involving a larger 

number of broiler farms over several years would show increased relationships between 

Salmonella populations, environmental parameters and management practices.  From the 

23 isolates serotyped, S. Kentucky and S. Heidelberg were the two most common 

isolates.  Ninety-six percent of the isolates were resistant to ≥ 1 antimicrobial agent(s). 
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Efforts to determine pre-harvest Salmonella populations, such as described in this study, 

can aid researchers in developing new and effective control strategies for reducing 

foodborne pathogen prevalence and populations entering processing plants from 

contaminated flocks and their subsequent transmission risk to humans.  Data collected 

from the present study were also used for developing the experimental design of a 

separate study modeling Salmonella growth and death behavior in poultry litter as a 

function of pH and Aw.  
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TABLE 1. Mean log MPN1 and prevalence of Salmonella species in broiler litter 

samples exhibiting season and age effects within individual farms 

 
Farm 1 Farm 2 Farm 3 

Season 
1 to 3 

wk 
4 to 6 

wk 1 to 3 wk 4 to 6 wk 1 to 3 wk 4 to 6 wk 

Winter2
 

2.4 
 

<1.0 (+) 
 

<1.0b
 

3.6a
 

<1.0 (+) 
 

<1.0 

Summer3
 

1.0 
 

2.5 
 

1.5b
 

<1.0b (+) 
 

3.0 
 

1.5 

p-value
SEM(4)4 

(season by age) 

            0.53 
            0.92 

0.01 
0.34 

 
0.19 
0.60 

 
a-b Means with different subscripts within a farm differ significantly (P ≤ 0.05). 
1 Base-10 logarithm of the most probable number of Salmonella present per gram of sample 
(average of 2 broiler houses per farm). 
2 Samples taken between November and March. 
3 Samples taken between April and October. 
4 SEM(4): Standard error of the mean with 4 degrees of freedom. 
< Reported as below the detection limit of MPN procedure: 10 cells/gram of sample (1 log MPN). 
(+) Positive result for prevalence, yet below the detection limit of the MPN procedure. 
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TABLE 2. Mean log MPN1 and prevalence of Salmonella species in broiler fecal 

samples 

 
Farm 1 Farm 2 Farm 3 

Season 
1 to 3 

wk 
4 to 6 

wk 
1 to 3 

wk 
4 to 6 

wk 
1 to 3 

wk 
4 to 6 

wk 

Winter2  
1.4 

 
<1.0 

 
<1.0 

 
3.1 

 
2.0 

 
1.0 

Summer3  
1.1 

 
2.5 

 
<1.0 

 
2.3 

 
1.5 

 
<1.0 

 
p-value
SEM(4)4 

(season by 
age) 

0.55 
0.78 

0.22 
0.67 

0.39 
0.42 

1 Base-10 logarithm of the most probable number of Salmonella present per gram of sample 
(average of 2 broiler houses per farm). 
2 Samples taken between November and March.. 
3 Samples taken between April and October. 
4 SEM(4): Standard error of the mean with 4 degrees of freedom. 
< Reported as below the detection limit of MPN procedure: 10 cells/gram of sample (1 log MPN). 
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TABLE 3.  Microbiological, physical and chemical properties of litter samples of 1 to 3 week and 4-6 week old broilers 
 

Winter Summer

 1 to 3 wk  4 to 6 wk  1 to 3 wk  4 to 6 wk  

             F1 F2 F3  F1 F2 F3

p-
va

lu
e 

(S
EM

) 

F1 F2 F3  F1 F2 F3

p-
va

lu
e 

(S
EM

) 

Log 
MPN1

2.4                <1.0 <1.0
(+) 

<1.0 3.6 <1.0 1.0 1.5 3.0 2.5 <1.0
(+) 

1.5

MORT2

(%) 
0.32bc 0.24c 0.65a   

  

 

  

              

  

0.59a 0.67a 0.41b 0.0002 
0.029 

0.46z 1.55y 0.59z 0.65z 0.36z 0.56z 0.021 
0.170 

TEMP2 
(°C) 

34.3a 30.1bc 29.5c 31.5b 30.5bc 31.0bc 0.0068 
0.514 

32.7wx 33.5wx 30.3y 28.6z 32.2x 34.2w 0.0009 
0.456 

M.C.4 
(%) 

41.8a 26.4c 31.9bc     36.3ab 24.9c 25.2c 0.012 
2.44 

22.6yz 18.7z 35.4x 31.6xy 22.5yz 37.9x 0.025 
3.25 

Aw
5 0.94a 0.93a 0.91ab 0.94a 0.89b 0.92a 0.025 

0.008 
 

0.88y 0.79z 0.94v 0.91x 0.92wx 0.93vw 0.0001 
0.006 
 pH6 7.83 8.30 6.79 7.95 8.28 8.67 8.24 8.10 7.55 8.88 7.97 8.57

NH3
7 

(ppm) 

40.9bc 50.0ab 21.7c 41.7bc 64.2a 65.9a 0.021 
6.47 

30.9xy 15.0z 16.7z 25.8yz 42.5x 43.4x 0.011 
4.24 
 

a-c Winter means with different subscripts within a row differ significantly (P< 0.05). 
x-z Summer means with different subscripts within a row differ significantly (P< 0.05).
1 Base-10 logarithm of the most probable number of Salmonella present per gram of sample (average of 2 broiler houses per farm). 
2 Weekly mortality rate within seasons. 
3 Average of 20 measurements per farm (10 measurements/house). 
4 Moisture content of the composite litter sample. 
5 Water activity of the composite litter sample (Aw scale: 0-1, where 1 is pure water). 
6 pH of the composite litter sample. 
7 Average of 6 measurements of ammonia level per farm (3 measurements/house). 
< Reported as below the detection limit of MPN procedure: 10 cells/gram of sample (1 log MPN). 
(+) Positive result for prevalence, yet below the detection limit of the MPN procedure. 

 

 



TABLE 4.  Salmonella enterica serotypes identified in broiler litter and fecal dropping 

samples 

 
  

Rank Litter Fecal droppings 

 Serotype n (%)1 Serotype n (%)1 

1 Kentucky 7 63.6 Kentucky 8 66.7 

2 Heidelberg 2 18.2 Heidelberg 2 16.6 

3 Mbandaka 2 18.2 Mbandaka 1 0.08 

4              8, (20):-:z6 1 0.08 
 

 

Total 
number of 
isolates 
serotyped 

11          12  

1Percentage of total isolates serotyped. 
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Table 5.  Salmonella enterica serotypes identified by farm during the winter and summer 

months 

 

  
 Farm  

Season 
1 2 3 

Winter1 
 

Kentucky (4)3 
 

Heidelberg (4) 3 
 

Kentucky (4) 3 
 

Summer2 Kentucky (3) 3 
8, (20):-:z6 (1) 3 

Kentucky (3) 3 
 

Mbandaka (3) 3 
Kentucky (1) 3 

1 Samples taken between November and March. 
2 Samples taken between April and October. 
3 Frequency of isolation. 
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TABLE 6.  Antimicrobial resistance characterization of Salmonella enterica serotypes identified in broiler litter and fecal dropping 

samples 

 
Serotype Serotype

Code1 
 FOX2 AMI2 CHL2 TET2 AXO2 AUG2 CIP2 GEN2 NAL2 TIO2 FIS2 SXT2 KAN2 AMP2 STR2 Total

8,(20):-:z6                  1-6-S-F R3 R R R R R 6
Mbandaka 3-3-S-L                 

                 
                 

