
ABSTRACT 

 

KRISH, KRISTA NICOLE. The Use of Ventilation Shutdown as an Alternative Depopulation 

Method for Egg Laying and Turkey Breeder Hens in the Event of a Foreign Animal Disease 

Outbreak. (Under the direction of Drs. Kenneth Anderson and Jesse Grimes). 

 

Depopulation is defined as “the destruction of a large number of animals with as much 

consideration to the welfare of the animal as practical.” Depopulation methods are to be used in 

situations where animals are infected with a potentially zoonotic disease; animals are 

experiencing an outbreak of rapidly spreading disease; or animals are housed in structurally 

unsound buildings that would be hazardous for human entry. A foreign animal disease (FAD) is 

defined as “a transmissible livestock or poultry disease believed to be absent from the United 

States that has a potential significant health or economic impact.” The primary methods for 

depopulation are CO2 and water-based foam. If depopulation with the primary methods cannot 

be achieved with 24 hours of disease confirmation, alternative methods, including ventilation 

shutdown (VSD), can be approved for use.  

Ventilation shutdown is defined as “the cessation of natural or mechanical ventilation of 

atmospheric air in a building where birds are housed, with or without action to increase ambient 

temperature.” The Department for Environment, Food, & Rural Affairs (DEFRA) developed 

instructions for VSD use within the United Kingdom. The intention of VSD is to quickly raise 

the temperature inside the house to ≥104 °F (40 °C) within 30 minutes by sealing the poultry 

house and shutting down ventilation; however, no research has been conducted to support their 

instructions.  

A proof of concept study was designed to evaluate the effectiveness of VSD, VSD with 

supplemental heat (VSDH), and VSD with CO2 (VSDCO2) as alternative mass depopulation 

methods in a multi-level caged system. Assessment parameters included ambient and core body 

temperatures, time to death, and survivability. Time to death for VSD, VSDH, and VSDCO2 

were 3.75, 2, and 1.5 hr, respectively.  Survivability in VSD did not meet the flock depopulation 

standard of 100% lethality as 2.8% of hens survived. Based on 100% lethality and time to death, 

VSDH and VSDCO2 are equivalent in their ability to effectively depopulate hens in a multi-level 

caged system.  

In the 2015 HPAI outbreak, resources for foam, the preferred depopulation method for 

turkeys, were quickly depleted. Another proof of concept study was designed to assess the 



effectiveness of VSD, VSDH, and whole-house gassing (WHG) on turkey breeder hens. 

Environmental and physiological parameters were assessed. Time to death for VSD, VSDH, and 

WHG were 360, 181, and 195 min, respectively. Ventilation shutdown did not achieve the 

ambient temperature needed to cause hyperthermia in turkey breeder hens leading to high 

survivability (34.4%). Whole-house gassing also had 1 survivor. Ventilation shutdown with 

supplemental heat was successful in producing 100% lethality, with ambient temperatures 

reaching over 130 °F (54.4 °C).  

While the data emulates commercial poultry production environments, application of the 

techniques in this study still need to be evaluated in commercial egg-laying and turkey breeder 

facilities. Ventilation shutdown should not be used alone due to the ability for survivorship. 

Ventilation shutdown with supplemental heat could be considered an alternative mass 

depopulation method for use only if the primary methods cannot be implemented within 24 

hours.  

A retrospective pretest posttest design corrects two problems that traditional pretest 

posttest designs have: the incomplete data set and response-shift bias. The purpose of this study 

was to explore the application of a retrospective pretest posttest design to assess an Extension 

program introducing a new technology—ventilation shutdown plus (VSD+).  Results indicated 

that a retrospective pretest posttest design was more appropriate than a traditional pretest posttest 

design in assessing the change in knowledge and confidence of executing skills associated with 

VSD+ and its implementation. It is suggested that a retrospective pretest posttest design be used 

for evaluating Extension programs introducing new technology.  
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Chapter 1: Literature Review 

1.1 Notifiable Foreign Animal Disease Outbreaks  

 

A notifiable foreign animal disease (FAD) is defined as “an important transmissible 

livestock or poultry disease believed to be absent from the United States and its territories that 

has a potential significant health or economic impact [1].” Foreign animal diseases are notifiable 

diseases as defined and generated by the World Organization for Animal Health (OIE). The 

diseases listed by OIE that are considered notifiable for the United States poultry industry are 

Newcastle disease virus and avian influenza [2].  The introduction of an FAD can occur in many 

ways, including the importation of live diseased animals or contaminated animal products, 

migrating animals or birds, or movement of contaminated fomites and vectors.  

An FAD has the potential to disrupt interstate commerce and international trade. Over 

230,000 poultry farms are found in the United States, with a majority concentrated in the 

Southeast and Midwest regions [3].  In 2017, 8.91 billion broilers, 320 million table egg layers, 

and 243 million turkeys were produced with a value of $30.2 billion, $7.55 billion, and $4.84 

billion, respectively [4].  Even a small outbreak has the potential to cause devastating economic 

losses for poultry producers. An outbreak of highly pathogenic avian influenza (HPAI)/low 

pathogenicity avian influenza (LPAI) in Tennessee and Alabama led to the destruction of 

253,000 birds, indemnity and compensation of $2.79 million, and trade restrictions from 11 

countries [5]. 

During any FAD outbreak, the United States Department of Agriculture’s Animal and 

Plant Health Inspection Service (USDA-APHIS) leads the overall response and incident 

management, with support from other Federal, State, and local departments and agencies. This 

authority is given to USDA-APHIS through the Secretary of Agriculture as required by the 

Animal Health Protection Act (AHPA) [6].  In the event of an FAD outbreak in the United 

States, the three response goals of USDA-APHIS are to 1) detect, control, and contain the FAD 
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as quickly as possible, 2) eradicate the FAD using strategies designed to stabilize animal 

agriculture and the food supply as well as protect public health and the environment, and 3) 

provide science- and risk-based approaches to facilitate continuity of business for non-infected 

animals and non-contaminated animal products [7]. These goals have been captured through the 

development of a framework for FAD preparedness and response, called the Foreign Animal 

Disease Preparedness and Response Plan (FAD PReP). The FAD PReP provides broad 

information about preparing for and responding to an FAD outbreak in the United States as well 

as USDA-APHIS authority and responsibility in the event of an outbreak.   

One of the largest challenges identified by USDA-AHPIS for an FAD response is the 

ability to rapidly scale up resources and trained personnel for response to large scale outbreaks. 

Another challenge identified is that some activities, including biosecurity, quarantine and 

movement control, surveillance, cleaning and disinfection, depopulation, and disposal, are 

complex and require significant preparation prior to an outbreak [9]. USDA-APHIS has 

collaborated with various other Federal and State agencies, universities, and private stakeholders 

to help develop response strategies to address these and other challenges. 

 

1.2 Avian Influenza in the United States  

 

1.2.1 Avian Influenza 

“Avian influenza” is a broad term used to describe any disease in birds caused by a Type 

A influenza virus [9].  Type A influenza viruses are in the family Orthomyxoviridae, causing 

mainly sporadic but serious outbreaks of disease in both poultry and humans [10, 11, 12, 13, 14]. 

Wild waterfowl and other aquatic birds the primordial reservoir of Type A influenza viruses 

[15]. Disease is usually absent in waterfowl, however, in domestic poultry avian influenza can 

present symptoms ranging from asymptomatic infection to respiratory disease and drops in egg 

production, to severe, systemic disease approaching 100% mortality [16].  Type A Influenzas are 

classified based on serologic reactions of two surface glycoproteins—hemagglutinin (HA) and 

neuraminidase (NA) [9]. These two proteins, representing 16 HA and 9 NA subtypes, can be 

found in numerous combinations (also called subtypes, e.g. H7N7, H5N1) [17]. Type A 

influenza viruses can vary in their ability to cause disease. The severe, systemic disease, referred 

to as highly pathogenic avian influenza (HPAI), is caused by the H5 or H7 subtypes. HPAI 
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causes high morbidity and mortality in commercially raised poultry, predominately chickens and 

turkeys. Low pathogenicity avian influenza (LPAI) usually produce little to no clinical signs of 

infection in wild birds but can cause economic losses in commercial poultry if accompanied by 

secondary bacterial or viral pathogens [9]. Because LPAI subtypes have been found to mutate 

into HPAI subtypes, surveillance of LPAI detections are crucial [18]. 

 

1.2.2 History of Highly Pathogenic Avian Influenza in the United States 

Prior to 2014, the United States has only ever experienced three HPAI outbreaks in 

poultry—in 1924, 1983, and 2004. In 1924, high mortality in chickens was reported in New 

York.  Samples were received at the laboratory of the New York State Veterinary College at 

Cornell University, where clinical signs of fowl plague, as avian influenza was called at the time, 

were observed [19]. A total of 8 outbreaks of H7 costing $1 million would occur over the next 

few months [9, 19].  

Pennsylvania and Virginia were involved in the 1983-1984 outbreak of avian influenza. 

Both LPAI and HPAI subtype H5N2 were isolated from 448 chicken and turkey flocks affected 

[20]. Over 17 million birds were destroyed and $63 million required to eradicate the disease 

spread. Lack of knowledge on avian influenza, delay in early detection and reporting, and a 

breakdown in biosecurity (movement of contaminated materials, people, and animals) were 

recognized as to have contributed to disease transmission. Problems with mass depopulation 

(handling, euthanizing) and disposal methods were also identified [21]. 

In February 2004, USDA confirmed an H5N2 outbreak on a 6,600-bird farm that 

supplied to 2 live bird markets in Houston, Texas [22]. The availability of a preexisting plan for 

surveillance and control as well as rapid response by federal, state, and local agencies as well as 

the poultry producer limited the outbreak to one farm [22]. 

On December 11, 2014, the USDA received its first report of HPAI in over 10 years; it 

would evolve into to the largest outbreak in United States history [23]. Highly pathogenic avian 

influenza subtypes H5N2 and H5N8 were reported in captive wild birds and backyard flocks in 

the northwestern United States. The first infected commercial flock was confirmed January 23, 

2015 in California.  Over the next few months, the disease spread through migrating waterfowl 

across the Midwest and down into Iowa, where a large number of laying hens were affected. The 

last case in a commercial flock was confirmed June 16, 2015.  From December 2014 to June 



  4 

 

2015, 232 HPAI detections (211 commercial, 21 backyard) were made in 21 states (Arkansas, 

California, Iowa, Idaho, Indiana, Kansas, Kentucky, Michigan, Minnesota, Missouri, Montana, 

North Dakota, Nebraska New Mexico, Nevada, Oregon, South Dakota, Utah, Washington, 

Wisconsin and Wyoming) [23].  Approximately 7.4 million turkeys and 43 million pullets and 

laying hens were depopulated, with economy-wide losses totaling $3.3 billion [24]. USDA-

APHIS reported that sharing equipment between farms, contact with wild birds, and movement 

of farm workers and visitors likely contributed to virus spread.  

Two other outbreaks have occurred since 2015, this time including both HPAI and LPAI 

subtypes—H7N8 in Indiana and H7N9 in four states in the southeast (Tennessee, Alabama, 

Kentucky, and Georgia) [25]. From January 2016 to May 2016, Indiana depopulated 414,000 

chickens and turkeys on 2 HPAI infected/suspected premise and 12 LPAI infected/suspected. All 

14 premises were commercial poultry farms [25]. A total of $30 million was obligated by USDA 

to pay for response activities, with $4.19 million specifically going to indemnity [26]. The 

outbreak in southeast began in Tennessee on March 3, 2017 and lasted through March 25, 2017. 

Two commercial poultry farms in Tennessee were confirmed HPAI, while 6 commercial farms 

and 6 backyard flocks within the four states were confirmed positive for LPAI. A total of 

253,000 birds were depopulated with estimated indemnity and compensation of $2.79 million 

[5].  While lessons learned from the HPAI 2014-2015 outbreak were applied in Indiana and the 

southeast, there were still some challenges that need to be addressed, including but not limited to 

the ability to rapidly deploy equipment and personnel, depopulating within 24 hours of disease 

confirmation, and working with contractors to fulfill depopulation and disposal activities. [5, 25].  

 

1.3 Depopulation Methods 

 

The American Veterinary Medical Association (AVMA) and USDA-APHIS recognize a 

clear distinction between euthanasia and depopulation [27]. The AVMA is currently creating 

“Guidelines for Depopulation of Animals”, a companion document to their “Guidelines for 

Euthanasia of Animals” [28, 29]. Euthanasia is the term used to describe “ending the life of an 

individual animal in a way that minimizes or eliminates pain and distress [28]”. The 

‘conditionally acceptable’ methods for euthanasia of poultry (domesticated birds used for egg, 
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meat, or feather production) are inhaled agents (carbon dioxide (CO2), carbon monoxide, 

nitrogen (N2), or argon (Ar)), cervical dislocation, decapitation, blunt force trauma, 

electrocution, gunshot, and penetrating and nonpenetrating captive bolt [28]. While euthanasia is 

preferable, euthanasia methods are not always possible to employ during a FAD. Depopulation is 

defined as “the destruction of a large number of animals with as much consideration to the 

welfare of the animal as practical [30].”  

Depopulation methods are to be used in situations where animals are infected with a 

potentially zoonotic disease; animals are experiencing an outbreak of rapidly spreading disease; 

or animals are housed in structurally unsound buildings that would be hazardous for human 

entry, such as those that may result from natural disaster [31]. Due to the risk of virus 

amplification in infected poultry, USDA-APHIS prescribes depopulation of a HPAI presumptive 

positive flock within 24 hours [27]. Depopulation methods must balance bird welfare against the 

need to control transmission of an FAD and to protect human health. Methods of depopulation 

that reduce handling stress (both on birds and humans), rapidly induce unconsciousness and 

death, and decrease human exposure to viral agents are ideal. The primary methods approved for 

depopulation are CO2 and water-based foam. The choice of depopulation method is made on a 

premise-by-premise basis, considering resources, epidemiology, and State/USDA-APHIS 

concurrence on the decision [27]. Significant differences in management practices, bird type, and 

housing construction makes it difficult to prescribe the use of a single depopulation technique 

across all farms. If depopulation with CO2 or water-based foam cannot be achieved by the 24-

hour goal, alternative methods, including ventilation shutdown (VSD) can be approved for use. 

Approval for using alternative depopulation methods are given by Federal and State officials 

after confirmation that all other options have been considered and no other method can achieve 

the 24-hour depopulation goal [27].  

 

1.3.1 Partial and whole house gassing 

Gassing is the introduction of various gas mixtures to cause hypoxia or anoxia. Gassing 

can be implemented as containerized gassing, partial house gassing, or whole-house gassing. The 

anoxic gases most often used are Ar, N2, or CO2. Argon and N2 displace oxygen (O2) in the air, 

causing hypoxia [28]. These gases and any gas mixture containing Ar or N2, however, must be 

precisely regulated as concentration is critical to humane application [28]. To maintain these 
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precise concentrations, the birds would need to be placed in a closed chamber prior to 

depopulation as poultry houses are not airtight. Webster and Collett (2012) were able to 

successfully use N2 in a mobile containerized gassing chamber; the time required for individual 

bird death, however, was much longer than with CO2 [32]. Carbon dioxide, however, is not as 

dependent on concentration for humane application. Carbon dioxide is a colorless, odorless 

anesthetic gas that induces rapid loss of consciousness and hypoxia in poultry at concentrations 

≥30% [28]. Carbon dioxide for use as a depopulation method was approved by the AVMA and 

USDA-APHIS in 2007 [33].  

In containerized gassing, individual or small groups of birds are placed manually into a 

chamber that is charged with an anoxic gas or gas mixture. These chambers can range from the 

size of small carts (21 ft3) holding 250 chickens [34] to 12 ft trailers (75 ft3) holding 600 

chickens [32].  Partial house gassing requires the movement of poultry to one side of a house, 

reducing the size of the facility to limit the size of the area sealed and treated with gas. Partial 

house gassing can be done by using 1) a polyethylene tent that covers birds with a layer of 

polyethylene or 2) a portable panel system made of plywood or metal and polyethylene that 

surrounds birds and replaces the volume of ambient air under with CO2 [35, 36, 37]. Whole-

house gassing requires sealing of the whole house to prevent leakage as CO2 in introduced in 

large quantities [38]. Sealing of the whole house may not be possible with some housing types. 

Multiple studies on whole-house gassing have demonstrated successful depopulation (100% 

lethality) with CO2 reaching ≥40% [39, 40, 41].   