                
                 
                 
                 

                
                 
                 
                 

               
                 
                 
                 
                 
                 
                 

                  
                 
                 
                 

                

0
Mbandaka 3-3-S-F R 1
Mbandaka 3-6-S-L R 1
Heidelberg 2-6-W-L R R R 3
Heidelberg 2-6-W-F R R R R 4
Heidelberg 2-6-W-L R R R R 4
Heidelberg 2-6-W-F R

 
R R R 4

Kentucky 3-6-W-F R R R 3
Kentucky 3-6-W-F R R R 3
Kentucky 3-3-W-L R R R R R 5
Kentucky 3-3-W-L R

 
R
 

R
 

R R 5
Kentucky 1-3-W-L R R R 3
Kentucky 1-3-W-F R R R 3
Kentucky 1-3-W-L R R R 3
Kentucky 1-3-W-F

 
R 1

Kentucky 1-6-S-L R R R R R R R 7
Kentucky 1-6-S-L R R R R R R 6
Kentucky 3-3-S-F R R R R R R 6
Kentucky 2-6-S-L R R R 3
Kentucky 2-6-S-F R R 2
Kentucky 2-6-S-F R R R 3
Kentucky

 
 1-3-S-F

 
R R R 3

Total 10 12 10 11 14 1 9 12
1Farm (1-3), age (3 - 1 to 3 wk; 6 - 4 to 6 wk), season (S - summer; W - winter), source (F - fecal; L - litter). 
2 FOX - cefoxitin (R = ≥ 32 µg/ml);  AMI - amikacin (R = ≥ 32 µg/ml);  CHL - chloramphenicol (R = ≥ 32 µg/ml);  TET - tetracycline (R = ≥ 16 µg/ml);  AXO - 
ceftriaxone (R = ≥ 64 µg/ml);  AUG - amoxicillin/clavulanic acid (R = ≥ 32/16 µg/ml);  CIP - ciprofloxacin (R = ≥ 4 µg/ml); GEN - gentamicin (R = ≥ 8 µg/ml); 
NAL - nalidixic acid (R = ≥ 32 µg/ml); TIO - ceftiofur (R = ≥ 8 µg/ml);  FIS - sulfisoxazole (R = ≥ 350 µg/ml);  SXT - trimethoprim/sulfamethoxazole (R = ≥ 
8/152 µg/ml);  KAN - kanamycin (R = ≥ 25 µg/ml); AMP - ampicillin (R = ≥ 32 µg/ml); STR - streptomycin (R = ≥ 64 µg/ml). 
3R: resistance. 
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ABSTRACT  Contaminated poultry litter, serving as a reservoir for Salmonella, can be 

linked to both food safety concerns when contaminated birds enter processing plants and 

environmental concerns when used as a fertilizer.  Predictive modeling allows for the 

estimation of microbial growth or inactivation as a function of controlling environmental 

growth factors.  A study was conducted to observe the combined effects of pH and water 

activity (Aw) at a constant temperature on Salmonella populations in used turkey litter for 

the purpose of predicting microbial response over time.  Litter, pH adjusted and then 

inoculated with a 3-strain Salmonella serovar cocktail to an initial concentration of ~107 

CFU/g, was placed into individual sealed plastic containers with saturated salt solutions 

for controlling Aw.  A balanced design including 3 Aw values (0.84, 0.91, 0.96), 3 pH 

values (4, 7, 9), and a constant temperature of 30ºC was employed with litter samples 

periodically removed and analyzed for Salmonella populations, pH, and Aw.  At each 

combination of environmental factors, the Churchill or exponential inactivation models 

were employed to describe the growth and death of Salmonella over time.  Salmonella 

populations exhibited growth (~2 log) with little decline up to 42 days in litter 

environments of pH 7 and 9 and a Aw of 0.96.  As litter Aw and pH levels were reduced, 

populations further declined with the most drastic reductions (~ 5 log in 9 h) occurring in 

low pH (4) and low Aw (0.84) environments.  Generalized models for bacterial growth 

and death under grouped pH environments were successfully developed in order to 

predict Salmonella behavior in litter over time.  These findings suggest that best 

management practices and litter treatments that lower litter Aw to ≤0.84 and pH to ≤4 are 

effective in reducing Salmonella populations.  The use of a single equation to predict the 

growth and decline of Salmonella populations as a function of pH and Aw has potential 
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application for use in the development of effective pathogen control strategies at the farm 

level. 

(Key words: Salmonella; modeling; litter; pH; water activity)  
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INTRODUCTION 

Salmonella continues to be a foodborne pathogen of concern and has been linked 

to the consumption of contaminated poultry products (Tauxe, 1991; Bryan and Doyle, 

1995; Hoszowski et al., 1996; Byrd et al., 1997; Cox et al., 2000).  Infection is usually 

attributed to cross-contamination in the kitchen, inadequate cooking, and improper 

storage temperatures (Silliker, 1980).  Annually in the U.S., Salmonella alone is 

responsible for an estimated 300,000 to 4,000,000 cases of foodborne illness (USDA 

FSIS, 1998) and an estimated 30.6% of the deaths associated with foodborne illness 

(Kiessling et al., 2002).  Not only does Salmonella pose a significant public health threat, 

but it also has an economic impact from costs associated with disease investigations and 

testing, health care, loss of productive activity, compensation for illness and death 

(McMeekin et al., 1993), and costs to the poultry industry by threatening consumer 

markets and increasing production and processing costs (Bender and Mallinson, 1991).  

Consumer confidence and purchase decisions have a direct correlation to the perceived 

safety and wholesomeness of the product. 

 To combat contamination of poultry products, Hazard Analysis Critical Control 

Point (HACCP) programs have been developed and implemented in all U.S. processing 

plants under Federal inspection as a means to identify and control or eliminate potential 

food safety hazards.  This Federally-mandated program calls for the testing of the poultry 

processing plant environment and carcasses for the presence of the foodborne pathogen 

Salmonella along with generic Escherichia coli.  The HACCP rule became effective in 

large establishments in 1998, small establishments in 1999, and very small 

establishments in 2000.  Prior to HACCP implementation, Salmonella contamination in 
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broiler carcasses was estimated at 20% according to a nationwide broiler baseline data 

collection program conducted between 1994 and 1995 by the USDA Food Safety and 

Inspection Service (FSIS) (USDA FSIS, 1995).  In 2002, the FSIS reported a Salmonella 

prevalence of 11.5% on broiler carcasses collected from all size processing 

establishments, a near 50% reduction since HACCP implementation (USDA FSIS, 2003).  

Processors must provide control measures for this pathogen by implementing 

interventions such as applying disinfectants to carcass washers and chillers. However, 

processors are not held responsible for complete pathogen elimination on uncooked 

products since contaminated birds can arrive at plants with either undetectable to heavy 

pathogen loads.  In these latter cases, the use of proper control procedures to reduce 

carcass pathogen incidence may not always assure compliance with the USDA 

Salmonella Performance Standards as specified in the processor’s HACCP plan and 

Federal regulations.  

 Recent interest has centered on the implementation of on-farm pathogen reduction 

programs to reduce contamination loads in and on birds prior to processing in order to 

successfully meet Federal and processing plant pathogen control standards.   

Commercially reared birds are in constant contact with litter, which can be a significant 

reservoir for Salmonella contamination (Bryan et al., 1979; Jones et al., 1991; Bryan and 

Doyle, 1995; Corrier et al., 1999; Trampel, 2000).  Furthermore, investigations have 

documented that the Salmonella serotypes isolated from the processed product are also 

generally found in the production house litter and other areas of the production 

environment (Bains and MacKenzie, 1974; Lahellec and Colin, 1985). 
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The survival of Salmonella in the poultry house environment is dependent on both 

physical and chemical factors such as temperature, water activity (Aw) or equilibrium 

relative humidity (ERH), moisture content, and pH.  Whenever extrinsic environmental 

factors fall outside the optimum range for microbial growth and survival, these factors 

can cause cellular damage.  Depending on the severity of the stress factors, growth can be 

inhibited or cell death can occur (Farkas, 2001).  The hurdle concept is an approach that 

combines several inhibitory hurdles or stress factors that together can act synergistically 

to reduce microbial pathogens (Leistner, 2000).  When used together, these hurdles are 

more effective than using any one hurdle alone; therefore, incorporation is recommended 

to inhibit microbial growth.  Research studies support that some of these extrinsic 

parameters can influence the presence or absence of Salmonella in broiler litter with the 

most significant factor being Aw (Opara et al., 1992).  Turnbull and Snoeyenbos (1972) 

concluded that the salmonellacidal activity of used litter may be attributed to changing 

litter Aw and pH.   

Predictive modeling has been used to estimate an organism’s growth or 

inactivation in a nutrient broth or defined model food system while controlling specific 

environmental factors.  This approach allows food scientists to predict the effects of 

altering extrinsic factors or treatments on microbial growth, shelf-life, and safety of 

consumer food products and may help to identify the conditions that should be avoided.  

A number of growth kinetic models have been described in the literature such as the 

Gompertz, log-linear, vitalistic, and Baranyi models.  In each model, the observed 

microbial population data are applied to the model equation and the growth or death 

parameters applicable to the chosen model then calculated. 
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 One common disadvantage of the above-proposed models is the inability to fit a 

data set exhibiting both growth and decline in one successive step.  A model proposed by 

Churchill and Usagi (1972), referred to as the Churchill model, was developed for use in 

chemical engineering and has been adapted for use in microbial kinetic studies (Membre, 

et al., 1997).  This approach allows for both a growth and decline phase to be factored 

into the model equation.   

 Although the majority of predictive models have been used in model food 

systems, the opportunity for use in other systems such as live animal production 

environments certainly presents itself.  Predictive modeling can serve as a useful tool for 

assessing Salmonella contamination issues currently facing the poultry industry. By 

understanding the behavior of Salmonella in the grow-out environment and how these 

pathogens are impacted by various environmental growth parameters such as pH, Aw and 

temperature, pre-harvest Salmonella control strategies can be developed for reducing 

foodborne pathogen prevalence and populations on birds entering processing plants and 

thus their subsequent transmission to humans. 

 A study was conducted to observe the combined effects of pH and Aw at a 

constant temperature on the growth and decline of Salmonella spp. in inoculated poultry 

litter for the purpose of predicting microbial behavior using statistical modeling.  

Potential application for developing pre-harvest production management strategies to 

control Salmonella is discussed. 
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MATERIALS AND METHODS 

Poultry Litter 

Used pine shavings from six week-old turkeys were obtained from the NCSU 

Lake Wheeler Road Poultry Farm and sterilized by autoclaving at 121°C for 1 h.  

Sterilization was confirmed by placing 25 g of autoclaved litter into 225 ml of buffered 

peptone water1 (BPW) and then spread plated in duplicate onto brain heart infusion agar2 

(BHI) plates.  All plates were incubated at 37°C for 24 h and the colonies enumerated.  

For pH 9 and 4 trials, 1500 g of litter were pH adjusted to the desired level as determined 

from preliminary studies.  A plastic sprayer was used to mist 215 ml of 2M NaOH for pH 

9 and 165 ml of 2M HCl for pH 4 litter conditions followed by thorough mixing for 5 

min. while inside an autoclave bag3 (25 inch x 35 inch, 63.5 cm x 88.9 cm).  Litter pH 7 

trials did not require pH adjustment due to the pre-existing neutral pH litter conditions.  

To assay litter pH, 10 g samples were combined with 100 ml of deionized water, stirred, 

and allowed to stand for 1 minute (Pope and Cherry, 2000).  A pH reading4, 5 was then 

recorded.  The litter was then placed into a drying oven overnight at 100°C to reach a 

homogeneous litter Aw prior to inoculation and Aw adjustment.  

Culture Preparation 

A Salmonella cocktail composed of Salmonella Heidelberg6, Salmonella 

Newport7, and Salmonella Typhimurium8 was prepared for use as a litter inoculum.  An 

                                                 
1 Oxoid Ltd., Ogdensburg, NY. 
2 Difco, Division of Becton Dickinson and Co., Sparks, MD. 
3 Fisherbrand Autoclave Bag, Cat. No. 01-814-C, Fisher Scientific International, Pittsburgh, PA. 
4 Accumet Model 50 pH/Ion/Conductivity Meter, Denver Instrument Co., Arvada, CO. 
5 Accuflow Flushable Junction pH Combination Electrode, Cat. No. 13620116, Fisher Scientific 
   International, Pittsburgh, PA. 
6 ATCC® Number 8326, American Type Culture Collection, Manassas, VA. 
7 ATCC® Number 6962, American Type Culture Collection, Manassas, VA. 
8 ATCC® Number 14028, American Type Culture Collection, Manassas, VA. 
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aliquot of each strain was rehydrated with 10 ml of BHI broth9 and incubated for 24h in a 

circulating water bath at 37°C.  One loopful of each 24h culture was transferred to a 

separate tube of fresh BHI broth and incubated for an additional 24h at 37°C.  Each 

overnight culture was then transferred to a separate tube of fresh BHI broth and 

standardized to an OD600 reading10 of 0.5.  A 0.33 ml volume from each of the three 

serotype culture tubes was transferred to 100 ml of BHI broth.  The mixed inoculum was 

then incubated for an additional 2.5 hours at 37°C in a circulating water bath yielding a 

population of ~ 108 CFU/ml.  To verify the initial broth concentration, the inoculum was 

serially diluted in BPW, spread plated in duplicate on BHI agar plates, and incubated 24h 

at 37°C. 

Experimental Design 

A completely crossed factorial design was followed to evaluate the effects of 

three pH levels (4, 7 and 9) and three Aw levels (0.84, 0.91, and 0.96) at a constant 

temperature of 86°F (30°C) on Salmonella growth and survival in poultry litter.  An 

independent experiment was also conducted in litter adjusted to pH 7 and a Aw of 0.91 

and the data was used to validate the model.  

Aw Control 

 Plastic sealable containers11 (13 inch x 9 inch x 3 inch, 33 cm x 22.9 x 7.6 cm) 

were used for Aw control.  Selected saturated salt solutions corresponding to target Aw 

values (Winston and Bates, 1960; Himathongkham et al., 1999) at 30°C (Table 1) were 

prepared and 150 ml were poured directly into each container to achieve a target relative 

                                                 
9 Difco, Division of Becton Dickinson and Co., Sparks, MD. 
10 Spectronic Genesys 2 Spectrophotometer, Spectronic Instruments, Rochester, NY. 
11 Rubbermaid® Take Alongs, Rubbermaid® Home Products Division, Fairlawn, Ohio. 
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humidity (RH) in the enclosed environment and target Aw in the litter.  Hardware cloth 

was then cut (11 inch x 8.5 inch x 0.5 inch, 27.9 cm x 21.6 cm x 1.3 cm) to size for fitting 

into each container allowing litter placement above the saturated salt solution.  