With all depopulation methods utilizing gassing, a significant amount of time, resources, 

and personnel is required to prepare for and to clean up after completion of the depopulation 

process [36]. The need for equipment to dispense CO2 and large numbers of personnel to employ 

the depopulation methods creates biosecurity issues if they are moving from farm to farm. The 

use of hypoxic gases can also be an issue for human health. Any procedure using utilizing CO2 at 

higher than 1,000 ppm requires appropriate personal protective equipment, including self-

contained breathing apparatus (SCBA) and oxygen monitoring equipment [42]. Finding SCBA 

trained individuals is difficult, especially if the poultry facility and housing type are designed in a 

way that requires multiple days for depopulation.  
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1.3.2 Water-based foaming 

The development of technology for the use of water-based foam (or fire-fighting foam) 

for depopulation began in 2004 after an outbreak of LPAI H7N2 in the Delmarva region resulted 

in the destruction of 328,000 chickens [36, 43, 44]. Foam is defined as a stable aggregation of 

water and foam concentrate that has been expanded by air or other gas to create a bubble 

structure [45]. Water-based foam depopulation uses a modified foam generator to create a 

mixture of water, commercial foam concentrate, and atmospheric air [44]. With a foam 

generator, the water flow from the pump drives a water powered motor directly connected to a 

fan for aeration [38]. The foam concentration and expansion ratio (ER), or the volume of 

finished foam to volume aqueous foam solution, are determined by the foam generator. Medium 

expansion foam (ER 25:1 to 120:1) used in poultry depopulation produce a hypoxic 

environment, causing rapid airway occlusion that leads to unconsciousness and cessation of brain 

and heart activity [36]. The foam mixture is applied at one side or end of the poultry house and is 

moved towards the opposite end with a depth that rises at least 6 in over the bird’s head [31, 46].   

Water-based foam for use in floor-reared poultry as a depopulation method was 

conditionally approved by the AVMA and USDA-APHIS in 2006 [31]. Floor-reared poultry is 

defined as poultry not housed in cages and include broiler chickens and turkeys. Water-based 

foam was specifically not designed for use in waterfowl with the assumptions that time to death 

would be significantly longer due to their ability to hold their breath and withstand hypercapnia 

better than domestic poultry. Benson et al. (2009) and Caputo et al. (2012) confirmed that while 

water-based foam does take longer to depopulate ducks compared to broilers and turkey, it 

causes hypoxia within ten minutes of foam application [47, 48]. Experimental methods to adapt 

foam for use in caged poultry are being developed using compressed air foam (CAF). 

Compressed air foam uses energy from compressed air to generate a foam consisting of water, 

foam concentrate, air, and a gas under pressure (typically CO2 or N2). Compressed air foam has a 

higher ER (300:1) that allows for persistence in objects such as cages [38]. Benson et al. (2018) 

and Gurung et al. (2018) were able to successfully depopulated laying hens in cages with CAF 

systems, however, further research is needed to evaluate application in commercial housing types 

[38, 49].  

Concerns have been raised that the mechanism used to cause death with water-based 

foam is equivalent to suffocation or drowning [50]. Studies using have confirmed through 
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postmortem and histologic evaluation no difference in lesions and presence of blood in the 

trachea, syrinx, and bronchial tree when comparing tissues from birds depopulated with water-

based foam or CO2 [36, 44]. To address these concerns, studies were conducted using anoxic 

gasses instead of atmospheric air.  The addition of CO2 has had mixed outcomes. Alphin et al., 

(2009) showed that using CO2 in place of ambient air did not improve time to death [51]. 

Dawson et al. (2006), however, showed time to death of foam with CO2 was over 1 min faster 

than foam without CO2 [44]. The addition of inert gases, like Ar and N2, to water-based foam has 

demonstrated reduced time to death when compared to foam generated with ambient air [43, 50, 

51, 52].  It was also shown that the method of killing when using anoxic gases is anoxia rather 

than hypoxia [52]. While the use of inert gases in water-based foam has been proposed as more 

humane, findings from Alphin et al. (2009) suggests the inconsistencies in foam development, 

labor requirements, costs, and logistical challenges in the field raises questions on the 

appropriateness of use for depopulation [51]. There have also been concern surrounding the 

ability of foam to cause irritation to poultry prior to death. Foam concentrates include proprietary 

chemical mixtures of surfactants, solvents and stabilizers, alcohols, propylene glycol, and 

corrosion inhibitors. While these can be a mild skin irritant to both humans and birds, the length 

of time the birds are conscious in the foam is less than 5 min [36, 44, 46]. Personal protective 

equipment, required for use in any FAD response, can provide protection for equipment 

operators and disposal crews.  

The foaming process with atmospheric air requires only 2 trained personnel to operate the 

foaming equipment, reducing the labor required to depopulate a poultry house [36]. By reducing 

the amount of labor required, the process can be sped up and personnel allocated for use 

elsewhere. Foam also traps dust and particles, and is compatible with in-house composting, 

decreasing the risk of exposure to and transmission of HPAI virus [36]. Foam characteristics—

cohesion, flowability, and moisture content—are determined by the type and proportion of foam 

concentrate used as well as the generation method. Bubble size should not exceed 0.625 and 

foam must be able to demonstrate persistence for at least 30 min to ensure all birds have been 

depopulated [31].  It is important that the correct foam characteristics are created correctly as 

foam can disintegrate with movements like wing flapping [50]. Benson et al. (2007) believed one 

bird survived by finding an air pocket in foam that was too dry to flow [36].  
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1.3.3 Ventilation shutdown 

Ventilation shutdown (VSD) is defined as the cessation of natural or mechanical 

ventilation of atmospheric air in a building where birds are housed, with or without action to 

increase ambient temperature. Ventilation shutdown is different from the primary methods of 

depopulation as the mechanism of death is hyperthermia instead of hypoxia [53]. Hyperthermia 

is an elevation in core body temperature above the accepted normal range, which in poultry is 

105-107 °F (40.6-41.7 °C) [54, 55]. The effect of heat depends on the age and body weight of the 

bird as well as other factors based on species and past management experiences [56].  When 

ambient temperatures increase, the bird attempts to regulate its core body temperature through 

sensible and latent heat loss. Sensible heat loss in poultry is the dissipation of body heat to the 

surrounding environment through radiation, conduction, and convection [57]. The proportion of 

sensible heat loss is dependent on the temperature difference between the bird and its 

environment. With sensible heat loss, birds do not need to drastically alter their normal behavior 

patterns or metabolism [58]. Latent, or evaporative, heat loss is the transfer of heat when water 

within the bird’s respiratory tract is converted to water vapor [57]. Dissipation of body heat into 

water vapor requires the use of energy through hyperventilation, or panting [58]. Panting causes 

respiratory alkalosis, or a shift in bodily fluids towards an alkaline pH, as water and CO2 are 

released. In severe hyperthermia, death is by circulatory and/or respiratory collapse and/or 

metabolic imbalance [56]. 

The Department for Environment, Food, & Rural Affairs (DEFRA) set a precedence for 

VSD use within the United Kingdom with their “Guidelines for Killing Poultry Using 

Ventilation Shutdown (VSD)” [53]. However, no research has been conducted thus far to support 

their instructions. Ventilation failure resulting in high levels of mortality has occurred in the 

United States poultry industry by accident through loss of electricity, however, the use of VSD 

was not seen as a viable alternative depopulation method until after the 2014-2015 HPAI 

outbreak [59, 60, 61]. The intention of VSD is to quickly raise the temperature inside the house 

to ≥104 °F (40 °C) within 30 minutes by sealing the poultry house and shutting down ventilation 

[53]. Temperatures, and if possible, humidity of 75% or greater are to be maintained for a 

minimum of three hours [53]. Supplemental heaters can be used to increase and maintain 

ambient air at the required temperatures.  High temperatures, high humidity, and stagnant air 

decreases the efficacy of heat dissipation through sensible and latent heat loss [56].  
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Like water-based foam, VSD requires fewer personnel needed to set up, employ, and 

clean up after than with CO2 depopulation. DEFRA [2009] anticipates that a team of 6 people 

would be required to seal a medium sized poultry house and to install monitoring equipment and 

supplementary heaters [53].  Ventilation shutdown also minimizes contact of equipment and 

personnel with infected poultry, decreasing biosecurity and human health risks.  

 

1.3.4 Use of depopulation methods in the 2014-2015, 2016, and 2017 HPAI outbreaks  

The primary methods for depopulation were used in the 2014-2015 HPAI outbreak; 

whole-house gassing and VSD were not yet available or recognized for use. Water-based foam 

was used for floor birds (mainly turkeys) and smaller, CO2 gas carts were used for laying hen 

depopulation [23]. The use of CO2 was a slow process, with many farms taking weeks to 

depopulate fully. Of the commercial premises involved in the outbreak, 66% used foam and 28% 

used CO2. Carbon dioxide was used on 62% of the backyard premises implicated. The average 

time to depopulate commercial layer flocks was 15.4 days compared to only 3.5 days for turkeys 

[23]. The large number of infected premises caused a depopulation delay of at least 7 days for 

newly detected premises, resulting in the deployment of personnel and resources from states not 

affected by the outbreak [23]. These delays led to the issuance of policy guidance from USDA-

APHIS on depopulation of infected premises within 24 hours of disease confirmation [27]. The 

2014-2015 outbreak demonstrated that to meet this goal, existing depopulation methods may not 

be enough. USDA-APHIS also released policy guidance on the use of VSD as an alternative 

depopulation method [61]. In the 2016 HPAI/LPAI outbreak in Indiana, a mixture of 

depopulation methods was utilized, including VSD.  The availability of depopulation options, 

rapid deployment of personnel, efficient disposal and virus elimination procedures, and 

collaboration between Federal and State agencies, academia, and the industry allowed for a 

successful response effort [25].  The HPAI/LPAI outbreak in 2017, however, only utilized water-

based foam depopulation on 2 HPAI infected premises and on 9 of the 12 LPAI premises [5]. 

Euthanasia methods, including Koechner Euthanizing Devices (KEDs), cervical dislocation, and 

CO2 were used on one of the other 3 LPAI premises. Two farms chose not to euthanize any 

poultry.  The average time for depopulation was much shorter than the 2014-2015 outbreak, with 

depopulation occurring within 48 hours [5].  

 



  11 

 

1.4 Dissertation Objectives 

 

In the event of an FAD, resources and personnel used for employing primary 

depopulation methods can be quickly depleted, prolonging suffering of infected birds, and 

increase the potential for disease transmission. Alternative depopulation methods are needed to 

provide emergency response personnel and poultry producers with options when depopulation is 

delayed past 48 hours. While VSD has occurred in the industry by loss of power due to electrical 

issues or natural disasters, no research has looked at the required environmental parameters 

needed to execute VSD or the physiological effects of VSD on egg laying hens. The overall 

objective for this dissertation was to examine the effectiveness of ventilation shutdown for use as 

an alternative depopulation method in table-egg laying and turkey breeder hens.  

 

The individual objectives of the 3 experiments in this dissertation were:  

1. Evaluating the effectiveness of VSD, alone and with supplemental heat or CO2, in 

a multi-level caged system 

2. Assessing three methods of depopulation for turkey breeder hens  

3. Exploring the application of retrospective pretest posttest design to assess an Extension 

program introducing ventilation shutdown plus (VSD+) 
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2.1 Summary 

 

In 2015, the United States experienced an extensive outbreak of highly pathogenic avian 

influenza resulting in the depopulation of 42.1 million commercial egg laying hens. The USDA 

recognizes mass depopulation as “a method by which large numbers of animals must be 

destroyed quickly and efficiently with as much consideration given to the welfare of the animals 

as practicable.” Existing mass depopulation methods in multi-level caged systems utilized 

throughout the egg industry provide a challenge for producers and emergency personnel.  An 

alternative depopulation method with potential for use in the egg industry is ventilation 

shutdown (VSD), which uses a combination of increasing heat and carbon dioxide (CO2) levels 

to promote death by hyperthermia and hypoxia. This proof of concept study was designed to 

evaluate the effectiveness of VSD, VSD with supplemental heat (VSDH), and VSD with CO2 

(VSDCO2) as alternative mass depopulation methods in a multi-level caged system. Assessment 

parameters included ambient and core body temperatures, time to death, and survivability. Time 

to death for VSD, VSDH, and VSDCO2 were 3.75, 2, and 1.5 hr, respectively.  Survivability in 

VSD did not meet the flock depopulation standard of 100% lethality. Based on 100% lethality 

and time to death, VSDH and VSDCO2 are equivalent in their ability to effectively depopulate 

hens in a multi-level caged system. Air mixing should be used to prevent stratification of heat or 

CO2 concentrations between the top and bottom levels of a caged system.  While the data 

emulates a commercial layer environment, application of the techniques in this study still need to 

be evaluated in a commercial setting. 

2.2 Description of Problem 

 

In 2015, the United States experienced an extensive outbreak of highly pathogenic avian 

influenza (HPAI) in commercial and backyard poultry. The outbreak involved three of the four 

U.S. flyways spreading initially through migrating waterfowl, resulting in the destruction of 49.6 

million birds; 42.1 million were commercial egg laying hens and pullets [1]. Timely 

depopulation was identified as a critical measure needed to contain the outbreak and lack of 

timely depopulation was suspected to have contributed to the further spread of the disease [2]. 

The USDA recognizes mass depopulation as “a method by which large numbers of animals must 
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be destroyed quickly and efficiently with as much consideration given to the welfare of the 

animals as practicable [3].” Existing emergency mass depopulation methods, including carbon 

dioxide (CO2) kill carts, CO2 injection of entire production houses, and water-based expanding 

foam, were not able to be performed in a timely manner due to significant lack of resources. This 

created a situation that prolonged suffering of infected birds and increased the biosecurity risk.  

The multi-level caged systems utilized throughout most of the egg industry provide a 

challenge for producers and emergency personnel in the face of emergency disease situations. 

The primary emergency depopulation methods for egg layers—CO2  kill carts and CO2 

injection—require 1) extensive human-bird interaction while the birds are in an infective state, 2) 

on-site resources that can be limited when faced with the potential of depopulating multiple 

farms with over a million birds, and 3) increased safety risks for workers when using CO2 

injection [4]. The alternative method of water-based foam, while useful in floor systems, has not 

been shown to be effective in multi-level caged systems. The American Veterinary Medical 

Association (AVMA) and American Association of Avian Pathologists (AAAP) have indicated 

the need for timely, definitive, and decisive alternative emergency depopulation methods in 

caged layers. Alternative depopulation methods are to be used if other primary methods cannot 

be implemented or resources are not available within the expected time frame for completion of 

the depopulation [3]. An alternative emergency depopulation method with potential for use in the 

egg industry is ventilation shutdown (VSD). Ventilation shutdown uses a combination of 

naturally and/or artificially increasing heat and CO2 levels within a sealed poultry house to 

promote death by hyperthermia (extreme heat) and hypoxia (low oxygen levels). Hyperthermia is 

induced by achieving ambient temperatures (Ta) that exceed the hen’s core body temperature 

(Tb). To ensure VSD is effective, it is suggested that the Ta within the poultry house rise to 104 

°F (40 °C) or greater [5]. This quick rise in Ta can be attained by sealing the air inlets and turning 

off ventilation fans [3]. Death is achieved by reaching the hen’s upper lethal Tb of 113 °F (45 °C) 

[6].  

While ventilation failure has occurred in the egg industry by accident through loss of 

electricity [7, 8], the physiological effect of VSD on commercial laying hens is still unclear. The 

following proof of concept study was designed to evaluate the effectiveness of VSD, alone and 

with supplemental heat or CO2, in a multi-level caged system.  
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2.3 Materials and Methods 

2.3.1 Animal Care 

The project was approved by North Carolina State University’s Institutional Animal Care 

and Use Committee under ID# 15-125-A. All animals were maintained on North Carolina State 

University property for the duration of the study.  The study was monitored by animal welfare 

specialists and veterinarians employed by the university.  

Prior to the project, North Carolina State University’s Department of Environmental 

Health and Safety (NCSU-EHS) was contacted to ensure proper training and supervision for all 

experiments that included exposure to potentially hazardous levels of CO2. North Carolina State 

University personnel underwent a Qualitative Fit test and were compliant with the training 

requirements to use Self-Contained Breathing Apparatus (SCBA) equipment for entering the 

room during experiments where CO2 would be higher than 1,000 ppm, as prescribed by OSHA 

Standard 29 CFR 1910.134 [9].  

2.3.2 Experimental Animals 

At the start of each experiment, 144 white laying hens ranging in age from 68 to 80 wk 

were obtained from a commercial egg laying company. Hens were transported to the Poultry 

Entomology Research Unit (PERU) at North Carolina State University in poultry transport coops 

and housed in a conventional multi-level, full stair step caged system as seen in Figure 2.1 for 5-

7 d to acclimate to the system prior to treatment application. Three hens were placed in each cage 

upon arrival in accordance with the “Guide for the Care and Use of Agricultural Animals in 

Research and Teaching” [10]. Each cage was 12 in. x 18 in. (72 in.2 per bird) and provided 12 in. 

feeder space and 2 nipple drinkers. Feed and water were provided ad libitum.  

2.3.3 Experimental Room Design 

The multi-level caged systems were kept in a 29.5 ft x 15 ft x 8 ft room at the PERU 

(Figure 2.2).  On the south end of the room, an 8 ft x 7 ft roll door was flanked by one 12 in. fan 

[11] and one 24 in. fan [11]. Since Universal Cooperatives is no longer in operation and no fan 

curves were retained, the airflow rates of the fans are not known; however, 12 in. and 24 in. 

ventilation fans have airflow rates of 850-1,860 cfm and 5,500-7,200 cfm, respectively, at 0.05 
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in. of static pressure [12]. The north end contained a set of 5.83 ft x 6.5 ft glass panel doors and 

an intake vent. A 60,000 BTU propane heater [13] was in the northeast corner. A partition was 

built to allow for evacuation of potentially dangerous levels of CO2 as requested by NCSU-EHS.  

This reduced the room’s dimensions to 19.5 ft x 15 ft x 8 ft; a reduction of 1,200 ft3 from the 

original room size and provided hens with 16.3 ft3. The partition was framed with 2x4 studs and 

2 in. polystyrene.  A 58 in. x 25 in. evacuation panel was cut in the center of the partition to 

allow for the quick release of gases to the outside of the building. An inner chamber around the 

caged system was developed to decrease the headspace volume per bird from 16.3 ft3 to 4.1 ft3 to 

approximate industry standards [14]. The 15 ft x 7.5 ft x 5.3 ft chamber was constructed of 2x4 

studs covered with 10 mil polyethylene plastic (Figure 2.2). The walls of the inner chamber 

attached to the false wall completely enclosing the caged system on each side. The chamber was 

sealed when a 10-mil polyethylene plastic ceiling was screwed into place. To seal the room, the 

ventilation was turned off and the seams of the partition, evacuation panel, and intake vent were 

taped with a ½ in. foam adhesive to prevent any airflow or leakage. The drinking water system 

was turned off and drained. The glass panel doors were then shut and sealed with 2 in. adhesive 

around the entire door frame. The 60,000 BTU propane heater, located outside the inner 

chamber, was utilized to equalize the Ta inside the inner chamber with the Ta in the room. This 

was done to mimic the heat transfer that would occur in a heavily insulated conventional cage 

facility. 

2.3.4 Environmental and Animal Monitoring 

Ambient temperature and relative humidity (RH) probes [15] were placed on each level 

of the caged system, within <1.3 ft vertically of one another, as well as in the back and front of 

the room to collect environmental data. Outside environmental conditions were obtained via The 

National Weather Service [16]. The intake pumps for two 100% and two 5% CO2 sampling data 

loggers [17] were set up the same as the Ta and RH probes. Moisture traps were added to the 

sampling lines to prevent sensor operation being impeded by condensation. The data loggers 

were placed by the glass panel doors so that room conditions could be monitored from outside 

the room. Ambient temperature, RH, and CO2 concentrations were recorded every minute 

throughout each experiment.  
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Four cameras [18] were positioned on the cages to allow for visual monitoring of the 

hens to determine loss of posture, as described by Webster and Fletcher [4], and discourage entry 

into the room until all birds were observed to be deceased. Body weights and core body 

temperatures (Tb) were taken from 15 randomly selected hens prior to sealing the room. Core 

body temperatures were also taken from 10 randomly selected hens after TOD was visually 

determined and the room was opened. All Tb were taken via a cloacal temperature probe [19].  

The following experiments were conducted from June through September in Raleigh, 

North Carolina. A 7 h time limit was set for all data collection. 

2.3.5 Experiments 

2.3.5.1 Experiment 1 - Ventilation Shutdown (VSD) 

In this experiment, the ventilation system was shut down and the chamber and room 

sealed as described above. No supplemental CO2 or heat was added to the inner chamber. 

2.3.5.2 Experiment 2 - Ventilation Shutdown with supplemental heat (VSDH) 

In experiment 2, the ventilation system was shut down and room sealed in the same 

manner as experiment 1. Supplemental heat was added to the inner chamber. Prior to sealing the 

inner chamber and room, two 1.5 kW electric heaters [20] were placed at opposite ends of the 

inner chamber. The 60,000 BTU propane heater and electric heaters were turned on to begin 

increasing the temperature to achieve a Ta of 104-105.8 °F (40-41 °C).  

2.3.5.3 Experiment 3 – Ventilation Shutdown with CO2 (VSDCO2) 

In experiment 3, the ventilation system was shut down and room sealed in the same 

manner as experiment 1. Supplemental CO2 was injected into the inner chamber. Prior to sealing 

the inner chamber and room, CO2 distribution hoses were positioned within the inner chamber on 

the opposite side of the partition so that the room would fill with CO2 from one end. The CO2 

cylinders were located outside the sealed room and to the west of the evacuation panel.  The roll 

door was open as required by North Carolina State University EHS. A 1,500-watt heat gun [21] 

was used to warm the regulators to ensure controlled release of CO2 through two ¼ in. diameter 

clear PVC tubes [22] fed into the inner chamber at floor level. A small 100 cfm fan [23] was 

installed in the partition to evacuate air from the room as the CO2 displaced the existing air to 

ensure that the room did not get over-pressurized. Two 100% CO2 sensors were used, with the 
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sampling inlet of one located on top of the lower cage and the sampling inlet of the other located 

on top of the upper cage, with both sampling lines located about midway along the chamber. For 

the first 9 min of shutdown, one CO2 sensor was used to monitor CO2 concentration from the 

exhaust of the 100 cfm fan. After 9 min, the CO2 sensor’s sampling inlet was switched from the 

fan outlet to the sampling location within the inner chamber. North Carolina State University 

SCBA trained personnel were on premise in the event entry into the room was necessary. The 

CO2 regulators were turned on to supply ~0.65 lb CO2/min and left until concentrations in the 

room reached 40% at the top level of the multi-level caged system [24, 25].  

2.4 Results and Discussion 

 

Table 2.1 provides the length of time each experiment was conducted. University 

veterinarians were onsite throughout the duration of all experiments to visually determine TOD. 

Table 2.2 demonstrates the average hen and environmental parameters pre- and post-ventilation 

shutdown for VSD, VSDH, and VSDCO2 experiments. Ambient temperature, RH, and CO2 

readings were compiled for each min throughout each experiment.  

2.4.1 VSD 

The temperature increase in VSD was rapid and the maximum inner chamber Ta achieved 

was 102.2 °F (39 °C). The inner chamber Ta increased from 73.6 °F (23.1 °C) to 102.2 °F 

(39 °C) in <2.5 h and then stayed constant for 30 min before decreasing to 98.2 °F (36.8 °C) at 

the end of the experiment (Figure 2.3a). The temperature achieved did not meet the DEFRA 

recommended guidelines of 104 °F (40 °C) for VSD [5]. Average outside Ta was 75.5 °F 

(24.2 °C) and average outside RH was 73% [16]. Relative humidity increased rapidly from 74% 

to 87% within 35 min. The concurrent rise in Ta and RH in the inner chamber, along with the 

removal of water access by draining the drinking water system, contributed to the hen’s inability 

to dissipate body heat through evaporative cooling. Like Ta, RH within the inner chamber rose to 

a maximum of 92% before declining slowly as mortality increased. Carbon dioxide 

concentrations increased linearly and peaked at 3.7% (Figure 2.3b). Carbon dioxide 

concentrations had a similar trend to temperature by peaking for about 30 min before declining. 

The decline in the inner chamber Ta and CO2 near the end of shutdown was attributed to the 
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decreased heat produced as mortality increased. The inability to reach temperatures at or higher 

than 104 °F (40 °C) and the loss of heat production are disadvantages to VSD alone and could be 

a problem in large scale depopulation during cooler seasons. 

For VSD, 2.8% of the hens survived. While the inner chamber Ta only reached 102.2 °F 

(39 °C), Tb steadily increased, reaching temperatures as high as 111.7 °F (44.3 °C) for surviving 

hens and 109.3 °F (42.9 °C) for dead hens. Core body temperatures were taken within 2 min 

after the room was opened for entry. Although the survival rate was low, it did not meet 100% 

lethality for flock depopulation [26].  

2.4.2 VSDH 

The addition of heat for VSDH resulted in the inner chamber Ta increasing from 74.3 °F 

(23.5 °C) to a maximum of 113 °F (45 °C) in <1 h (Figure 4a). Average outside Ta was 78 °F 

(25.6 °C) while average RH was 75% during the experiment [16].  In the latter half of the 2 h 

experiment, the inner chamber Ta slowly declined ending at 111.2 °F (44.0 °C) (Figure 2.4a). 

Relative humidity in the inner chamber increased to 84% before declining rapidly to 73% at the 

end of depopulation.  

Carbon dioxide sensors in VSDH were not available for the first 8 min of the experiment 

due to equipment malfunction.  Average CO2 concentration in the inner chamber increased 

linearly from ~0.65% to a maximum of 2% in 1 h and then declined slowly to 1.9% by the end of 

the experiment (Figure 2.4b).  As the unvented propane heater used up oxygen in the sealed 

room, the heater shut down due to shortage of oxygen; hence, desirable temperature rise may be 

difficult to maintain if unvented heaters are used for VSDH. Changes in Ta and CO2 

concentrations (Figure 2.4) were similar to the changes observed in VSD (Figure 2.3).  Gradual 

decline in inner chamber Ta, RH, and CO2 concentrations in the latter half of the study could be 

attributed to reduced heat and CO2 production from hyperthermic birds. Due to heat rising within 

the inner chamber, the temperature initially stratified with the hens in the top level dying before 

the hens in the bottom level of the caged system.  In commercial multi-level caged systems, 

where the separation could be >6.56 ft between the top and bottom levels, stratification of 

temperature and, therefore, time to death could be a concern for the laying hens on the bottom 

levels.  
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Ventilation shutdown with supplemental heat was effective in meeting the intent of flock 

depopulation standards of 100% lethality. The added heat resulted in an average Tb of 112.3 °F 

(44.6 °C). The rapid rise in Tb resulted in hyperthermia without the large drop in environmental 

temperatures, eliminating the possibility of survivors as seen in VSD alone.  

2.4.3 VSDCO2 

Due to the nature of VSDCO2, hypoxia by CO2 was likely the main cause for mortality. 

VSDCO2 was successful in producing 100% lethality.  Core body temperatures were taken 

within 5 min after the room was opened for entry and CO2 evacuated.  The average Tb of birds in 

VSDCO2 was 99.4 °F (37.4 °C), much lower than Tb seen in VSD and VSDH. The inner 

chamber Ta increased from 78.4 °F (25.8 °C) to 83.3 °F (28.5 °C) in <45 min and declined 

gradually thereafter, whereas RH declined from 85% at the start of study to 80% at the end 

(Figure 2.5a). Average outside Ta was 82.5 °F (28.1 °C) while average RH was 73% during the 

experiment [16]. 

Data from the 5% CO2 sensors used to measure CO2 concentrations in the small exhaust 

fan was discarded for the first 9 min after adding supplemental CO2 to the room.  Carbon dioxide 

concentrations in the room increased rapidly and linearly to 41% by the end of the experiment 

(Figure 2.5b). As shown in Figure 5b, the top level CO2 sampling data logger located <1.3 ft 

above the bottom level CO2 sampling data logger recorded lower CO2 concentrations due to the 

time it took for the inner chamber to fill up with CO2 and the weight of CO2 compared to O2.  

Like VSDH, mortality in VSDCO2 was stratified based on location of the hen within the caged 

system. The lower level cage succumbed to the CO2 first followed by the upper level cage. The 

time it takes to for hypoxic concentrations of CO2 to reach the top level in a commercial multi-

level caged system could differ in the time to death for the hens on the bottom vs. top level. 

2.5 Conclusions and Applications 

 

1. Survivability in VSD does not meet the flock depopulation standard of 100% lethality. 

2. Based on 100% lethality and time to death, VSDH and VSDCO2 proved equivalent in their 

ability as an effective alternative mass depopulation method.  
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3. Air mixing should be used with VSDH and VSDCO2 to prevent stratification of heat or CO2 

concentrations between the top and bottom levels of a multi-level caged system.  

4. Ventilation shutdown with the addition of supplemental materials like heat and CO2 appear 

to be a more effective way to depopulate a laying hen flock than exposure to VSD alone in a 

multi-level caged system.  

5. Ventilation shutdown with supplemental heat and VSDCO2 should be considered alternative 

emergency mass depopulation methods and used only if other acceptable methods cannot be 

implemented or resources are not available within the expected time frame for completion of 

the depopulation. 

6. The data emulates a commercial layer environment, however, application of the methods in 

this study still need to be evaluated in a commercial setting. 
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Table 2.1 The start and end time for Ventilation Shutdown (VSD), Ventilation Shutdown with 

supplemental heat (VSDH), and Ventilation Shutdown with CO2 (VSDCO2). 

 

Experiment Start time End time Total Duration (h) 

VSD 08:30 12:15 3.75 

VSDH 08:00 10:00 2 

VSDCO2 08:45 10:00 1.5 
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Table 2.2 Average hen and environmental parameters pre- and post-ventilation shutdown 

during Ventilation Shutdown (VSD), Ventilation Shutdown with supplemental heat 

(VSDH), and Ventilation Shutdown with CO2 (VSDCO2). 

  

Treatment Pre-shutdown 

 
Body Wt 

Core Body 

Temperature 
Volume 

Inner Chamber 

Ta 

Inner 

Chamber RH 

 (lbs) ℉ (°C) (ft3/hen) ℉ (°C) (%) 

VSD 3.327 105.8 (41.0) 4.1 73.6 (23.1) 74.0 

VSDH 3.609 105.1 (40.6) 4.1 74.3 (23.5) 82.8 

VSDCO2 3.774 105.4 (40.8) 4.1 78.4 (25.8) 84.9 

 Post-shutdown 

 Core Body 

Temperature 

Inner 

Chamber Ta 

Inner 

Chamber RH 

Inner Chamber 

CO2 
Survivor 

 ℉ (°C) ℉ (°C) (%) (%) (%) 

VSD 111.7 (44.3)1 

109.3 (42.9)2 

98.2 (36.8) 90.0 3.7 2.8 

VSDH 112.3 (44.6)2 111.2(44.0) 73.0 1.9 0 

VSDCO2 99.4 (37.4)2 83.3 (28.5) 88.9 40.8 0 
 

1Core body temperature of surviving hens 

2Core body temperature of dead hens 
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Figure 2.1 Multi-level full stair step conventional caged system with 7.5 ft x 15 ft inner 

chamber built for experiments 1-3. 
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Figure 2.2 Plan view of the 29.5 ft x 15 ft x 8 ft room at the Poultry Entomology Research Unit 

(PERU) at North Carolina State University. The 7.5 ft x 15 ft inner chamber, as seen 

in dotted lines, was used in experiments 1-3. 
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Figure 2.3 Changes in the inner chamber (a) Ta and RH and (b) CO2 concentrations during 

Ventilation Shutdown (VSD) (08:30 – 12:15).  Environmental parameters were 

measured every minute and their trends are based on the average of four sensors 

except for CO2 which is based on four sensors from 08:00 – 11:18 and three sensors 

thereafter. 
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Figure 2.4 Changes in the inner chamber (a) Ta and RH and (b) CO2 concentrations during 

Ventilation Shutdown with supplemental heat (VSDH) (08:00 – 10:00).  