Containers were then sealed and allowed to reach a vapor phase equilibrium with the salt 

solution. 

Inoculation and Sampling 

  On the day of the trial, 40 g aliquots of sterile, dried litter were aseptically placed 

into individual autoclave bags12 (8 inch x 12 inch, 20.3 cm x 30.5 cm) and misted with a 

plastic sprayer containing 4.5 ml of inoculum to obtain ~ 107 CFU/g followed by 

thorough mixing of the litter for 1 min.  The Aw of the litter was then adjusted to the 

target level by first misting 2 to 5 ml of additional sterile water onto the litter and mixed 

thoroughly.  Inoculated litter was then aseptically placed onto the hardware cloth above 

the saturated salt solutions in each individual container.  Containers were then sealed and 

placed into a 30ºC incubator.  Three containers were randomly sampled at the scheduled 

sample times and 25 g of each litter sample placed in separate sterile filtered stomacher 

bags13 (7 inch x 12 inch, 17.8 cm x 30.5 cm) containing 100 ml of BPW and stomached 

for one minute. An additional 125 ml of BPW were added to the homogenized samples 

resulting in a 1:10 dilution (Beli et al., 2001; Andrews and Hammack, 2003). The bags 

were agitated for an additional 60 seconds. Ten milliliters were removed, placed into 

empty sterile test tubes, and then 1 ml of sample transferred to 9 ml BPW dilution tubes 

followed by serial dilution in BPW.  To enumerate Salmonella populations, diluted 

                                                 
12 Fisherbrand Autoclave Bag, Cat. No. 01-830, Fisher Scientific International, Pittsburgh, PA. 
13 Fisher Scientific International, Pittsburgh, PA. 
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samples were spiral plated14 onto BHI agar plates which were then incubated at 37°C for 

24 h and read using an automated colony count system15.  Suspect colonies were picked, 

streaked, and stabbed onto triple sugar iron (TSI) agar16 slants (Cox et al., 2000) and then 

incubated at 37°C for 24 h.  Positive Salmonella colonies were confirmed by 

agglutination using poly-O antiserum17 (Cox et al., 2000). 

The residual litter was used for Aw and pH analysis.  Litter Aw was measured 

according to the manufacturer’s instructions using a water activity meter18.  Litter pH was 

measured as previously described. 

Statistical Analysis and Data Fitting 

All Salmonella survival data were transformed to a base-10 logarithm prior to 

analysis.    Non-linear regression was performed on the survival data for each individual 

Aw and pH treatment combination using the NLIN procedure of SAS with the Gauss-

Newton algorithm (SAS Institute, 1996).  Data exhibiting bacterial growth followed by 

death were fitted using the Churchill model as described by Membre et al. (1997).  The 

general form of the model is:  

 

Log N = Y = Ŷ + ε 

 

where N represents the population of bacteria, Y is the statistical response, Ŷ represents 

the adjusted value and ε corresponds to the residual error at time t.  Ŷ can be further 

broken down into two functions: 
                                                 
14 Autoplate 4000, Automated Spiral Plater, Spiral Biotech, Inc., Norwood, MA. 
15 ProtoCOL, Automated Colony Counter, Synoptics, Ltd., Frederick, MD. 
16 Difco, Division of Becton Dickinson and Co., Sparks, MD. 
17 Difco, Division of Becton Dickinson and Co., Sparks, MD. 
18 Decagon Model CX-3 Water Activity System, Decagon Devices, Inc., Pullman, WA. 
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Ŷ = {ƒ1
-1+ ƒ2

-1}-1 

 

The term ƒ1 = K1 · exp(λ1 · t) and ƒ2 = K2 · exp(-λ2 · t) with ƒ1 corresponding to microbial 

growth and  ƒ2 corresponding to microbial decline.  The overall equation describing the 

experimental conditions is as follows: 

 

Ŷ = [1/ K1 · exp(-λ1 · t) + 1/ K2 · exp(λ2 · t)]-1  

 

Data resulting in bacterial decline only were fitted using a general inactivation 

model of the following form: 

 

Ŷ = K · exp(-λ1 · t)   

 

General models were then developed from either the Churchill equation 

(conditions producing both growth and decline) or the general inactivation equation 

(conditions producing only inactivation) to fit grouped environmental conditions. 

Corresponding decimal reduction times (D-values) were calculated as the 

negative reciprocal of the survivor curve slope obtained by linear regression analysis 

from the observed and predicted values.  Only sampling points along the linear portion of 

the survivor curve were included in the calculation.  For each sample time, the 3 observed 

values were randomly assigned to one of three data sets and three separate observed D-

values along with one predicted D-value were calculated for each trial.  Observed D-
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values across treatments were analyzed using the GLM procedure of SAS.  Significant 

differences between the mean observed and the predicted D-values were determined 

using the Students t-test.  Separate containers served as the experimental unit for 

statistical analysis and residual effects were used as the error term.  Water activity and pH 

served as the main effects for the factorial analysis.  Test variables having a significant F-

test were compared using the least-square-means (LSMEANS) function of SAS and were 

considered to be significant at P < 0.05. 

RESULTS & DISCUSSION 

 The behavior of Salmonella in poultry litter at various pH and Aw treatment 

combinations is shown in Figures 1, 2, and 3.  The Churchill model was successful at 

fitting the data from individual treatments under conditions of bacterial growth followed 

by decline; however, a general lack of fit was observed when fitting the model to data 

resulting in no growth but only bacterial decline.  For this reason, the exponential 

inactivation model was used for fitting conditions favoring bacterial decline only, 

resulting in successful fits.   

Litter conditions of pH 4, 7, and 9 were chosen to represent treated, fresh, and 

used litter, whereas Aw values of 0.84, 0.91, and 0.96 were chosen to simulate dry, damp, 

and wet litter and represent a common range of litter Aw values from which positive 

Salmonella samples have been observed (J. Payne, unpublished data; Opara et al., 1992; 

Carr et al., 1995; Mallinson et al., 2000; Hayes et al., 2000; de Rezende et al., 2001).  A 

constant temperature of 86°F (30°C) was chosen based on average poultry litter 

temperatures collected from commercial field data taken over a 2-year period (J. Payne, 

unpublished data).  Salmonella populations exhibited an initial growth phase (~ 2 log) 
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with little decline up to 42 days in litter environments of pH 7 and 9 and a Aw value of 

0.96.  This agrees with reports that Salmonella grows at Aw levels ≥ 0.93 (D’Aoust, 

2001).  However, at litter conditions of pH 9 and Aw 0.91, slight growth was observed 

followed by a steady decline (~ 4 log) at 42 days.  As litter Aw levels were reduced to 

0.84, populations further declined with the most drastic reductions (~ 5 log in 9 h) 

occurring in low pH (4) and low Aw (0.84) environments.  These findings agree with the 

work of Carr et al. (1995) who found that high Aw values (0.90 to 0.95) in poultry litter 

were associated with Salmonella positive broiler flocks; low Aw values (0.79 to 0.84) 

were associated with Salmonella negative flocks, whereas medium Aw values (0.85 to 

0.89) indicated an increased risk of contamination.  de Rezende et al. (2001) reported 

similar results where broiler litter samples having Aw values between 0.90 to 0.95 

exhibited the highest Salmonella populations (average of 44.7 cfu/10g), while litter Aw 

values ranging from 0.85 to 0.90 exhibited the second best growth condition (average of 

20.7 cfu/10g).  Interestingly, litter samples with Aw values between 0.95-1.00 were not 

associated with high Salmonella populations.  These investigators speculated that such 

conditions are not ideal for Salmonella growth due to a hypotonic environment or the 

dilution of essential nutrients.  In other field studies, Salmonella spp. survived in poultry 

litter at Aw levels of <0.84; however, the majority of positive samples (74.4%) had Aw 

values ≥0.90 while most fell into the 0.90 to 0.95 range (Hayes et al., 2000).  These 

researchers concluded that maintaining poultry litter below 0.84 can aid in controlling 

Salmonella populations in commercial poultry houses. 