Environmental parameters were measured every minute and their trends are based on 

the average of four sensors. 
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Figure 2.5 Changes in the inner chamber (a) Ta and RH and (b) CO2 concentrations during 

Ventilation Shutdown with CO2 (VSDCO2) (08:45 – 10:00).  Environmental 

parameters were measured every minute and their trends are based on the average of 

four sensors for Ta and RH and two sensors for CO2 (one bottom level, one top 

level). 
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Chapter 3: Assessment of three methods for 

depopulation of turkey breeder hens 

3.1 Summary 

 

The USDA-APHIS goals for a foreign animal disease outbreak response is to detect, 

control, and contain the disease as quickly as possible. These goals can be achieved through 

rapid depopulation of infected poultry flocks. In the 2015 highly pathogenic avian influenza 

outbreak, foam was the preferred depopulation method for turkeys. However, resources were 

quickly depleted and the delay in depopulation likely contributed to disease spread, highlighting 

the need for alternative depopulation methods. Ventilation shutdown (VSD) is the cessation of 

natural or mechanical ventilation of atmospheric air in a building where birds are housed. This 

proof of concept study was designed to assess the effectiveness of VSD, VSD with supplemental 

heat (VSDH), and whole-house gassing (WHG) on turkey breeder hens. Environmental and 

physiological parameters were assessed. Time to death for VSD, VSDH, and WHG were 360, 

181, and 195 min, respectively. Ventilation shutdown did not achieve the ambient temperature 

needed to cause hyperthermia in turkey breeder hens leading to high survivability (34.4%).  The 

ability of turkey breeder hens to withstand high temperatures, RH, and/or inert gas levels needs 

to be considered when employing depopulation methods that add supplemental materials like 

heat and CO2. Ventilation shutdown with supplemental heat for use in turkey breeder hens could 

be considered an alternative mass depopulation method and should be used only if all other 

acceptable methods cannot be implemented within the expected time frame for completion of 

depopulation. Further research is needed to evaluate depopulation methods in different types of 

turkey breeder housing construction. 
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3.2 Description of Problem 

 

The United States Department of Agriculture’s Animal and Plant Health Inspection 

Service (USDA-APHIS) goals for a foreign animal disease (FAD) outbreak response is to detect, 

control, and contain the disease as quickly as possible [1]. These goals can be achieved through 

rapid depopulation of infected poultry flocks upon disease confirmation. The American 

Veterinary Medical Association (AVMA) and USDA-APHIS make a clear distinction between 

euthanasia and depopulation. Euthanasia involves transitioning an animal to death as painlessly 

and stress-free as possible [2]. Depopulation is a method by which a large number of animals 

must be destroyed quickly and efficiently with as much consideration given to the welfare of the 

animals as practical [3].  Depopulation in the event of a FAD outbreak must be performed to 

reduce animal suffering and prevent the transmission of disease to healthy flocks. The 

depopulation methods utilized by USDA-APHIS are determined based on resources available 

(including personnel, materials, and equipment), personnel safety, housing and environmental 

conditions, and the capability to achieve depopulation within 24 hours of disease confirmation.  

Methods of depopulation that reduce handling stress on both birds and humans, rapidly 

induce unconsciousness and death, and decrease human exposure to viral agents are ideal. The 

primary methods for depopulation are water-based foam and carbon dioxide (CO2), conditionally 

approved for use by the AVMA in 2006 and 2007, respectively [4, 5]. Water-based foam is a 

mixture of water, commercial foam concentrate, and atmospheric air that is applied around and 

over the birds [6]. With partial or whole-house gassing, CO2 is introduced into an enclosed area 

or the entire poultry house at a concentration ≥40% [2, 7, 8, 9]. Both methods cause a rapid loss 

of consciousness resulting in death by hypoxia. Depopulation with water-based foam and CO2 

gassing can be done within the poultry house and requires little to no handling of birds, 

minimizing human exposure to infected birds and potentially contaminated equipment.  

The ability to implement primary depopulation methods in commercial poultry can 

present challenges when considering the scale and configuration of some poultry houses. During 

the 2014-2015 HPAI outbreak, foam was the preferred method for turkeys, but resources were 

quickly depleted. Partial house gassing wasn’t utilized and the technology to successfully 

implement whole-house gassing hadn’t been developed yet [10]. The delay in depopulation of 

infected birds may have contributed to disease spread. USDA-APHIS recognized that existing 
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depopulation methods may not be enough to meet the needs of the poultry industry in the event 

of another outbreak. The need for alternative depopulation methods led to the assessment of 

ventilation shutdown (VSD) for use in turkeys. Ventilation shutdown is defined as the cessation 

of natural or mechanical ventilation of atmospheric air in a building where birds are housed, with 

or without action to increase ambient temperature. Ventilation shutdown is different from the 

primary methods of depopulation as the mechanism of death is hyperthermia instead of hypoxia.  

The intention of VSD, as stated by the Department of Environment, Food, and Rural Affairs 

(DEFRA) in the United Kingdom, is to quickly raise the temperature inside the house to ≥104 °F 

(40 °C) within 30 minutes by sealing the poultry house and shutting down ventilation [11].  

While the physiological effects of foam and CO2 on the depopulation of turkeys [12, 13] as well 

as foam, CO2 and VSD in laying hens [7, 8, 9, 14, 15, 16] have been demonstrated, the 

environmental and physiological effects of VSD on turkeys is unclear. The following proof of 

concept study was designed to assess the effectiveness of VSD, alone and with supplemental 

heat, on turkey breeder hens. Whole house gassing with CO2 was used as the control treatment in 

this study.  

3.3 Materials and Methods 

3.3.1 Human and Animal Care 

The project was approved by North Carolina State University’s Institutional Animal Care 

and Use Committee. All animals were maintained on North Carolina State University property 

and monitored by animal welfare specialists and veterinarians for the duration of the study.  Self-

contained breathing apparatus (SCBA) trained personnel were employed through the North 

Carolina State University’s Department of Environmental Health and Safety (NCSU-EHS) for 

all experiments that included exposure to potentially hazardous levels of CO2 (>1,000 ppm) as 

prescribed by OSHA Standard 29 CFR 1910.134 [17].  

3.3.2 Experimental Animals 

At the start of each experiment, 105 Nicholas Large White turkey breeder hens in 

reproductive quiescence [18] ranging in age from 50-55 wk were obtained from a local 

commercial turkey company. Hens were transported to the Poultry Entomology Research Unit 
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(PERU) at North Carolina State University in accordance with the “Guide for the Care and Use 

of Agricultural Animals in Research and Teaching” [19]. All hens were acclimated to the 

experimental room for 1 hr prior to the start of treatment application. Feed and water were 

removed immediately prior to transport and were not provided upon arrival at the PERU. A 

preliminary study with caged laying hens demonstrated that providing water prolonged time to 

death as birds drank water to delay hyperthermia [K. E. Anderson, unpublished data].  

3.3.3 Experimental Room Description 

Turkey breeder hens were maintained in a 29.5 ft x 15 ft x 8 ft room at the PERU (Figure 

3.1).  Fresh litter was placed 4-5 inches deep prior to placement. On the south end of the room, 

an 8 ft x 7 ft roll-up door was flanked by one 12 in. fan [20] and one 24 in. fan [20]. Since 

Universal Cooperatives is no longer in operation and no fan curves were retained, the airflow 

rates of the fans are not known; however, 12 in. and 24 in. ventilation fans have airflow rates of 

850-1,860 cfm and 5,500-7,200 cfm, respectively, at 0.05 in. of static pressure [21]. The north 

end contained a set of 5.83 ft x 6.5 ft glass panel doors and a ventilation baffle. A partition was 

built to reduce the room’s dimensions to 15 ft x 15 ft x 8 ft; this size provided 17.1 ft3 per hen, 

slightly less than industry standards [22]. The partition was framed with 2x4 studs and 2 in. 

polystyrene foam board insulation.  As required by NCSU-EHS, a 58 in. x 25 in. evacuation 

panel was cut in the bottom center of the partition to allow for evacuation of potentially 

dangerous levels of CO2 prior to personnel entering the room. A square piece was cut into the 

polyurethane foam of the partition and a fire-resistant fiber cement board was placed over it.  

The fiber cement board had an 8-in hole to allow for addition of heat into the room using a 

propane heater.   

To seal the room, the ventilation was turned off and the seams of the partition, evacuation 

panel, and heat panel were taped with a ½ in. foam adhesive to prevent any airflow or leakage. 

The intake vent was covered with 10-mil polyethylene plastic and sealed with 2 in. adhesive. The 

glass panel doors were shut and sealed with 2 in. adhesive around the entire door frame.  

3.3.4 Environmental and Animal Monitoring 

Ambient temperature (Ta) was collected from three locations front right (FR), center (C), 

and back left (BL)) (Figure 3.1) and two different heights (high (H) and low (L)) within the 
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experimental room using a datalogger [23] with type T thermocouples. The H sensors were 

placed 6 in. from the ceiling and L sensors were 18 in. from the floor. Relative humidity (RH) 

probes [24] were placed at three locations (FR, C, and BL) 4 ft from the floor. Four CO2 data 

loggers [25] were used to measure CO2 concentrations. The CO2 dataloggers were placed behind 

the evacuation panel so that CO2 levels could be monitored from outside the room. The CO2 

sampling intakes were placed at FR and BL in the room, with two 100% CO2 intake sampling 

tubes 18 in. from the floor and two 5% CO2 intake sampling tubes 6 in. from the ceiling for VSD 

and VSDH. For WHG, the two 100% CO2 intake sampling tubes were placed at FR and BL 18 

in. from the floor; 5% CO2 sampling data loggers were not used for WHG.  For the intake 

sampling tubes, air was routed through a moisture trap, then a particulate filter, and finally, a 

hydrophobic filter before being drawn into the CO2 data logger.  All CO2 data loggers were 

calibrated (one-point calibration in ambient air with a more accurate hand-held monitor) prior to 

each run; 2 months prior to these runs, all the data loggers underwent a two-point calibration.  

Average outside environmental conditions were obtained via the Lake Wheeler Road Field Lab 

Weather Station for the duration of each experiment [26]. Ambient temperature (Ta), RH, and 

CO2 concentrations were recorded every minute.  

The glass panel doors allowed for visual monitoring of the hens to determine loss of 

posture, as described by Webster and Fletcher (2001), as well as discourage entry into the room 

until all hens were observed to be deceased [27]. Body weights and core body temperatures (Tb) 

were taken from 10 randomly selected turkey breeder hens prior to sealing the room. Core body 

temperatures were also taken from 10 randomly selected turkey breeder hens after TOD was 

visually determined and the room was opened. A cloacal temperature probe [28] was used to 

measure Tb. The following experiments were conducted during the same week in July in Raleigh, 

North Carolina. A 6 h time limit was set for all three experiments. 

3.3.5 Experiments 

3.3.5.1 Experiment 1-Ventilation Shutdown (VSD) 

In this experiment, the ventilation system was shut down and the room sealed as 

described above. No supplemental CO2 or heat was added. 
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3.3.5.2 Experiment 2-Ventilation Shutdown with supplemental heat (VSDH) 

In experiment 2, the ventilation system was shut down and room sealed in the same 

manner as experiment 1 with the exception of the heat panel. Prior to sealing, a 150,000 BTU 

forced air propane heater [29] was inserted through the heat panel. The heater was turned on to 

achieve a Ta of ≥104 °F (40 °C) [11].  

3.3.5.3 Experiment 3-Whole-House Gassing (WHG) 

In experiment 3, the ventilation system was shut down and room sealed in the same 

manner as experiment 1. Prior to sealing the room, CO2 delivery tubing was fed through the 

partition at 1.5 ft from the floor so that the room would fill with CO2 from one end. The CO2 

cylinders were located outside the sealed room and the roll-up door was kept open as required by 

NCSU-EHS. Self-contained breathing apparatus trained personnel were on premise in the event 

entry into the room during the experiment was necessary. The CO2 regulator was turned on until 

concentrations reached 40%. A 1,500-watt heat gun was used to warm the regulator to ensure it 

did not freeze.  Carbon dioxide was supplemented as needed to maintain ≥40% for a minimum of 

30 min.  

3.4 Results 

 

Table 3.1 provides turkey breeder hen parameters pre- and post-shutdown, time to death, 

and survivorship. Time of death was determined when turkey breeder hens demonstrated loss of 

posture and cessation of respiration. The loss of posture is considered an indicator of 

unconsciousness [30] and is identified by Webster and Fletcher (2001) as “loss of tension in the 

neck while recumbent or by falling over with no apparent righting response [27].” One 

behavioral observation made throughout all three experiments was little to no loss of posture, 

which differs from what has been demonstrated with whole-house gassing in laying hens and 

broilers [8, 31]. Visual observations of birds in water-based foam is difficult as the foam 

obscures birds from view but loss of posture has been measured [14]. The turkey breeder hens 

did demonstrate a behavior called neck back, defined by Webster and Collett (1996) as backward 

flexion of the neck so the head approaches or touches the back [32]. Researchers are unsure if 
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this behavior could be considered loss of posture as the hens were sitting rather than in lateral 

recumbency.  

Time to death was 360 min, 181 min, and 195 min for VSD, VSDH, and WHG, 

respectively. Both VSDH and WHG took a little more than half the time to death than for VSD. 

However, WHG was 14 min longer than VSDH. The length of time of death for WHG could be 

attributed to the amount of time it took to deliver CO2 into the room. Other studies observing the 

effectiveness of WHG in laying hens and broilers utilized CO2 trucks and larger distribution 

pipes and/or manifolds that prevented regulators from freezing. Berg and colleagues (2014) 

introduced CO2 into a 22,000-bird facility at 826.73 lb min-1 (375 kg min-1) for 18 min and a 

8,000-bird facility at 1,190.50 lb min-1 (540 kg min-1) for 6-7 min [9]. McKeegan et al. (2011) 

injected 1,682.48 lb min-1 CO2 into 28,000-bird facility within 19 min [7]. Both studies were able 

to induce unconsciousness and death with 25 min of the commencement of gas delivery. In the 

current study, two tubes and three partially filled 100 lb tanks with regulators were used to 

deliver 0.70 lb min-1 (0.32 kg min-1) CO2. The rate of delivery and use of a 1,500-watt heat gun to 

warm the regulator helped to ensure they did not freeze; however, it took longer than anticipated 

to depopulate.  

3.4.1 VSD 

The maximum Ta achieved was 94.3°F (34.6 °C) before it started to slowly decline to end 

at 92.8 °F (33.8 °C) (Figure 3.2a). While the Ta declined at the end, the RH steadily increased 

throughout VSD, plateauing at 96% (Figure 3.2a).  While ambient RH decreases with increase in 

ambient air temperature, both RH and Ta increased as the hens lost both sensible and latent heat 

in their attempt to thermoregulate; the sealed room prevented loss of both water vapor and heat. 

Average outside Ta was 80.0 °F (26.6 °C) and average outside RH was 37% [26]. Carbon 

dioxide concentrations linearly increased during VSD (Figure 3.2b). A shortfall of this 

experiment was the loss of the CO2 dataloggers due to the increased levels of RH. The moisture 

traps used were overwhelmed and the FR and BL 100% CO2 data loggers were lost at 111 and 

252 min, respectively. The 5% CO2 data loggers persisted throughout the entire experiment. CO2 

reached its maximum concentration of 43,800 ppm (4.38%) immediately prior to time of death.  

The decrease in Ta as mortality increased and observations of conscious behavior [27] led 

veterinarians to call time of death at the 6 hr time limit. The increase in RH caused the glass 
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panel doors to fog, obstructing visual observations of behavior and increasing the difficulty to 

determine TOD. Survivorship for VSD was 34.3% (36 of 105 hens). Core body temperatures 

(Tb) were taken within 2 min after the room was opened for entry.  Both surviving and deceased 

turkey breeder hens demonstrated an average Tb of 111.6 °F (44.2 °C). As with laying hens [15], 

the Ta and Tb did not meet the DEFRA recommended guidelines of ≥104 °F (40 °C) and 113 °F 

(45 °C), respectively [9, 15]. Rozenboim et al. (2004) subjected turkey breeder hens to 104 °F 

(40 °C) for 12 hr a day for 5 wk to look at the effect of heat-stress on egg production [33]. While 

egg production was significantly affected, turkey hens adapted to the increase in Ta.  However, 

unlike this study, the hens were allowed ad libitum access to water [33]. The failure to naturally 

reach Ta needed to cause hyperthermia (≥104 °F), the potential to withstand high temperatures, 

and the loss of heat production as mortality increases presents serious issues for VSD as a 

depopulation method in turkey breeder hens. 

3.4.2 VSDH 

The addition of heat in experiment 2 resulted in the Ta increasing from an average of 84.7 

°F (29.3 °C) to 173.3 °F (78.5 °C) before rapidly dropping to 132.4 °F (55.8 °C) (Figure 3.3a). 

The rapid drop in temperature can be attributed to the reduction of heat output from the propane 

heater. The heat output was reduced from 125,000 to 75,000 BTU at 175 min (Figure 3.3a) when 

the maximum Ta at the high temperature sensors reached 183.9 °F (84.4 °C) causing water lines 

along the ceiling to deform. The damage to structures within a facility needs to be considered if 

VSDH is used. As seen with caged laying hens [15], temperature stratification occurred within 

the room (Table 3.2). Stratification can affect the amount of heat input needed and can extend the 

time to death for all birds as hot air will initially rise. Stratification should be minimized by using 

stirring fans. Unlike VSD, RH decreased from an average 81.7% to 15.7% at the end of 

experiment 2. This was a greater decrease in RH than seen in VSDH in caged laying hens [15]. 

The average outside Ta was 88.3 °F (31.3 °C) and average outside RH was 48.0% [26].  Carbon 

dioxide concentrations quickly increased within 30 min to 9,600 ppm (0.96 %) before slowly 

declining to less than 6,000 ppm (Figure 3.3b). The FR 100% CO2 data logger rapidly saturated 

due to reasons that are unclear. The FR 5% CO2 data logger failed to collection concentrations 

from 46 to 143 mins. The final readings for CO2 were based on two 5% and one 100% data 
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logger. The decline in CO2 concentrations towards the end of the experiment could be attributed 

to reduced CO2 production as mortality increased.  

Ventilation shutdown with supplemental heat was effective in achieving the intended 

flock depopulation standard of 100% lethality. Core body temperatures were taken within 2 min 

after the room was open for entry. The added heat resulted in an average Tb of 117.3 °F (47.4 °C)  

The high Tb seen at time of death and the CO2 concentrations only reaching a maximum 

of 9,600 ppm (9.6%) confirmed that birds succumb to hyperthermia rather than hypoxia when 

heat is added.   

3.4.3 WHG 

Hypoxia by CO2 was the main cause of death with WHG. At 55 min, another CO2 

delivery tube was added 5 ft from the floor to increase the rate of delivery of CO2. There was 

very little increase in Ta and RH as the rate of CO2 addition to a room can decrease Ta (Figure 

3.4a) [8, 34].  Ambient temperature began at an average of 79.1 °F (26.1 °C) and reached a 

maximum of 84.2 °F (29 °C) before ending at an average 82.8 °F (28.2 °C). Relative humidity 

followed suit, beginning at 77.6% and reached 88% before declining to 82.6%. For WHG, the 

average outside Ta was 85.5 °F (29.7 °C) and average outside RH was 41.8% [26]. Carbon 

dioxide concentrations linearly increased from an average 4,350 ppm (0.4%) to 404,250 (40.4%) 

ppm (Figure 3.4b). Even with the 1,500-watt heat gun, the some freezing occurred in the CO2 

regulators towards the end of gassing as evident in Figure 4b. 

Time of death was called by when CO2 concentrations were maintained at ≥400,000 ppm 

(40%) for 35 min and no movement was observed through the glass panel doors. Core body 

temperatures were taken within 5 min after the room was opened for entry. Extra time was 

needed to allow for CO2 evacuation. The average Tb for hens at the end of WHG remained at or 

near normal Tb. When Tb were being collected, one turkey breeder hen recovered. Resumption of 

breathing and corneal reflex were observed within 15 min of recovery. After blood collection, 

the hen was euthanized.  The reason to why the hen was able to survive is unknown. In a study 

conducted by Benson et al. (2007), one bird was able to survive 10 min exposure to CO2 during 

partial house gassing [35]. However, studies utilizing whole gas housing have demonstrated no 

survivors [8, 13, 34].  Similar to Sparks and colleagues (2010), there was no evidence of 

bunching or piling of the breeder hens as CO2 was introduced [34]. The ability of turkey breeder 
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hens to withstand high temperatures, RH, or CO2 levels needs to be considered when employing 

depopulation methods that alter these environmental parameters.  

Of the three different depopulation methods, VSDH was the only method successful at 

producing 100% lethality. The Ta and Tb collected during VSDH suggests that higher Ta are 

needed to induce hyperthermia and death in turkey breeder hens. The amount of heat input 

needed will vary with the amount, age, and weight of breeder hens, housing construction, and 

outside environmental conditions. A total of 8.20 lb (3.72 kg) propane was used for older breeder 

hens in the middle of a North Carolina summer in an 1,800 ft3 solid side room. The input could 

be much different for young breeder hens in a curtain sided house in the winter. The current 

study may have been able to achieve 100% lethality in WHG if the rate of CO2 delivery was 

faster. For gassing, the concentration must increase to levels necessary to cause unconsciousness 

before the CO2 can take effect. The delivery rate and amount of space being treated determines 

the speed in which the concentration increases. Gas delivery systems that can withstand freezing 

have been developed and should be used to ensure rapid loss of consciousness and death. Even 

with the solid walls and adequate sealing of the room, VSD was not able to naturally reach Ta 

needed to cause hyperthermia. The failure to achieve and maintain ≥104 °F and the large 

percentage of survivors presents issues if VSD was to be used in larger scale turkey breeder 

operations, especially if facilities are not completely enclosed (i.e., older curtain-sided houses). 

3.5 Conclusions and Applications 

 

1. Ventilation shutdown was not able to naturally achieve the ambient temperature needed to 

cause hyperthermia in turkey breeder hens leading to high survivability.  

2. The ability of turkey breeder hens to withstand high temperatures, RH, and/or inert gas levels 

needs to be considered when employing depopulation methods that add supplemental 

materials like heat and CO2.  

3. High ambient temperatures needed to cause lethality in ventilation shutdown with 

supplemental heat should be closely observed during employment as they could potentially 

cause damage to equipment within a turkey breeder hen facility.  

4. Air mixing should be used with ventilation shutdown with supplemental heat to prevent 

stratification of hot air within the room; air mixing should not be used with CO2.  
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5. Ventilation shutdown with supplemental heat for use in turkey breeder hens could be 

considered an alternative mass depopulation method and used only if all other acceptable 

methods cannot be implemented or resources are not available within the expected time 

frame for completion of depopulation. 

6. Further research is needed to evaluate the application of the depopulation methods in this 

study in different types of housing construction (i.e., curtain-sided housing) found within the 

commercial turkey breeder industry. 
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Table 3.1. Average physiological parameters for 10 turkey breeder hens pre-shutdown and 10 

turkey breeder hens post-ventilation shutdown for ventilation shutdown (VSD), 

ventilation shutdown with supplemental heat (VSDH), and whole-house gassing 

(WHG). 

 

1Core body temperature of surviving hens 

2Core body temperature of dead hens 

3 Tb-core body temperature 

 

  

Experiment 
Start 

time 

End 

time 

Total 

Duration  
Body Wt 

Pre-

Shutdown 

Tb
3 

Post-

Shutdown 

Tb 

Survivor 

   min lb (kg) ℉ (°C) ℉ (°C) % 

VSD 0856 1456 360 24.21 (10.98) 105.4 (40.8) 
111.6 (44.2)1 

111.6 (44.2)2 
34.3 

VSDH 0901 1202 181 23.92 (10.85) 106.3 (41.3) 117.3 (47.4)2 0 

WHG 0956 1311 195 23.81 (10.80) 105.1 (40.6) 106.7 (41.5)2 0.9 

Std. Dev. na na na 1.02 0.77 (0.43) 4.17 (2.32) na 
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Table 3.2. Average environmental parameters pre- and post-ventilation shutdown during 

ventilation shutdown (VSD), ventilation shutdown with supplemental heat (VSDH), 

and whole-house gassing (WHG). Ambient temperatures and CO2 concentrations 

were taken from sensors located 6 in. from ceiling (high, 5%) and 18 in. from ground 

(low, 100%). Relative humidity (RH) probes were placed at three locations 4 ft from 

the floor. All measurements were taken every minute.  

 

 

1CO2 concentrations are average of 5% CO2 data logger and 100% CO2 data logger for each 

location. 

2Ta-ambient temperature 

*Front right data logger was not included in the average due to saturation from unknown cause. 

**The high (5%) CO2 sensors were not used since CO2 levels were targeted above 5,000 ppm. 

+Data missing beginning at 111 for front right and 252 min for back left. 

++Data missing from 47 to 142 min. 

  

Pre-Shutdown 

Experiment Location  Room Ta
2 Room CO2

1 Room RH 

  ℉ (°C) ppm (%) (%) 

VSD High 74.1 (23.4) 1450 (0.1) 
68.8 

 Low 72. 9 (22.7) 2035 (0.2) 

VSDH High 87.3 (30.7) 3700 (0.4)* 
81.6 

 Low 82.2 (27.9) 1950 (0.2) 

WHG High 79.0 (26.1) na** 
77.7 

 Low 79.3 (26.3) 4350 (0.4) 

Std. Dev High  6.6 (3.7) 353.6 (0.04) 
6.7 

 Low 4.8 (2.7) 1194.0 (0.1) 

Post-Shutdown 

 Location  Room Ta Room CO2 Room RH 

  ℉ (°C) ppm (%) (%) 

VSD High 92.8 (33.8) 43,350 (4.3) 
95.8 

 Low 92.8 (33.8) 39,150 (3.9)+ 

VSDH High 134.6 (57.0) 6,200 (0.6) 
15.7 

 Low 130.3 (54.6) 5,300 (0.5)++ 

WHG High 82.9 (28.3) na 
83.6 

 Low 82.6 (28.1) 404,250 (40.4) 

Std. Dev High  27.4 (15.2) 26,905.4 (2.7) 
43.1 

 Low 25.1 (13.9) 220,917.6 (22.1) 



  53 

 

 

 

Figure 3.1 Plan view of the 29.5 ft x 15 ft x 8 ft room at the Poultry Entomology Research Unit 

(PERU) at North Carolina State University. The stars indicate the temperature and 

relative humidity (RH) sampling locations. FR, C, and BL mean front-right, center, 

and black-left, respectively. CO2 was not measured in the center.  
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Figure 3.2 Changes in the room (a) ambient temperature (Ta) and relative humidity (RH) and 

(b) CO2 concentrations during ventilation shutdown (VSD). Environmental 

parameters were measured every minute and their trends are based on the average of 

6 sensors for Ta (3 high, 3 low); 3 sensors for RH (front right (FR), center (C), and 

back left (BL)), and 4 sensors for CO2 (FR 5%, FR 100%, BL 5% and BL 100%). 

  

 
 

(a) (b) 
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Figure 3.3 Changes in the room (a) ambient temperature (Ta) and relative humidity (RH) and 

(b) CO2 concentrations during ventilation shutdown plus supplemental heat (VSDH). 

Environmental parameters were measured every minute and their trends are based on 

the average of 6 sensors for Ta (3 high, 3 low); 3 sensors for RH (front right (FR), 

center (C), and back left (BL)), and 3 sensors for CO2 (FR 5%, BL 5%, and BL 

100%). The FR 100% CO2 sensor took on moisture and was not able to capture data. 
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Figure 3.4 Changes in the room (a) ambient temperature (Ta) and relative humidity (RH) and 

(b) CO2 concentrations during whole-house gassing (WHG). Environmental 

parameters were measured every minute and their trends are based on the average of 

6 sensors for Ta (3 high, 3 low); 3 sensors for RH (front-right (FR), center (C), and 

back left (BL)) and 2 sensors for CO2 (FR 100% and BL 100%). The 5% CO2 

sensors were not used since CO2 concentrations were targeted above 5,000 ppm. 

 

 

  

(a) (b) 
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Chapter 4: Outcome evaluation of Extension 

programs introducing new technology: 

Application of retrospective pretest posttest 

design 

4.1 Abstract 

 

A retrospective pretest posttest design corrects two problems that traditional pretest 

posttest designs have: the incomplete data set and response-shift bias. The purpose of this study 

was to explore the application of a retrospective pretest posttest design to assess an Extension 

program introducing a new technology—ventilation shutdown plus (VSD+).  Results indicated 

that a retrospective pretest posttest design was more appropriate than a traditional pretest posttest 

design in assessing the change in knowledge and confidence of executing skills associated with 

VSD+ and its implementation. It is suggested that a retrospective pretest posttest design be used 

for evaluating Extension programs introducing new technology.  

4.2 Introduction 

 

Extension is the translation of evidence-based science and innovative technologies into 

non-formal education programs and learning activities for agricultural producers, small business 

owners, consumers, and families in both rural and urban communities (NIFA, 2018). The role of 

agricultural Extension is to move research from the lab to the field, ensuring a return on 

investment in research and contributing to the success of farms, ranches, and rural businesses. In 

the past few years, large-scale grants provided by government agencies, private companies, 
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and/or nonprofit organizations are requiring Extension or outreach components to be funded 

(Harder, Lamm, & Galindo, 2015). Educational programs and learning activities are developed 

and evaluated through Extension specialists housed within land-grant universities. Although 

Extension specialists can develop educational materials, resources, and trainings, most lack the 

time, resources, or confidence to create an evaluation that demonstrates program outcomes to 

stakeholders (Kluchinski, 2014).  

Evaluations are structured to quantify the effect educational programs and activities have 

on the knowledge, attitude, skills, and aspirations of program participants. Evaluations measure 

both outcomes (short-term and intermediate changes that occur in learners as a direct result of a 

program or activity) and impacts (broad changes that occur within a community as a result of 

program outcomes) (Thompson & Hoffman, 2003). For new technologies, measuring outcomes 

are better due to the evolution of these technologies over time. One common self-assessing 

evaluation design used to quantify the outcomes of an educational program is the traditional 

pretest posttest design. A traditional pretest posttest evaluation is given once at the beginning and 

once at the end of a program, with the time between each evaluation dependent on the length of 

the program. This evaluation design, while valuable, has two main problems: the incomplete data 

set, where participants only fill out the pretest or posttest, and response-shift bias, where 

participants overestimate their knowledge or behavior on the pretest and underestimate them on 

the posttest due to a change in their frame of reference (Raidl et al., 2004). Response-shift bias 

can cause an invalid interpretation of the effectiveness of an educational program (Howard & 

Dailey, 1979).  

A retrospective pretest posttest design can correct these two problems (Rockwell & 

Kohn, 1989). This evaluation design collects posttest (current) data at the same time as pretest 

(retrospective) data. By collecting both the current and retrospective data concurrently, a 

participant’s frame of reference for interpreting a given question and self-assessing regarding the 

question is guaranteed to be the same (Chang & Little, 2018). With a retrospective pretest 

posttest design, participants can learn how much they know about a topic prior to responding to a 

questionnaire (Davis, 2003). This is extremely important if the knowledge is related to a very 

new technology.  

Ventilation shutdown plus (VSD+) is a new alternative depopulation technology 

designed to depopulate a large group of animals in the event of a foreign animal disease (FAD) 
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outbreak. Foreign animal diseases cause suffering of animals, are a potential human health risk, 

and can have a detrimental economic impact if not mitigated. The American Veterinary Medical 

Association and United States Department of Agriculture’s Animal and Plant Health Inspection 

Service (USDA-APHIS) oversees depopulation and the use of primary and alternative 

depopulation methods during a FAD outbreak. Alternative depopulation methods are utilized 

when resources for primary depopulation methods have been exhausted. The audience that will 

be implementing this new technology includes poultry producers, Federal, state, and local 

emergency response and preparedness personnel, and Extension agents, all who are unfamiliar 

with VSD+ and its implementation.   

4.3 Purpose and Objectives 

 

The purpose of the study described in this article was to evaluate outcomes of a one-day 

educational program on ventilation shutdown plus (VSD+) using a retrospective pretest posttest 

focused survey instrument. The following two objectives guided the study: 

1. Explore the application of retrospective pretest posttest design to assess an Extension 

program introducing ventilation shutdown plus (VSD+) 

2. Document learning outcomes of the program 

4.4 Methods 

 

4.4.1 Educational Program and Participants 

The one-day educational program, titled The Use of Ventilation Shutdown Plus as an 

Alternative Mass Depopulation Method-What, Why, and How?, was conducted at the North 

Carolina Department of Agriculture and Consumer Services (NCDA&CS) Piedmont Research 

Station Poultry Unit in Salisbury, North Carolina. Participants were chosen based on their 

residency within the state of North Carolina and their involvement with 1) the egg industry, 2) 

Federal, state, and local emergency preparedness and response agencies, or 3) universities 

conducting research in poultry and/or animal sciences. Due to the novelty of the information 

being provided, participation was limited to 30 people to allow for open discussion throughout 

the day. The objectives of the educational program were to 1) provide an overview of VSD+, 2) 
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give details on how VSD+ can fit into a NC Avian Influenza Response Plan, 3) discuss VSD+ 

implementation with USDA-APHIS and its effect on indemnification and compensation, 4) 

review disposal options for caged layers using VSD+, and 5) estimate the cost of VSD+ 

implementation on different caged facilities. 

 

4.4.2 Questionnaire 

Participants’ perceptions of their gain in knowledge and confidence in responding to a 

FAD outbreak were evaluated using a retrospective pretest posttest focused survey instrument. 

Participants were asked to complete a two-page questionnaire at the end of the educational 

program. The questionnaire included nine questions—four Likert-type scale questions, four 

open-ended questions, and one multiple choice question. Questions were developed using the 

learning objectives established for the educational program. The open-ended questions were used 

to collect formative evaluation data related to the program’s location, materials, and presenters. 

Prior to receipt of the questionnaire, participants were requested to sign a consent form. 

Participants placed the consent form and questionnaire in separate envelopes on a table in the 

front of the room as they exited.  

The four Likert-type scale questions included knowledge and skill items. Four knowledge 

items addressed basic concepts in responding to a foreign animal disease (FAD) outbreak. 

Participants rated their knowledge as 1=very low, 2=low, 3=moderate, 4=high, and 5=very high. 