Environmental conditions of pH 4 resulted in drastic declines of Salmonella to 

undetectable populations regardless of litter Aw.  At Aw values of 0.96, 0.91, and 0.84, 
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Salmonella populations were below the detection limit (1 log) at 20, 13 and 9 hours, 

respectively.  Under pH 7 conditions, no Salmonella growth was observed in 0.91 and 

0.84 Aw environments with ~ 5 log reductions at 42 and 12 days, respectively.  At pH 9 

and Aw 0.84 environments, no Salmonella growth was observed with ~ 5 log reduction 

detected at 10 days. It has been reported that S. Typhimurium and E. coli grow optimally 

in pH environments between 5 and 9 (Foster, 1993; Small, 1994) although Salmonella 

growth generally falls between pH 6.5 and 7.5 (Chung and Goepfert, 1970; D’Aoust, 

1989). Others have reported that the pH growth range for Salmonella falls between 3.6 

and 9.5 with optimal growth at near neutral pH (D’Aoust, 2001).  In a study where 

Salmonella positive drag swabs were isolated from broiler house litter, mean poultry litter 

pH values were 8.1 ± 0.1 (Opara et al., 1992).  However, a separate study has shown that 

the reduction of litter pH to a more acidic level (pH 4) resulted in a decline in pathogens, 

such as E. coli, Salmonella, and Clostridium, to below detectable limits (Hardin and 

Roney, 1989).  Our findings agree with these reports and suggest that if poultry litter pH 

can be lowered to pH 4 or below, then Salmonella populations may be drastically reduced 

or possibly eliminated in commercial poultry litter.   

A two-way factorial analysis of pH and Aw effects on observed litter Salmonella 

population D-values was then conducted and yielded a significant pH and Aw interaction 

(Table 2).  D-values were significantly longer under litter conditions of pH 9 and 7 and 

Aw of 0.96 when compared to all other experimental conditions (P<0.05).  The shortest 

D-values occurred in pH 4 environments.  Under these acidic litter conditions, a 

significant increase in the Salmonella death rate (~ 200 fold) occurred when compared to 

litter environments of pH 9 and 7 at a Aw of 0.96 (P<0.05). 
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 Predicted D-values by the Churchill and inactivation models were compared to 

the average observed D-values for each trial and are shown in Table 2.  For all 

comparisons, no significant differences were observed, thus indicating the accuracy of 

the models in describing the response of Salmonella to pH and Aw (P<0.05).   

 Due to extreme differences in response detected across the 9 treatments and the 

significant interaction between pH and Aw, a general model was not successfully fitted 

for the 9 combined conditions.  However, generalized models for bacterial growth and 

death under specified pH environments were successfully developed in order to predict 

Salmonella behavior in litter over time.  The Churchill equation was effectively used to 

develop a general Salmonella growth and inactivation model fitting data from combined 

pH 7 and 9 experimental conditions.    The parameter λ2 was set to be dependent on pH 

and Aw levels with d0 representing the intercept and d1 and d2 representing pH and Aw 

parameter estimates, respectively.  At time 0, the relationship between K1 and K2, as 

described by Membre et al. (1997), was as follows: 

 

1/K1 = (log N0) -1 – 1/K2

 

Log N0 was considered as an estimated parameter and assigned a time 0 Salmonella 

population value of log 7.  The expressions used for the model are listed below: 

 

K1 = 1/ (1/log N0 – 1/K2) 

λ2 = d0 + d1 * pH + d2 * Aw

 

 115



K1 describes the growth phase while λ2 describes the death phase.  These parameters were 

then substituted into the Churchill equation and fitted to the experimental data.     

Although the generalized Churchill model successfully fit data from experimental 

conditions favoring growth followed by death, a lack of fit was observed for data from 

environments resulting in bacterial decline only.  The drastic Salmonella population 

reductions (~ 5 log in <21h to below detection limits) observed at pH 4 required the 

development of a general inactivation model specific to that environment.  Similarly, a 

general bacterial inactivation model was required to fit pH 7 and 9 litter conditions 

yielding only bacterial decline (i.e., pH 7 at Aw 0.84 and 0.91 and pH 9 at Aw 0.84).  

Since both pH 7 and 9 environments resulted in similar rates of Salmonella death, a 

general model was successfully developed to describe both of these pH environments.  

Both exponential inactivation models were of the general form: 

 

Ŷ = K · exp(-λ · t)   

 

The equation used for the pH 4 inactivation model was: 

λ = b0 + b1 * Aw

The equation used for the pH 7 and 9 inactivation model was: 

λ = b0 + b1 * pH + b2 * Aw

 

The lambda parameter (λ) in the pH 4 inactivation model was set to be dependent on Aw 

levels with b0 and b1 representing the intercept and Aw parameter estimate, respectively.  

The pH 7 and 9 inactivation model λ was dependent on pH and Aw with b0, b1, and b2 
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representing the intercept, pH, and Aw parameter estimates, respectively.  Figures 4, 5, 

and 6 represent observed and predicted log Salmonella populations for the pH 7 and 9 

growth and inactivation (Churchill), pH 7 and 9 inactivation, and pH 4 inactivation 

general models, respectively.  Each general model accounts for the 3 Aw levels tested in 

the experimental design in one single step. 

 The Churchill general model showed significant Aw effects on the Salmonella 

decline rate (λ2) with a d2 parameter estimate value of -0.50 and a 95% confidence 

interval of -0.64 to -0.37 (P<0.05); however, pH did not affect Salmonella death.  These 

Aw effects are evident in Figure 4 as Salmonella populations declined as litter Aw was 

lowered from 0.96 to 0.91.  Significant differences in D-values (Table 2) between pH 9 

and 7 and Aw of 0.96 and pH 7 and Aw 0.91 litter environments further confirm this 

observation (P<0.05).  The pH 7 and 9 general inactivation model (Figure 5) showed 

significant pH and Aw effects on Salmonella decline or λ with b1 and b2 parameter 

estimate values of 0.02 and -1.45 and 95% confidence limits of 0.001 to 0.04 and -1.85 to 

-1.06, respectively (P<0.05).  Significant Aw effects on λ were found using the pH 4 

general inactivation model (Figure 6) with a b1 parameter estimate value of -0.36 and 

95% confidence interval of -0.50 to -0.21 (P<0.05).   

Parameter estimates from each of the three general models were used to calculate 

λ values for the nine litter pH and Aw treatment combinations and are listed in Table 3.  

These values can be used to describe the log Salmonella decline rate per unit time.  Litter 

pH 4 λ values were converted from unit time hours to days for ease of comparison.  For 

pH 4, 7, and 9 environments, λ values were lower at Aw 0.96 (2.134, 0.005 and 0.036) 

and 0.91 (2.563, 0.039, and 0.029) and higher at Aw 0.84 (3.165, 0.141, 0.190), 
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respectively, showing that Salmonella decline rates increased as Aw decreased to 0.84.  

Litter pH 4 at Aw 0.96, 0.91, and 0.84 conditions resulted in the highest λ values (2.134, 

2.563, and 3.165), respectively. 

 The adequacy of each model to predict Salmonella populations can be assessed 

graphically by comparing observed values against corresponding predicted values, thus 

testing the overall reliability of the model (Giffel and Zwietering, 1999).  Statistical 

comparison by calculating the mean square error (MSE) and regression coefficient (R2) 

are other tools for assessing the fit of the model.  MSE is a measure of the variability 

remaining and not accounted for by Aw and pH effects while R2 measures the fraction of 

the variation about the mean that is explained by the model.  The lower the MSE and the 

higher the R2 values, the more adequate the model describes the data (Giffel and 

Zwietering, 1999).  MSE and R2 values for both individual and generalized models are 

listed in Table 4.  Individual Churchill models fitting data for all three growth and death 

conditions (pH 7 and Aw 0.96; pH 9 and Aw 0.91 and 0.96) resulted in the lowest MSE 

values.  For these three trials, MSE values were lower than those reported by Tamagnini 

et al. (2004) who found good fits using the Churchill model to describe S. Typhimurium 

behavior in goat cheese stored at 5, 15, and 25°C.  This comparison furthermore leads us 

to believe that the Churchill model accurately describes the growth and death data.  

Although MSE values were higher for individual inactivation models than individual 

Churchill models, all models resulted in a high R2 value (≥0.96), which indicates a good 

fit.  When comparing the generalized models, the Churchill model produced the lowest 

MSE value; however, all generalized models resulted in high R2 values (≥0.97).   
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 To further validate the generalized model, another set of data from a separate 

independent study conducted at litter pH 7 and Aw 0.91 conditions was compared to the 

predicted values of the pH 7 and 9 general inactivation model and are shown in Figure 7.  

Visual inspection of the graph indicates that the general model provided a good fit to the 

observed data.   

Predictive modeling has been used in the past to describe the effect of 

environmental factors and their interactive effects on the microbial behavior of foodborne 

pathogens (Gibson et al., 1988; Buchanan and Phillips, 1990; Wijtzes et al., 1993; Linton 

et al., 1995; Koutsoumanis et al., 1999).  The USDA-based Microbial Pathogen 

Computer Modeling Program can be used as a valuable tool for food companies when 

supporting HACCP requirements and is now available in a series of programs that can be 

run on personal computers (Whiting and Buchanan, 2001).  A food manufacturing 

company can use these programs as a tool for estimating the influence of a limiting agent 

or the combination of agents on pathogens and evaluating potential problems that might 

occur during processing.  Pathogen modeling programs are useful in supporting hazard 

analysis, developing critical limits, and predicting the effectiveness of corrective actions 

taken.   

The poultry industry is currently evaluating the feasibility of developing pathogen 

reduction programs at the grow-out phase in an effort to proactively address the potential 

for future implementation of pre-harvest HACCP-like programs.  Should pathogen 

control be mandated on the farm, both integrators and growers will be challenged to 

identify effective pathogen control measures for use during grow-out.  Studies supporting 

model development for pathogen control during live production have application toward 
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a “farm to fork” approach for reducing the spread of foodborne pathogens to humans 

through contaminated food products and the environment.   

Pathogen models can serve as a useful tool for assessing the risk of contamination 

or contamination levels on Salmonella positive farms.  Prior knowledge of potentially 

high or low Salmonella contamination populations in the grow-out environment can be 

useful when making processing and farm management decisions affecting food safety.  

For example, when selecting the order of flock arrival to processing plants, Salmonella 

positive flocks with the greatest potential for high Salmonella populations could be the 

last in order for processing on a given day.  Our results indicate that pH conditions of 7 

and 9 at a Aw of 0.96 are favorable for Salmonella growth and survival up to market age 

(42 days).  Decisions could be made based on model predictions while avoiding laborious 

and time constraining sampling and analysis for Salmonella populations that can often 

take days to produce results.  This practice could reduce cross contamination risks at the 

processing plant and assure compliance with USDA Salmonella performance standards.   

Models have application not only for processing aspects but also for live 

production.  Newly hatched chicks are more susceptible to Salmonella infection than 

more mature birds (Gast, 1997).  As few as 5 cells of Salmonella have been shown to 

infect chicks (Milner and Shaffer, 1952) and this number may even be lowered if the 

birds are stressed (Arkakawa et al., 1992).  Once infected, these birds may excrete fecal 

concentrations of up to 109 Salmonella per gram of feces for up to a two-week duration 

(Bailey, 1987).  Chick mortality has been observed to reach its peak at 3 to 7 days (Gast, 

1997).  In some instances, new litter has been shown to be contaminated with Salmonella 

prior to bird placement (Kumar et al., 1971, Simmons and Byrnes, 1972; Bhatia et al., 
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1979).  Under these circumstances, a statistical model can be useful for determining 

target environmental conditions that are unfavorable for Salmonella proliferation and for 

estimating the amount of time needed to achieve significant population reductions to a 

safe level under given conditions.  Our results showed that achieving a low pH and Aw 

litter environment led to the fastest reduction in Salmonella populations when compared 

to higher pH and Aw litter conditions.  Best management practices can then be linked to 

attaining these targeted environmental conditions.   

Controlling relative humidity (RH) inside the house and in the litter is one 

important control strategy for reducing pathogens, ammonia fumes, and parasites such as 

coccidia in the bird’s environment (Zander et al., 1997).  ERH, which is the RH of the 

surrounding air, is equivalent to Aw (ERH% = Aw x 100). The measurement of Aw can 

thus be achieved by measuring the ERH of the atmosphere surrounding the sample 

(Adams and Moss, 1995).  Water activity measures available or free water, whereas, 

moisture content measurements include both bound (unavailable) and unbound (free) 

water (Opara et al., 1992).  Mallinson (1998) reported that when litter RH values are less 

than 92%, Salmonella populations decrease.  According to Wabeck (1998), Salmonella 

can be controlled with a reduced litter Aw below 0.80 or when litter pH is maintained 

below 4.0.   

Proper ventilation practices are not only critical to cooling birds, but are also a 

key management tool used to remove excess moisture from the broiler house and 

maintain a certain degree of dryness in the litter.  Valentine (1964) found that both 

ammonia and RH levels were reduced as the rates of air exchange inside well-insulated 

test pens (8 x 14 ft. or 2.44 x 4.27 m floor area) increased.  These levels may be easier to 
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control during the summer months when the water holding capacity of incoming air is 

high and high ventilation rates are required in order to keep birds cool.  During the winter 

months, removal of excess litter moisture can become problematic since the cooler 

incoming air has less moisture holding capacity than warmer air.  In addition, cool 

outside air should not directly contact birds. However, this problem can be largely 

overcome by ensuring a high rate of airspeed of incoming cool air.  This allows mixing of 

the cool air with the warmer air in the house, thus increasing the moisture holding 

capacity of the air and greater moisture removal from the litter.  This saturated air can 

then be circulated out of the house, allowing the removal of excess moisture (Donald et 

al., 2005).   