Seven skill items addressed confidence in executing tasks related to VSD+ in a FAD outbreak. 

Participants rated their confidence as 1=not at all confident, 2=slightly confident, 3=somewhat 

confident, 4=moderately confident, and 5=extremely confident. Two attitude items addressed the 

effectiveness and use of VSD+. The two attitude items only addressed after the program, not 

before. Participants rated their level of agreement as 1=strongly disagree, 2=disagree, 3=neutral, 

4=agree, and 5=strongly agree. The only demographic data collected was the number of birds 

owned or managed.  
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4.5 Data Analysis 

 

A paired t-test was used to analyze changes in knowledge and confidence in executing 

tasks before and after the training using JMP® Pro 14. A probability level of 0.05 was used to 

determine significance. 

 

4.6 Results  

 

Twenty-seven participants attended the program. At least two representatives from the 

top six largest egg-producing companies in North Carolina were present. Of the 27 participants, 

26 completed questionnaires. Forty-five percent of the participants did not own or manage birds. 

Of the other 55%, only 18% own or manage more than 1,000,000 birds. Table 4.1 provides select 

comments on the four open-ended questions on the questionnaire. These questions asked for 

feedback regarding the educational program’s format and materials. Overall, participants were 

pleased with the location, length, and choice of speakers. Participants did request more hands-on 

opportunities. The responses to these questions will help educators improve future trainings on 

VSD+.  

4.6.1 Knowledge Gained 

Results indicate a significant increase (P < 0.0001) in the participants knowledge on all 

four items (Table 4.2). The greatest increase in knowledge was in the knowledge gained on 

VSD+, with a difference of 2.0 (on a scale of 1-5). This contributes to one of the objectives of 

the educational program, which was to educate participants on VSD+. The smallest increase in 

knowledge was on the NC Avian Response Plan and USDA-APHIS indemnification and 

compensation process with a difference of 0.9. The NCDA&CS requires any commercial poultry 

grower or producer with 200 or more birds to submit a NC Avian Influenza Response Plan 

(NCDA&CS, 2015). The small increase in knowledge on the Response Plan suggests that the 

North Carolina egg-producing companies have submitted their plans and have educated their 

employees on the plan.  

The USDA Livestock Indemnity Program is provided to egg-producers not only during a 

FAD, but during adverse weather events or animal attacks (i.e., attacks by animals reintroduced 
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into the wild by the federal government or protected by federal law) (USDA, 2018). In 2016, 

North Carolina suffered the loss of 1.9 million chickens and turkeys to Hurricane Matthew 

(NCDA&CS, 2016). The weaker improvement in knowledge surrounding indemnification and 

compensation could be attributed to the assistance provided by USDA to poultry companies in 

North Carolina in response to Hurricane Matthew (Farm Service Agency, 2016).  

4.6.2 Skills Developed  

After attending the VSD+ training program, participant’s confidence significantly 

increased (P < 0.0001) in executing all seven skill items (Table 4.3). The greatest increase in 

confidence was 2.2 (on a scale of 1-5) for assembling personnel and supplies needed to 

implement VSD+. Participants also felt confident in adding VSD+ to their NC Avian Influenza 

Response Plan and implementing VSD+ in caged systems if an outbreak occurred within the next 

3 months. Participants felt least confident (change of 1.1) in selecting a disposal method after 

using VSD+. For egg producers and Extension agents, this lack of confidence could be because 

each method is situation and area dependent. Some disposal methods are preferred by Federal, 

state, and local emergency response and preparedness personnel over other methods 

(NCDA&CS, 2017). The lack of confidence in emergency response and preparedness personnel 

is not a deficiency in knowledge of disposal methods, but perhaps lack of knowledge of the 

different caged systems located within North Carolina. 

4.6.3 Impact of Program 

By participating in a one-day educational program, North Carolina egg-producers, 

emergency response and preparedness personnel, and Extension agents significantly improved 

their knowledge and confidence in using VSD+ during a FAD outbreak. Thirty-two percent and 

64% of participants agreed and strongly agreed, respectively, that VSD+ is an effective 

alternative depopulation method for caged systems in the event of a FAD. Ninety-six percent of 

participants are willing to use VSD+ as an alternative depopulation method if no other resources 

are available to depopulate a confirmed AI positive flock.  
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4.7 Conclusion and Implications 

 

The retrospective pretest posttest evaluation design was effective in assessing the change 

in knowledge and confidence of executing skills associated with VSD+ and its implementation. 

If a traditional pretest posttest design was used, it may have been rendered invalid due to the 

overestimation of the participants knowledge on the new technology when responding to 

questions on the pretest (Rockwell & Kohn, 1989). At the end of the educational program, 

participants were able to meaningfully relate questions to VSD+ and compare their levels of 

understanding before and after the program. Therefore, it is suggested that the use of a 

retrospective pretest posttest design is more appropriate compared to the traditional pretest 

posttest design for evaluating Extension programs introducing new technology.  
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Table 4.1 Participant’s Comments on Educational Program Format and Content. 

VSD+ Educational Program Format  

(Select Comments from Participants) 

VSD+ Educational Program Content  

(Select Comments from Participants) 

 “Well organized. Good mix of experience, 

speakers, and topics.” 

 

“The live streaming of [ VSD+] was the 

best part.” 

 

“The use of technology was great because it 

will make it easier to disseminate 

information in the future.” 

 

“The best was the interaction with those 

involved with the process.” 

 

“[The demo] was applicable to what can be 

done on an actual farm.” 

“All speakers were very knowledgeable and 

answered questions.” 

 

“Could use another half day for talks 

concerning industry questions.” 

 

“Expand on stages the bird goes through 

physiologically.” 

 

“Have an industry speaker who has been 

through [VSD+]. 

 

“More real-life examples.” 
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Table 4.2 Knowledge Ratings of Program Participants Before and After the VSD+ Educational 

Program. 

 

  

Rate knowledge about: Mean SE N P-value 

Ventilation Shutdown Plus (VSD+)? 

Before 2.3 
0.15 

26 
<0.0001 

After 4.3 

The NC Avian Influenza Response Plan? 

Before 3.1 
0.18 

26 
<0.0001 

After 4.0 

The USDA-APHIS indemnification and compensation  

process? 

Before 3.3 
0.17 

26 
<0.0001 

After 4.2 

Disposal methods in cage layers during an outbreak? 

Before 3.4 
0.17 26 <0.0001 

After 4.5 
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Table 4.3 Confidence Ratings of Program Participants Before and After the VSD+ Educational 

Program.  

Rate level of confidence to execute the following 

task: 

Mean SE n P-value 

Describing VSD+ to another person? 

Before 2.4 
0.20 22 <0.0001 

After 4.3 

Implementing VSD+ in caged system if outbreak  

occurred within the next 3 months? 

Before 1.8 
0.18 22 <0.0001 

After 3.9 

Assembling personnel and supplies needed to 

Implement VSD+? 

Before 2.0 
0.21 23 <0.0001 

After 4.2 

Coordinating with USDA-APHIS on using VSD+? 

Before 2.4 
0.22 23 <0.0001 

After 3.9 

Estimating the cost of implementing VSD+ in caged 

systems? 

    

Before 1.7 
0.16 23 <0.0001 

After 3.6 

Selecting a disposal method after using VSD+? 

Before 3.1 
0.23 23 <0.0001 

After 4.2 

Adding VSD+ to your NC Avian Influenza Response  

Plan? 

Before 2.0 
0.19 21 <0.0001 

After 4.1 
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Chapter 5: Conclusion 

This research has explored the effectiveness of ventilation shutdown (VSD) and 

ventilation shutdown with supplemental heat (VSDH) (also known as ventilation shutdown plus, 

VSD+) as alternative methods of depopulation in the event of a foreign animal disease (FAD) 

outbreak. The data presented from this research provides a first look into the environmental and 

physiological parameters that play a part in the effectiveness of VSD and VSDH in both egg-

laying and turkey breeder hens. There has been little to no data available that provides a clear 

understanding of exactly how increasing the ambient temperature over 104 °F (40 °C) effects the 

ability of hens to thermoregulate over time.  

The research that has been conducted here demonstrates the differences between species 

and the need to develop recommendations specific to breeders (turkeys, layers, and broiler), 

commercial egg layers, and commercially produced meat birds. While VSD has been used in 

previous FAD outbreaks, the American Veterinary Medical Association (AVMA) and USDA-

APHIS need evidence-based alternative depopulation methods that will allow poultry producers 

to have options while taking into consideration the welfare of infected birds. It is also important 

to demonstrate the effectiveness of extension programs to educate poultry producers and 

emergency response and preparedness personnel as funding for future research and the 

information from this and future research emerge for public consumption.  
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APPENDIX A:  

A NOVEL NON-INVASIVE METHOD FOR EVALUATING 

ELECTROENCEPHALOGRAMS (EEG)  

ON LAYING HENS 
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ABSTRACT 

 

The use of electroencephalograms (EEG) to study the avian brain relative to behavior 

was conducted as early as the 1960’s. EEG readings, combined with visual cues, provide the 

ability to elucidate and correlate behaviors to neurological and physiological changes in a 

chicken. The use of EEG recordings in animal models require access to the brain to implant 

electrodes. Having the ability to observe EEG activity on sensible birds without surgical 

implantation could broaden the research in this area and give further insight related to the hen’s 

state of awareness. The EEG electrode placement method described here was developed, 

constructed, and tested through the application of extreme environmental stressors and 

corresponding behaviors to euthanize poultry flocks in the event of a disease outbreak. Sixteen 

white commercial laying hens had three monopolar 32-gauge needle electrodes inserted 

subcutaneously and secured to their head and body. Electrodes were attached to a pre-amplifier 

which transferred EEG signals to a laptop-based recording system. Once the electrodes were in 

place, the hens were placed in individual treatment/observation chamber then various 

environmental stressors were applied. Verification that the observed brainwave activity was 

neural and not muscular was done using a photic stimulation validation test. Behavior 

observations were recorded to correlate sensible and insensible brainwave activity. The 

validation test and behavior observations demonstrated the method was successful in measuring 

EEG in sensible laying hens. The use of a non-surgical method for recording EEG will broaden 

research capabilities and enhance the understanding of a hen’s response its environment, 

eliminate the need for invasive surgical procedures, and minimizes the confounding components 

of anesthesia, brain surgery, and recovery.  With further refinements, the method could open new 

avenues in avian behavioral and physiological research.  

 

INTRODUCTION 

 

The use of electroencephalograms (EEG) to study the avian brain relative to behavior 

was conducted as early as the 1960’s (Ookawa and Gotoh, 1965). An EEG is a test used to 

evaluate the electrical activity in the brain.  The avian nervous system is similar to humans in 

that behaviors can be profiled based on sensible, or voluntary, and insensible, or involuntary, 
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neurological responses. EEG readings, combined with visual cues, provide the ability to 

elucidate and correlate behaviors to neurological changes in a chicken giving researchers a better 

indication of what is happening physiologically.  Classically, the use of EEG recordings in 

animal models are performed in an invasive way, requiring access to the brain to implant 

electrodes.  In previously conducted studies using poultry, the procedures to attach the electrodes 

were done either by puncturing the thin skull with a thumb tack using no anesthesia or by using 

general anesthesia before drilling into the skull and placing the electrodes directly on the brain 

(Chamberlin, 1943; McKeegan et. al., 2011; Turner et. al., 2012). Any procedure using 

anesthesia requires technical surgical skills and can induce postoperative trauma and stress on 

the bird. Methodologies utilizing anesthesia also heightens concern for animal welfare by the 

Institutional Animal Care and Use Committees (IACUC) and researchers alike.  Having the 

ability to observe EEG activity on sensible birds without surgical implantation could give further 

insight related to the hen’s state of awareness.  

Commercial chickens’ responses to variable environmental stressors in production 

settings are currently being assessed through various parameters, including avian behavior 

patterns and serology. Past studies have examined a bird’s physical activities, e.g., panting, 

eating, drinking, feather pecking or preening, to quickly determine the level of stress a bird may 

be experiencing (Anderson et. al, 2004; Anderson et. al., 2007; Anderson et. al. 2012).  Studies 

have also measured serological responses using heterophil/lymphocyte ratios and heat shock 

proteins to assess what is happening internally during periods of stress (Davis et. al, 2000; Davis 

et. al., 2004).  Though behavior profiles and serology are helpful to analyze the chicken’s 

physiological response to different types of stressors, it would be helpful to know if the bird is 

aware of its surroundings as stressors are occurring.  Collecting EEG alongside behavior profiles 

and/or serology have been used to get a better idea of the overall response to variable 

environmental stressors (Pritchett et. al., 2014; Cors et. al., 2015).  

The purpose of the study described here was develop a technique to observe EEG activity 

on sensible birds without surgical implantation of electrodes to provide added diagnostic 

capabilities to assess chickens. The development, construction, and implementation of a 

minimally invasive EEG electrode placement method is described. After implementation, test 

animals were exposed to extreme environmental stressors as part of a concurrent depopulation 
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methods study and EEG placement withstood the condition changes and corresponding animal 

physical activity/behaviors.   

MATERIALS AND METHODS 

 

Electrode Placement  

The project was approved by the North Carolina State University’s IACUC and 

monitored by animal welfare specialists, North Carolina State University’s attending veterinarian 

and other veterinarians within NCSU’s School of Veterinary Medicine. All animals were 

maintained on North Carolina State University property for the duration of the study.  Sixteen 

white commercial leghorn chickens approximately 69 weeks of age were randomly chosen for 

the study from a small flock donated to and maintained at the NC State University research 

facility. The hens were housed in single bird conventional cages and had no procedures beyond 

the standard care protocol for at least one week prior to euthanasia.  Before electrode placement, 

an elastic hobble was placed on each hen’s shanks above the dew claw (Figure 1). This hobble 

allowed the hen to stand and walk but did not allow it to raise its leg towards its head, which 

could cause removal of the EEG leads.  At least one day prior to sampling, each hen had the 

feathers removed from the external occipital crest on each side of the comb and at the base of the 

neck five minutes after application of a 2% topical lidocaine gel. On the day of euthanasia, three 

monopolar 32-gauge needle electrodes (MLA1213, AD Instruments, Grand Junction, CO) were 

inserted subcutaneously three minutes after application of lidocaine to the occipital crest area and 

base of the neck. The red and black electrodes were inserted behind the chicken’s comb along 

the external occipital crest of the cerebral cranium on either side of the brain, while the green 

(ground) electrode was inserted between the cerebellar fossa of the lower mandible between the 

waddles in the neck (Figure 2) (Chamberlain, 1943). All electrode tips were secured to the head 

using ¼” surgical adhesive tape passing the tape around each electrode leaving adhesive ‘wings’ 

and then attaching the adhesive ‘wings’ to the hen after electrode insertion. The electrode leads 

were then taped together, run under the bird’s wing, and looped around the head of the humerus 

at the scapular joint to reduce entanglement and eliminate dislocation of the electrodes (Figure 

3). The bird was then placed in an individual treatment/observation chamber to adjust 1-2 

minutes prior to inducing varied environmental stressors. This adjustment period allowed for the 

visual verification that the EEG electrode wire tether was not tangled and allowed free 
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movement as well as identification of movement artifacts in the EEG activity due to walking, 

preening, and/or wing flapping.  After the adjustment period, hens were subjected to one of four 

treatments: 1) reduced airflow, 2) reduced airflow and heat, 3) reduced airflow and increased 

CO2, and 4) reduced airflow, heat, and increased CO2. Treatments were continued until time of 

death was determined using both behavior and EEG cues as part of a concurrent depopulation 

study.  

 

EEG and Behavior Recording  

Differential recording electrodes, insulated except at the tips, were attached to a pre-

amplifier which transferred the EEG signals to a laptop-based recording system.  The EEG data 

was recorded at a standard EEG frequency band of 10 – 50 Hz and sampled at 100 Hz/channel 

using Powerlab 8SP equipped with Lab Chart 4 software (AD Instruments, Grand Junction, CO). 

The digital filter was set at a band-pass frequency of 10 Hz (low) to 30 Hz (high).  The transition 

width was set at auto adjust and the mV range was set at -0.05 to 0.05 mV based on Turner et. al.  

(2012). EEG activity in 0.5 s intervals was recorded from the point the ground lead was inserted 

up to a maximum of 2.5 hr post-placement in an individual treatment/observation chamber.  

Using the EEG leads allowed for the monitoring of EEGs for a long period of time up to 2.5 hr 

versus the 7-10 minutes of EEG recordings allowed by the portable telemetry collection 

developed by Lowe et al. (2007). 