Mallinson et al., (2000) reported that low broiler litter surface airflow rates (< 

15.6 m/min or 51 ft/min) were related to increased litter Salmonella populations (1.63 

cfu/10g) compared to higher airflow rates (>15.6 m/min or 51 ft/min) and decreased 

Salmonella populations (<1.33 cfu/10g).  These low airflow rates were associated with 

higher litter moisture content (41.5% vs. 30.9%) and Aw levels (0.91 vs. 0.89) compared 

to high airflow rates, respectively. In another study, litter areas exposed to higher 

ventilation rates (> 60 ft/min or 18.3m/min) in commercial broiler houses were found to 

be significantly related to lower moisture content (28 vs. 41.2%), Aw (0.84 vs. 0.91), and 

E. coli populations (8.2 x 105 vs. 5.4 x 106 cfu/10g) when compared to lower ventilation 

rates (<60 ft/min or 18.3m/min), respectively (de Rezende et al., 2001).  In the same 

study, reduced Aw (<0.89) and moisture content (<35%) levels corresponded to reduced 

Salmonella populations (20.7 and 5.3 cfu/10g, respectively).  A low incidence of 

Salmonella from litter samples was observed from houses that were tunnel ventilated 
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(131 to 198 ft/min or 39.9 to 60.3 m/min).  This observation suggests that tunnel 

ventilation could be effective at reducing moisture from the litter, which would in turn 

reduce Salmonella populations. These researchers recommended maintaining a modest 

and uniform ventilation rate of 100 to 150 ft/min (30.5 to 45.7 m/m) over the litter in 

order to maintain a dryer litter environment. 

The prevention of leaks from water lines will also serve as a control measure to 

ensure dryer litter.  Moreover, selection of the proper litter with desirable absorption 

properties is crucial along with proper litter clean-out procedures.  Some litter, such as 

freshly-milled wood shavings, often contains high levels of moisture (Mallinson, 1998) 

and should be taken into consideration when choosing a bedding material.  Following 

litter removal from the house, the dirt floor pads should be given sufficient time to dry 

prior to the addition of new litter.  By maintaining a dry litter environment through proper 

ventilation and management practices a safer and healthier environment can be attained 

for broiler production. 

Litter treatments are commonly used in poultry houses to reduce harmful 

ammonia emissions but may also be used to reduce litter pathogens by lowering litter pH.  

Pope and Cherry (2000) reported significant declines in litter pH and ammonia levels 

along with total aerobic bacterial and E. coli populations in litter treated with a sodium 

bisulfate product as compared to non-treated houses.  Payne et al. (2002) have also shown 

that lowering litter pH to 2.68 and 3.48 using a sulfuric acid and sodium bisulfate litter 

treatment product significantly reduced Salmonella populations by 1.04 and 1.30 log 

cfu/ml, respectively.   Litter treatments are commonly applied prior to bird placement, 

thereby reducing litter pH during the first week of rearing when the birds are the most 
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susceptible to pathogen invasion.  Our data suggests that by reducing litter pH to 4, 

Salmonella populations can be reduced below detectable limits within 20 hours or less 

when litter is previously contaminated with high populations of Salmonella (~107).  Since 

pH levels have been shown to rise to near neutral levels one week post application of a 

litter treatment (Pope and Cherry, 2000), reapplication may be required to maintain acidic 

litter conditions. 

  It should be noted that predictive models have limitations and should not be solely 

relied upon for determining the safety of foods and other production or processing 

systems.  Independent microbial laboratory studies are still required for validation 

purposes when determining the growth and survival of pathogens.  Moreover, most 

models do not include all of the growth factors influencing the growth kinetics of the 

organism under investigation.  Other factors, such as the presence of bacteriocins or 

competitive exclusion effects from other organisms, are often not factored into the model.  

In many cases, the behavior of a specific pathogen in a specific growth media or food 

product is investigated and thus the results should only be interpreted for those specified 

conditions.  For this study, results should only be interpreted for Salmonella behavior in 

pre-sterilized and inoculated used poultry litter and should not be mistaken for mimicking 

the live production setting.  However, our model offers an understanding of how 

Salmonella behaves under various environmental growth conditions in poultry litter and 

can be used as a tool for developing control strategies for use during pre-harvest 

production.  

 The data suggest that by lowering litter pH or Aw levels to 4 or 0.84, respectively, 

and through proper farm management practices, Salmonella populations can be reduced 
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to below detectable limits.  The multiple hurdle concept can be successfully implemented 

by combining the interactive effects of low pH and Aw for the control of Salmonella 

growth and survival.  By reducing Salmonella in the bird’s environment through a multi-

step intervention program, reductions in prevalence and populations on birds entering 

processing plants from contaminated flocks should be observed, thus reducing the cross 

contamination potential and true risk to humans.  Pathogen models, such as described in 

this study, have potential application to aid in establishing on-farm food safety programs 

by predicting pathogen populations under varying environmental conditions. 
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TABLE 1.  Equilibrium relative humidity (water activity) of saturated salt solutions 

at 30°C 

Salts Aw

K2SO4 0.96 

KNO3 0.91 

KCl 0.84 
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TABLE 2. Observed and Predicted D-values (days) of Salmonella litter populations 
       as impacted by litter pH and Aw effects  

 
Trial 

(pH/Aw) 
Observed 
D-value1 

Predicted 
D-value2 

9/0.96 29.37a 27.17 

7/0.96 20.39b 17.64 

7/0.91 8.14c 7.71 

9/0.91 8.12c 7.5 

7/0.84 3.96cd 3.28 

9/0.84 2.85cd 2.75 

4/0.96 0.14d 0.14 

4/0.91 0.13d 0.13 

4/0.84 0.10d 0.09 

 SEM (4)3 = 2.42 
(pH*Aw) 

 

a-d Means with different superscripts within a column differ significantly (P< 0.05). 
1 Mean of 3 observed D-values. 
2 D-value calculated from predicted values. 
3 Standard error of the mean with 4 degrees of freedom. 
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TABLE 3. Lambda values describing Salmonella decline rates1 from 
                   generalized models under specified pH and Aw litter conditions 
  

 pH 4 pH 7 pH 9 
Aw 0.96 2.134 0.005 0.036 

Aw 0.91 2.563 0.039 0.029 

Aw 0.84 3.165 0.141 0.190 

1 Log Salmonella decline rate per day. 
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TABLE 4.  Mean square error (MSE) and R2 values for individual and general 
       models describing pH and Aw effects on Salmonella litter populations 
 

Individual Models1 
(pH/Aw) 

MSE R2 

9/0.96 0.00001 0.99 

9/0.91 0.003 0.96 

9/0.84 0.571 0.96 

7/0.96 0.00003 0.99 

7/0.91 0.434 0.98 

7/0.84 0.350 0.96 

4/0.96 0.264 0.98 

4/0.91 0.268 0.98 

4/0.84 0.253 0.98 

General Models2   
Churchill 0.001 0.97 

pH 7 & 9 Inactivation 
 

0.517 0.97 

pH 4 Inactivation 0.262 0.98 

1 Models representing individual pH and Aw trials. 
2 Models representing combined pH and Aw effects. 
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FIGURE 1.  Observed Salmonella litter population data (○) and predicted values by the 
Churchill model (▲) and the exponential inactivation model (■) at pH 9 (a) Aw 0.96, (b) 
Aw 0.91, (c) Aw 0.84. 
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FIGURE 2.  Observed Salmonella litter population data (○) and predicted values by the 
Churchill model (▲) and the exponential inactivation model (■) at pH 7 (a) Aw 0.96, (b) 
Aw 0.91, (c) Aw 0.84. 
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FIGURE 3.  Observed Salmonella litter population data (○) and predicted values by the 
exponential inactivation model (■) at pH 4 (a) Aw 0.96, (b) Aw 0.91, (c) Aw 0.84. 
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FIGURE 4. Generalized pH 7 and 9 growth and inactivation model with Aw and pH effects.  Observed Salmonella litter population 
data (open symbols) and corresponding predicted values (closed symbols) by the Churchill model. ◊, pH 7, Aw 0.96; ∆, pH 9, Aw 0.96; 
○, pH 9 Aw 0.91. 
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FIGURE 5. Generalized pH 7 and 9 inactivation model with Aw and pH effects.  Observed Salmonella litter population data (open 
symbols) and corresponding predicted values (closed symbols) by the exponential inactivation model. ◊, pH 7, Aw 0.91; ∆, pH 7, Aw 
0.84; ○, pH 9, Aw 0.84. 
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FIGURE 6. Generalized pH 4 inactivation model with Aw effects.  Observed Salmonella litter population data (open symbols) and 
corresponding predicted values (closed symbols) by the exponential inactivation model. ◊, Aw 0.96; ∆, 0.91; ○, 0.84. 
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FIGURE 7.  External validation data set (open symbols) and corresponding predicted values (closed symbols) by the exponential 
inactivation model of Salmonella litter populations. ◊, pH 7, Aw 0.91. 
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Summary 

The foodborne pathogen Salmonella remains a concern to both consumers and the 

poultry industry.  Salmonellosis threatens human health and consumer markets while 

increasing industry production and processing costs.  Although HACCP implementation 

at the processing stage has led to successful reductions in Salmonella prevalence on 

poultry carcasses, processors cannot be held solely responsible for complete pathogen 

reduction when birds may be entering processing plants with undetectable to high loads 

of Salmonella.  Consequently, the pre-harvest level of poultry production has gained 

considerable attention as one target area for pathogen reduction.  The survival of 

Salmonella in the poultry grow-out house environment is dependent on both physical and 

chemical factors such as temperature, water activity (Aw), moisture content, and pH.  

Whenever environmental stress factors fall outside the optimum range for microbial 

growth and survival, these factors can lead to cellular damage.  Poultry litter serves as a 

potential reservoir for Salmonella contamination with environmental parameters, such as 

those listed above, influencing the growth, death and survival of Salmonella.  

Contaminated litter not only poses a food safety threat by cross contaminating birds prior 

to processing but also presents an environmental threat to humans and animals from the 

application of litter as a pasture land fertilizer. 

The purpose of our studies was to assess Salmonella dynamics in the commercial 

poultry production environment.  Insight gained into the effects of altering common 

environmental growth factors on Salmonella growth or death behavior in poultry litter 

could lead to improved control strategies for reducing foodborne and environmental 

contamination risks.  The aim of our first study was to characterize Salmonella 
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prevalence and populations from commercial poultry grow-out operations and to relate 

this information to any observable effects caused by season, farm, age or environmental 

factors.  Salmonella were further characterized by serotype and antibiotic resistance 

analysis.  Baseline data of Salmonella populations and litter environmental factors were 

then used for developing the experimental design of a second study aimed at modeling 

the behavior of Salmonella in used poultry litter.  The objective of the modeling study 

was to observe the combined effects of pH and Aw at a constant temperature on the 

growth and decline of Salmonella in inoculated poultry litter for the purpose of predicting 

microbial behavior using statistical modeling.  A predictive model could be used to 

estimate Salmonella contamination populations based on environmental factors and to 

identify litter conditions that should be avoided.   

Based on the first study, fifty percent of the litter (n = 24) and fecal (n = 24) 

samples were Salmonella positive.  Litter and fecal mean and range of Salmonella 

populations were 1.70 and ≤1.0 to 3.6 and 1.57 and ≤1.0 to 3.1 log MPN/g, respectively.  

A total of four different serotypes were isolated from the six broiler houses with 

Salmonella Kentucky and Salmonella Heidelberg being the two most common isolates.  

Ninety-six percent of the isolates were resistant to ≥ 1 antimicrobial agent(s).  The results 

of this small pilot study indicate that Salmonella populations and their prevalence in 

commercial broiler farms were not impacted by individual farm, season, or flock age 

effects, but their 3-way interaction did influence Salmonella populations.  While the 

present study was unable to relate observed litter properties to organism populations, 

perhaps more in depth studies involving a larger number of broiler farms over several 

years would show increased relationships between Salmonella populations, 
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environmental parameters and management practices.  However, baseline data, such as 

that collected in the first study, can be useful for designing model studies describing 

Salmonella behavior under varying environmental conditions. 

Results from the second study demonstrated that Salmonella populations 

exhibited growth (~2 log) with little decline up to 42 days in litter environments of pH 7 

and 9 and a Aw of 0.96.  As litter Aw and pH levels were reduced, populations further 

declined with the most drastic reductions (~5 log in 9 h) occurring in low pH (4) and low 

Aw (0.84) environments.  Generalized models for bacterial growth and death under 

grouped pH environments were successfully developed in order to predict Salmonella 

behavior in litter over time.  Our findings suggest that best management practices and 

litter treatments that lower litter Aw to ≤0.84 and pH to ≤4 are effective in reducing 

Salmonella populations.  The use of a single equation to predict the growth and decline of 

Salmonella populations as a function of pH and Aw has potential application for use in 

future pathogen reduction strategies.   

The information gained from both studies can be a useful tool for use in risk 

analyses and for developing new and effective control strategies for reducing pre-harvest 

Salmonella contamination populations through a multiple step intervention program.  The 

multiple hurdle concept can be successfully implemented by combining the interactive 

effects of low pH and Aw for the control of Salmonella growth and survival.  When 

pathogen populations are reduced during the pre-harvest phase of production, foodborne 

pathogen prevalence and populations entering processing plants or the environment 

should also be reduced, thus reducing their subsequent transmission risk to humans and 

other animals.  
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Computer based modeling of Salmonella populations in poultry litter has merit for 

potential future research studies and commercial based applications addressing current 

food safety and environmental contamination issues.  By understanding the behavior of 

Salmonella in the grow-out environment and how these pathogens are impacted by 

various environmental growth parameters such as pH, Aw and temperature, farm 

management and processing decisions affecting food safety can be made based on the 

potential contamination risk levels for high or low pathogen populations.  Potential 

application of pathogen models, such as the USDA-based Microbial Pathogen Computer 

Modeling Program and the models described in this study, exists for use in cost 

comparison studies where pre-harvest and post-harvest best management practices can be 

compared for reducing Salmonella populations.  The high costs of processing 

interventions used to meet the current USDA Salmonella Performance Standards may be 

reduced if alternative cost-effective procedures exist for reducing contamination levels 

prior to processing.  Comparisons of various best management practices can be made 

along with their implementation costs at attaining conditions unfavorable to Salmonella 

survival or proliferation, as demonstrated by modeling studies.   For example, the costs 

associated with using a litter treatment during pre-harvest production may be an effective 

strategy not only for reducing Salmonella populations but also the costs associated with 

controlling Salmonella contamination during processing.   

Future studies for further validating the Churchill and inactivation models may 

include conducting experiments with pH and Aw values in between the range of values 

tested in this study.  External data from these independent studies could then be 

compared to predictions forecasted by the current models. 
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