Video cameras were positioned in front of each individual treatment/observation chamber 

to collect behavior data (GoPro Hero 4, GoPro, San Mateo, CA). Recording began from the start 

of treatment until brainwave activity was below 0.01 mV and TOD verified.  Behavioral actions 

as described by Webster and Fletcher (2001) and Coenen et. al (2009) were recorded from the 

video using a modified scanning technique based on Anderson et. al. (1989). The behavioral 

actions were then broken down into two categories—sensible and insensible—as listed in Table 

1. Behaviors were then summarized over 1 min intervals to parallel the EEG brainwave activity.  

 

Electroencephalogram Validation  

In order to ensure that the observed electrical activity was neural and not muscular, a 

validation test was conducted using a strobe light for photic stimulation (Bullock et. al., 1990; 

A’kos Szabo´ et. al., 2016). The EEG equipment was attached to a flock mate of the sixteen hens 
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described above and placed in an individual treatment/observation chamber within a completely 

darkened room.  A 25 Hz strobe light was turned on four times for 20 s over a ten-minute period. 

EEGs and behavior data was collected concurrently.  

 

Statistical analysis 

To consolidate the average 102 million EEG data points for each bird, EEG brainwave 

activity (mV) was summarized over 10 s intervals.  For each EEG data set, the wavelengths were 

transformed by taking the absolute value of the integral relative to the baseline at each 10 s 

interval. This transformation was done to mitigate the baseline noise. Each value was then 

subjected to the Hyperbolic Arcsin to emphasize the lower mV readings. EEG data was analyzed 

in conjunction with the behavior. The behavior data was collected by a trained observer and 

recorded as the principle behaviors performed during the 10 s interval. These were summarized 

as a frequency of behaviors performed as a conscious or unconscious behavior. The summarized 

EEG brainwave activity was then overlaid with the observed behavioral frequencies during the 

same time intervals. A correlation analysis examining the relationship between mV and sensible 

or insensible behavior was accomplished using Pearson Linear Correlation Analysis in SAS 

JMP-PRO® 12.2.0 (SAS Institute, 2016). 

 

 RESULTS AND DISCUSSION 

 

The hobble and electrode placement were maintained on all sixteen laying hens 

throughout the duration of each treatment. The attending veterinarian applied the surgical tape 

using a taping method similar to applying an IV catheter in small animals. The surgical tape was 

strong, light, and applied in a manner that allowed the laying hens to express natural behaviors 

(walking, wing flapping, preening, panting, etc.) without restriction while discouraging 

entanglement and removal. Both tape and electrode leads were subjected to a minimal amount of 

thrashing while the birds acclimated to the individual treatment chamber.  

 The observed brainwave activity during validation ranged from 0.05 mV to 0.025 mV 

within the 10 to 30 Hz range immediately after stimulation with the strobe light. The lag in 

brainwave activity from stimulation to peak varied from 2/10 s to 8/10 s.  Video recording 

commenced prior to strobe light activation to validate the lack of hen activity.  The concurrent 
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behavior recordings of the hen with the strobe light stimulation showed that there was no 

physical activity from the hen in the light stimulation period, thereby indicating an ocular EEG 

response.  

The behavior observations demonstrated that voluntary behaviors were performed above 

0.01 mV while involuntary behaviors were observed when the birds were insensible, below 0.01 

mV. When a correlation analysis was done on the brainwave activity and the sensible or 

insensible state, it was determined that the sensible behaviors were positively correlated 

(P<0.0001) to brainwave activity above 0.01 mV (Table 2).  Conversely, brainwave activity 

below 0.01 mV and insensible behaviors were negatively correlated (P<0.0001) (Table 3).  

A novel EEG collection method was developed, implemented, and tested in the chamber 

environment. Based upon the validation test and behavioral observations, brainwave activity 

demonstrated that the electrode placement method developed was successful in measuring EEG 

in non-surgical laying hens. In review of the available literature on EEG associated with poultry, 

no standard protocol for data acquisition or analysis was described using PowerLab 8 and 

LabChart 4 software. Based on the authors consultation with North Carolina State University 

statisticians as well as a Technical Services Representative from AD Instruments, the method for 

data transformation and subsequent analysis was developed. It was observed that a standardized 

statistical model is needed to properly analyze and compare data when using a non-invasive 

methodology for EEG acquisition. This paper was written to help establish methodology and 

data analysis with the understanding that refinements will be made as more research is 

conducted.  The band-pass frequency of 10-30 Hz was selected after personal correspondence 

with researchers at Auburn University.  The 0.01 mV cutoff was chosen based on visual 

observation and verification of TOD by the attending veterinarian.  At 0.01 mV, laying hens had 

undergone loss of posture and cessation of respiration.   

This non-invasive method for recording EEG could enhance understanding of the hen’s 

behavioral and neurological response when presented with various environmental stressors.  This 

method could also eliminate the need for invasive surgical procedures, minimizing the 

confounding components of anesthesia, brain surgery, and recovery from stress and broadening 

the potential use of the EEG as a research tool. With further refinements of the procedure, 

including a standardized method of transformation of data, a method for securing the probes, and 
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the addition of a portable recorder, new venues could open in avian behavioral and physiological 

research. 
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Figure 1. A hobbled leghorn hen 
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Figure 2. Red and black electrode placement along the external occipital crest of the cerebral 

cranium on each side of the comb.  
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Figure 3. Electrode leads looped around the wing to reduce entanglement and eliminate 

dislocation of the electrodes. 
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Figure 4. Ocular stimulation validation showing the immediate EEG response to the strobe light 

 

  



  86 

 

Table 1. Descriptions of the recorded behaviors 

 

  

Behavior Description 

Sensible  

     Headshake Rapid shaking or lateral movement of the head 

     Mandibulation Repetitive tasting movement with bill 

     Standing Legs extended, fully upright 

     Wing flapping A bout of continuous, rapid wing flapping 

     Crouch Legs are folded under bird with body positioned on top 

Insensible  

     Panting Deeper than normal inspiration through the open mouth, 

generally accompanied by movement of the tongue and bill 

     Respiratory disruption  Deep open bill breathing with prolonged inspiration or 

prolonged open bill gasping, or both, combined with 

difficulty inhaling  

     Loss of Posture  Loss of balance or posture, or both (lateral recumbency) 
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Table 2. Correlation of sensible behaviors and EEG of hens during application of varied 

environmental stressors in a treatment/observation chamber during method development. 

  

Treatment mV x 

Sensible 

Lower 

95% 

Upper 

95% 

P-value n 

Reduced airflow  0.128 0.063 0.192 0.0001 900 

Reduced airflow and heat 0.278 0.188 0.362 <.0001 431 

Reduced airflow and increased CO2 0.629 0.454 0.758 <.0001 64 

Reduced airflow, heat, and increased CO2 0.394 0.130 0.606 0.0046 50 
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Table 3. Correlation of insensible behaviors and EEG of hens during application of varied 

environmental stressors in a treatment/observation chamber. 

Treatment mV x 

Insensible 

     Lower 

95% 

Upper 

95% 

P-

value 

n 

Reduced airflow -0.257 -0.317 -0.194 <.0001 900 

Reduced airflow and heat -0.299 -0.383 -0.211 <.0001 431 

Reduced airflow and increased CO2 -0.005 -0.250 0.241 0.9695 64 

Reduced airflow, heat and increased CO2 -0.319 -0.549 -0.045 0.0239 50 
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APPENDIX B:  

ASSESSING THE IMPACT OF EARLY PRODUCTION MOLTING OF PULLETS  

ON THE PREVALENCE OF SALMONELLA, CAMPYLOBACTER, AND 

ENTEROBACTERIACEAE 
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SUMMARY 

 

The depopulation of healthy birds during a disease outbreak can impact recovery and 

further disrupt the food supply. In 2015, the U.S. faced one of the largest disease outbreaks ever 

confirmed. Many birds depopulated were healthy but could not be moved to laying facilities 

because of their location in quarantine zones. The objective of this study was to assess the impact 

of an early production induced molt on Salmonella and Campylobacter prevalence, as well as total 

aerobes and Enterobacteriaceae enumeration. Pullets were reared in a cage-free barn from 0 to 16 

wk. At 17 wk, pullets were assigned to one of four treatments: control (AV); floor (FL); enrichment 

(EN); and molt (MT). AV was moved into an aviary system to begin lay while FL, EN, and MT 

were brought into lay in the barn. When production reached 10%, a non-feed withdrawal diet was 

given to MT for 6 weeks. Post-molt, all remaining treatments were moved to the aviary and 

maintained until 32 wk. Fecal, organ, and egg shell samples were collected and analyzed at the 

onset of lay, pre-molt, post-molt, and at depopulation to determine prevalence of Salmonella and 

Campylobacter. Total aerobic and Enterobacteriaceae loads were enumerated for egg shells 

collected from the litter, nest box, and aviary system wire. There was no difference for Salmonella 

and Campylobacter prevalence among treatments for all samples. While no difference was found 

in total aerobe plate counts pre-molt, there was a difference (P < 0.05) in Enterobacteriaceae for 

AV, FL and MT.  For MT, there was a reduction in total aerobe and Enterobacteriaceae loads 

from pre-molt to post-molt. While total aerobe and Enterobacteriaceae loads for egg location were 

found to be significantly different post-molt, biologically, the difference was not enough to be a 

concern once eggs are washed and sanitized. The results of this study indicate that early production 

molting of floor-reared pullets has little impact on egg safety once birds are moved into an aviary 

system. 

 

Keywords: molt, depopulation, Salmonella, Campylobacter, Enterobacteriaceae, aerobic plate 

counts, pullets 
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DESCRIPTION OF PROBLEM 

 

The depopulation of healthy birds during a disease outbreak can impact recovery and 

further disrupt the food supply. In 2015, the U.S. faced one of the largest animal disease 

outbreaks of highly pathogenic avian influenza (HPAI) ever confirmed, leading to the 

depopulation of 48 million birds; 7 million were commercial table egg pullets [1]. When an 

outbreak occurs, a quarantine zone is created to prevent spread of the disease. Movement into, 

within, and out of the quarantine zone is restricted, affecting not only the infected flock, but all 

flocks within a minimum 10 km radius [2]. Laying pullets are often grown at a separate location 

from where they are permanently housed. If pullets cannot be moved, a producer’s only option is 

to depopulate a healthy flock as pullet rearing facilities are not designed to accommodate egg 

production. Depopulation of a healthy flock is a fiscal loss and can lead to an egg deficit that 

impacts egg prices for the consumer [3]. Egg producers need options other than depopulation 

when a disease outbreak restricts movement. Researchers turned to current production practices 

to identify an approach egg producers could delay egg production and maintain pullets until 

quarantines are lifted.  

Molting is a natural physiological process where a bird sheds and replaces feathers as 

well as experiences a reproductive “resting period” where little to no eggs are produced [4, 5]. In 

the commercial egg industry, molting can be induced after the first production cycle by reducing 

exposure to light to simulate shortening day length and providing a low protein, low energy diet 

[6, 7]. Induced molt can be economically advantageous for egg producers, especially when the 

cost of feed, replacement pullets, and processors willing to render spent hens are high or difficult 

to obtain [7, 8].  An induced molt typically last 5 to 9 weeks and is utilized to improve 

subsequent egg production, egg shell quality, and egg size, as well as reviving immune function 

[7, 9, 10].   

Until the early 2000’s, poultry producers primarily utilized feed withdrawal molting 

programs to imitate anorexic behaviors exhibited by molting birds in the wild [11].  Pushback 

from animal activists on the methodology [12] and discovery that feed withdrawal increases 

shedding of Salmonella spp. [13, 14] led to the investigation of alternative approaches to molting 

programs.  The interaction of the gastrointestinal tract, the intestinal microbiome, and diet can 

have a profound effect on poultry health and production [15].  Emptying the gastrointestinal tract 
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through feed withdrawal is consistent with an increased susceptibility to and colonization by 

pathogens such as Salmonella and Campylobacter spp. [16, 17, 18, 19]. In commercial egg 

production, laying hens can become colonized by pathogens through insects [20, 21, 22], rodents 

[23, 24], dust [25, 26], litter [27, 28], or contaminated feed [29, 30]. Salmonella spp., 

Campylobacter spp., and Escherichia coli are among the most commonly reported pathogens 

causing foodborne illness in the U.S. [31]. While most foodborne pathogens do not cause disease 

in the laying hen, they can contaminate the egg, subsequently affecting consumer safety and 

inhibiting an egg producer’s ability to comply with federal regulations regarding egg production 

and transportation [32, 33]. Considerable research has investigated the effect of induced molting 

on Salmonella spp. susceptibility and prevalence in older laying hens [16, 34, 35, 36]. However, 

no studies have investigated the impact of induced molting early in the production cycle on 

Salmonella and Campylobacter spp. prevalence and its effect on egg safety. The objective was to 

assess the impact of an early production induced molt on Salmonella and Campylobacter spp. 

prevalence within the bird and associated with eggs, as well as total aerobes and 

Enterobacteriaceae enumerated from the eggs produced. 

 

MATERIALS AND METHODS 

 

Experimental Housing of Pullets 

All procedures were approved by the Michigan State University (MSU) Animal Care and 

Use Committee. The pullet rearing and hen management procedures are reported by Karcher et 

al. [37]. Briefly, 3,000 Hy-Line W-36 chicks were placed into ten cage-free rearing pens. Chicks 

were brooded on a plastic flooring platform [38] and provided access to the litter floor area at 

approximately two weeks of age. Pullets had ad libitum access to feed and water during the 

rearing phase. At 17 wk of age, laying hens were divided into four treatment groups. The 

treatments were 1) control (AV), 2) floor (FL), 3) enrichment (EN) and 4) molt (MT). The AV 

pullets were placed in an aviary system [39] while the other three treatments (FL, EN, MT) 

remained in the cage-free rearing pens. The Natura 60 aviary system layout and design consisted 

of four aviary rooms each with four aviary replicates with 144 hens per replicate. All four AV 

replicates remained in one room through 24 wk. Pullets in EN were provided perches and single 

hole nest boxes (19 birds per nest box) but did not meet any welfare guidelines. All treatments 
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followed a lighting program outlined in the Hy-Line W-36 Management Guide [40]. When egg 

production reached 10%, MT was molted using a non-anorexic diet [40] and brought back into 

lay 6 wk later. Post-molt, all treatments were moved into the aviary system (FL-AV, EN-AV, 

and MT-AV). The AV-AV replicates were redistributed in the aviary system resulting in four 

rooms containing a replicate of each treatment. The room that contained the AV-AV replicates 

from 17 to 24 wk was excluded from microbial assessment. The aviary doors to litter access 

were opened after two days of acclimation and remained open for the duration of the study.   

 

Fecal Samples 

Fresh fecal composites were collected weekly from all treatments beginning at the onset 

of lay (18 wk) through the end of molt (25 wk), with subsequent post-molt (28 wk) and 

depopulation (32 wk) collections. For samples collected from the cage-free barn (FL, EN, MT 

from 17 to 25 wk), three sterilized polymer boards were placed on the plastic flooring platform 

in each pen overnight to collect fresh excreta. Four fecal composites were formed per pen (n = 24 

per sampling). From 17 through 32 wk, four sterilized polymer boards were placed overnight on 

the manure belt under two separate levels of the aviary system for the AV-AV treatment. Four 

fecal composites were collected from each replicate (n = 16 per sampling). At 28 and 32 wk, four 

fecal composites were collected from each replicate (AV-AV, FL-AV, EN-AV, and MT-AV) in 

each aviary room (n = 48). Using a sterile tongue depressor, up to 25 mL of excreta was 

randomly collected from each board and placed in a 50-mL sterile conical tube.  

 

Egg Samples 

Nest run eggs were aseptically collected from the litter (L), nest box (B), and aviary 

system wires (Y) on the fifth day of each sample week at the onset of lay (18 wk), pre-molt (19 

wk), at the end of molt (25 wk), and at depopulation (32 wk). Eggs collected were assessed to 

determine prevalence of Salmonella and Campylobacter spp. as well as total aerobe and 

Enterobacteriaceae counts. Litter eggs (L) were eggs laid on the litter either in the brood-grow 

facility or in the forage area of the aviary system. Nest box eggs (B) were eggs laid in the nest 

box provided in the EN treatment or in the nest boxes within the aviary.  System wire eggs (Y) 

were eggs laid on the roll-out wire floor within the aviary. For each treatment, up to 4 six-egg 

shell emulsion pools per treatment and location were created from the collected eggs.  Cracked 
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eggs were excluded from shell emulsion pools. A minimum of 3 eggs formed a pool when egg 

numbers were reduced. All shell emulsion pools were processed according to Musgrove et al. 

[41].  Using a gloved hand, eggs were cracked, rinsed with 42°C sterile phosphate-buffered 

saline (PBS) [42] to remove adhering albumen, and placed into a sterile specimen cup.  Sterile 

PBS (42°C) was added at a rate of 10 mL/shell (up to 60 mL/pool) before 1 min maceration.  

 

Internal Organ Samples 

Each week, the spleen, ceca and follicles (mature and immature) were collected from 16 

randomly selected hens per treatment from the onset of lay (18 wk) through the end of molt (25 

wk). An additional 15 hens were sampled post-molt (28 wk) and at depopulation (32 wk). Tissue 

samples were aseptically collected and placed in individual sterile sample bags [43]. Ten 

milliliters (10 mL) of sterile PBS was added before homogenization for 1 min. 

 

Microbial Assessment  

All samples were shipped overnight to the USDA Agricultural Research Service 

laboratories in Athens, Georgia. Samples were assessed for the prevalence of Salmonella and 

Campylobacter spp. according to common laboratory practices [27]. Briefly, three sterile, long 

cotton-tipped applicators were used to mix excreta prior to placement in selective enrichment of 

Rappaport-Vassiliadis (RV), tetrathionate (TT), and Bolton’s broths [42] for 18-24 h at 42 °C. 

For Salmonella spp., organ samples and shell emulsion pools were pre-enriched with buffered 

peptone water [42] and incubated 18-24 h at 37 °C followed by selective enrichment in both 

Rappaport-Vassiliadis (RV) and tetrathionate (TT) broths [42]. RV and TT broths for fecal, 

organ, and shell emulsion pools were then struck onto brilliant green sulfa (BGS) and XLT4 

agars (37 °C for 18-24 h)[42]. Presumptive positive colonies after differential plating were 

stabbed on lysine iron agar (LIA) and triple sugar agar (TSA)[42] slants at 37 °C for 18-24 h. All 

presumptive positive colonies were confirmed via latex agglutination [44]. For Campylobacter, a 

10 mL aliquot of each organ and shell emulsion pool sample was added to Bolton’s broth [42] 

and placed in a microaerophilic environment for 18-24 h at 42°C for selective enrichment. After 

enrichment, 0.1 mL from all samples was plated onto Campy Cefex agar [42], placed in a 

microaerophilic environment, and incubated at 42°C for 48 h. Any presumptive positive colonies 

for Campylobacter were confirmed via latex agglutination [45] and microscopic examination.  
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For enumerated populations (total aerobes and Enterobacteriaceae), appropriate dilutions 

were duplicate plated. Enterobacteriaceae were assessed by violet red bile glucose agar pour 

plates with overlay (VRBG) [42] incubated at 37°C for 18 to 24 h before counting typical 

colonies. Total aerobes were enumerated by plating 0.1 mL of appropriate dilutions onto 

duplicate standard methods agar (SMA) [42] and incubating at 37°C for 48 h.  

 

Identification of Enterobacteriaceae isolates 

Up to five colonies per sample were selected from the VRGB for subsequent identification. 

Each colony was streaked onto SMA and incubated overnight at 37°C. The process was repeated 

for a total of at least 3 passes to ensure isolate purity. A single, fresh colony from the final pass 

was suspended in 5 mL sterile PBS and immediately utilized to inoculate API 20 E strips [46]. 

Strips were incubated 18-24 h at 37°C and assessed according to the manufacturer’s instructions. 

Reactions were recorded and identifications were determined by using APILab Plus software 

[46].  

 

Data analysis 

Microbial counts for the duplicate plates were averaged and subjected to log 

transformation before analysis. Plate counts with no growth were converted to zero after log-

transformation. Significance was determined using the GLM procedure of JMP Version 13 with 

means separated by Tukey’s HSD test [47].  Pullet age, treatment, and location were the main 

effects. The prevalence of Salmonella and Campylobacter spp. were compared among the main 

effects using the chi-squared operation and goodness-of-fit test.  Probabilities of P < 0.05 were 

considered significant. 

 

RESULTS AND DISCUSSION 

 

There was no difference (P > 0.05) for Salmonella and Campylobacter spp. prevalence 

among treatments for all fecal and organ samples as well as shell emulsion pools. Of the 323 

fecal samples collected, one sample was found positive for Campylobacter in EN-AV post-molt. 

Previous studies have demonstrated that susceptibility to Salmonella and Campylobacter spp. 

increase with feed withdrawal as feed restriction alters the gastrointestinal tract and immune 
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system [13, 14, 17, 48]. Holt and Porter [34] studied feed withdrawal molting in three different 

age hens—20-wk old pre-lay pullets, 40-wk old hens in active lay, and 74-wk hold hens in 

declining lay—finding little difference between ages in the high levels of Salmonella Enteritidis 

(SE) infection. In a later study, Holt et al. [17] confirmed that hens fed during molt were not at 

risk for the severe intestinal infection observed in hens that were molted using a feed withdrawal 

program. The current study utilized a non-feed withdrawal diet containing low energy, high fiber 

ingredients. Seo et al. [49] demonstrated 88-wk old hens on a diet of wheat middlings ceased egg 

production, as well as shed significantly less SE, than hens on a feed withdrawal molt. Similarly, 

McReynolds et al. [50] showed that non-feed withdrawal diets containing various levels of 

alfalfa meal can reduce the level of SE infection and still induce a molt comparable with feed 

withdrawal in 50-wk old laying hens.  Results from the current study suggest that early 

production molting does not have an impact on Salmonella and Campylobacter spp. prevalence 

throughout and immediately after a non-feed withdrawal molt.  

Average loads of total aerobe and Enterobacteriaceae populations associated with the 

shell egg emulsion pools across treatments are seen in Figure 1. No difference was found in total 

aerobe levels pre-molt.  However, there was a difference (P < 0.05) in Enterobacteriaceae 

counts between the AV-AV (4.04 ± 0.80 log cfu/mL), FL (7.38 ± 0.80 log cfu/mL) and MT (7.63 

± 0.80 log cfu/mL) at 19 wk when AV-AV was laying only in nest boxes and FL and MT were 

laying on the litter (Figure 1A). EN, who had access to both nest boxes and litter, was not 

significantly different (5.77 ± 0.57 log cfu/mL; P > 0.05) from the other three treatments.  Harry 

[51] reported that egg shells of deep-litter eggs had, on average, 15 times more bacteria and a 

higher proportion of potential spoilage organisms than eggs from caging systems.  For MT, there 

was a reduction (Figure 2) in total aerobe and Enterobacteriaceae shell emulsion pool counts 

from pre-molt to post-molt. This reduction was most likely due to the location birds had 

available to lay eggs. At 19 wk, MT had no option but to lay eggs on the litter as no nest boxes 

were provided.  Once the birds were moved into the aviary at 25 wk, eggs could be laid in B 

(48% of pools), Y (52% of pools), and L.  No difference (P > 0.05) in either total aerobes or 

Enterobacteriaceae loads were detected in shell egg emulsion pools for all treatments post-molt 

once all birds were in the aviary system (Figure 1B). Hannah et al. [28] saw similar results in 

total aerobe loads when moving hens from 3 different environments—cages, slats, and litter—

into caging systems; loads did not differ once all hens were in the cage environment.    
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When evaluating treatments post-most, total aerobes were different between egg 

collection locations with higher counts coming from L (7.68 ± 0.08 log cfu/mL) when compared 

to B (6.73 ± 0.06 log cfu/mL) and Y (6.23 ± 0.07 log cfu/mL; P < 0.01). Like the current study, 

DeRue et al. [52] found aerobic levels to be greatest on floor eggs.  Enterobacteriaceae load 

were lower in Y (3.63 ± 0.25 log cfu/mL) than in B (4.67 ± 0.19 log cfu/mL) and L (5.19 ± 0.19 

log cfu/mL; P < 0.01). Enterobacteriaceae levels in B were not different (P < 0.05) from levels 

in L. The high counts of total aerobes and Enterobacteriaceae in B and L are likely due to the 

design of the aviary system. Aviary systems allow the bird to move both horizontally and 

vertically as well as perform natural behaviors, like dust bathing [53]. Quarles et al. [54] reported 

that houses with litter floors averaged approximately 9 times as many bacteria per cubic foot of 

air as houses with wire floors. Dust—composed of dander, excreta, food, and bedding 

materials—have been found in higher concentrations in aviary systems due to the increased bird 

activity [55]. Higher levels of dust have been found to contribute to higher levels of aerobic 

populations in shell emulsion pools [56].  Litter floors provide access to excreta that hens do not 

have when housed on wire floors. Like the current study, Jones and Anderson [57] have reported 

higher levels of Enterobacteriaceae on floor eggs. Hens may transport fecal material and other 

contaminants on their feet and feathers to other places within the system, including the nest 

boxes [58].   The authors speculate that the increase of dust from bird activity and exposure to 

excreta on the litter floors increase the potential for shell contamination.  

The number of eggs utilized for shell emulsion pools over the total number of eggs laid 

during sample collection can be seen in Table 1. A total of 465 identified Enterobacteriaceae 

isolates were grouped by treatment and egg collection location pre-molt (Table 2) and post-molt 

(Table 3). Overall, Escherichia coli was the most frequently isolated bacterial species, recovered 

from 87% of all shell emulsion pools. Other isolates included Leclercia adecarboxylata, 

Enterobacter cloacae, Escherichia fergusonii, Escherichia vulneris, Kluyvera spp., Pantoea spp., 

Klebsiella pneumoniae, Escherichia hermannii, Klebsiella oxytoca, Buttiauxella agrestis, and 

Salmonella Arizonae. Pre-molt, E. coli accounted for 129 of 132 of the identified isolates. The 

low number of obtainable isolates at 18 and 19 wk for all treatments and locations was due to the 

small amount of eggs produced as pullets were coming into lay. Birds in AV-AV did not start 

laying enough eggs to make shell emulsion pools until 19 weeks of age; those pools were only 

available from nest boxes. All but one of the 19 isolates (94%) recovered from AV-AV were E. 



  98 

 

coli. The nest boxes in AV-AV allowed for the eggs to roll out onto plastic eggs belts where they 

sat until collected.  EN, the only other treatment with access to nest boxes, had 20 of 53 isolates 

(37%) recovered from B. The nest boxes in EN were stagnant nest boxes where eggs would roll 

out of the nest into a basket below. Once birds were moved into the aviary, 77% (256/333) of the 

isolates identified were from either B or Y. Of those isolates, 69% (177/256) were E. coli.   No 

shell emulsion pools were collected from L at 25 wk as the cages were shut (~3 d) to allow hens 

to adjust to relocation within the aviary rooms.  At 32 wk, shell emulsion pools were available 

from all treatments and locations except Y from AV-AV. While the levels of total aerobes and 

Enterobacteriaceae, mainly E. coli, seem high, studies have demonstrated significant reduction 

of total aerobic plate counts and Enterobacteriaceae recovered from washed eggs [58, 59, 60].   

 

CONCLUSIONS AND APPLICATIONS 

 

1. Early production molting of floor rear birds using a non-feed withdrawal diet has little impact 

on egg safety once birds are moved into a multi-tier aviary system. 

2. While total aerobe and Enterobacteriaceae loads for egg location area are different, 

biologically, the difference was not significant enough to be a food safety concern once eggs 

are washed and sanitized in the processing plant.  

3. Further studies should investigate Salmonella and Campylobacter spp. prevalence in older 

laying hens that underwent early production molting to see if an increase in prevalence 

occurs later within the life cycle of the flock. 
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Table 1. The number of eggs utilized for shell emulsion pools over the total number of eggs 

collected during sampling at 18, 19, 25, and 32 wk. Eggs for FL, EN, and MT were collected in 

the cage-free barn pre-molt (18 and 19 wk) and from aviary rooms post-molt (25 and 32 wk). 

Eggs were collected on the fifth day of the sample week.  

 

 

1Treatments: control (AV), floor (FL), enrichment (EN), and molt (MT)  

2 Location from where eggs were collected: litter (L), nest box (B), and aviary system wire (Y) 

3Numbers in this row represent the total number of eggs utilized for shell emulsion pools over 

the total number of eggs collected for all locations during a particular sample week.  

  

 1 

 AV1 FL EN MT 

 18 19 25 32 18 19 25 32 18 19 25 32 18 19 25 32 

L2 0/0 0/3 0/0 18/19 19/19 24/82 0/0 24/52 8/8 24/69 0/0 24/85 0/2 24/24 0/0 24/76 

B 0/1 19/19 24/301 24/288 0/0 0/0 24/219 24/221 0/1 24/24 24/224 24/200 0/0 0/0 24/160 24/205 

Y 0/0 0/0 14/20 0/5 0/0 0/0 24/105 18/18 0/0 0/0 24/89 9/9 0/0 0/0 24/139 9/10 

Total3 0/1 19/22 38/321 42/312 19/19 24/82 48/324 66/291 8/9 48/ 48/313 57/294 0/2 24/24 48/299 57/291 
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Table 2. Biochemical identification of Enterobacteriaceae isolates randomly selected from violet 

red bile glucose agar plates inoculated with shell emulsion pools from the Natura 60 aviary 

system and cage-free barn pre-molt (18 and 19 wk). 

 

 

 

1Treatments: control (AV), floor (FL), enrichment (EN) and molt (MT)  

2Location from where eggs were collected: litter (L), nest box (B), and aviary system wire (Y) 

3Genus or species as determined by biochemical testing of individual isolates. 

4Number of isolates (percentage) for each genus or species identified from eggs collected at 

sample location. A minus (−) indicates that no isolate was identified for that location. 

5Numbers in this column represent the total number of isolates identified to the genus or species. 

6Numbers in this row represent the total number of isolates identified to any genus or species for 

a particular sample collection location.  

  

 AV1 FL EN MT  

Isolate 

Identfication3 
L2 B Y L L B L Total5 

Escherichia coli 
- 

18/132 

(13.6%)4 
- 

39/132 

(29.5%) 

33/132 

(25%) 

20/132 

(15.2%) 

19/132 

(14.4%) 
129 

Escherichia 

fergusonii 
- 

1/132 

(0.76%) 
- - - - - 1 

Klebsiella 

pneumoniae 
- - - - - - 

1/132 

(0.76%) 
1 

Kluyvera spp. 
- - - - 

1/132 

(0.76%) 
- - 1 

Total6 0 19 0 39 34 19 20 132 

 1 
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Table 3. Biochemical identification of Enterobacteriaceae isolates randomly selected from violet 

red bile glucose agar plates inoculated with shell emulsion pools from the Natura 60 aviary 

system post-molt (25 and 32 wk). 

 

 

1Treatments: control (AV-AV), floor (FL-AV), enrichment (EN-AV) and molt (MT-AV). 

2Location from where eggs were collected: litter (L), nest box (B), and aviary system wire (Y). 

3Genus or species as determined by biochemical testing of individual isolates. 

4Number of isolates (percentage) for each genus or species identified from eggs collected at 

sample location. A minus (−) indicates that no isolate was identified for that location.  

5Numbers in this column represent the total number of isolates identified to the genus or species. 

6Numbers in this row represent the total number of isolates identified to any genus or species for 

a sample collection location.  

  

 AV-AV1 FL-AV EN-AV MT-AV  

Isolate 

Identfication3 
L2 B Y L B Y L B Y L B Y Total5 

Buttiauxella 

agrestis 
- 

1/333 

(0.3%) 
- - - - - - - - - - 1 

Enterobacter 

cloacae 
- 

5/333 

(1.5%) 
- - - - - 

6/333 

(1.8%) 

1/333 

(0.3%) 
- 

2/333 

(0.6%) 
- 14 

Escherichia 

coli 

17/333 

(5.11%)4 

30/333 

(9.0%) 

13/333 

(3.9%) 

19/333 

(5.7%) 

37/333 

(11.1%) 

30/333 

(9.0%) 

18/333 

(5.4%) 

29/333 

(8.7%) 

15/333 

(4.5%) 

19/333 

(5.7%) 

25/333 

(7.5%) 

24/333 

(7.2%) 
276 

Escherichia 

fergusonii 
- - - 

1/333 

(0.3%) 

2/333 

(0.6%) 

2/333 

(0.6%) 

1/333 

(0.3%) 

1/333 

(0.3%) 

4/333 

(1.2%) 
- 

1/333 

(0.3%) 
- 12 

Escherichia 

hermannii 
- - - - - - - - 

1/222 

(0.3%) 
- - - 1 

Escherichia 

vulneris 
- - - - - - - - - - 

1/333 
(0.3%) 

2/333 
(0.6%) 

3 

Klebsiella 

oxytoca 
- - - - - - - - 

1/333 

(0.3%) 
- - - 1 

Klebsiella 

pneumoniae 
- - - - - - - - 

1/333 

(0.3%) 
- 

1/333 

(0.3%) 
- 2 

Kluyvera spp. - 
1/333 

(0.3%) 

2/333 

(0.6%) 
- - - - - - 

1/333 

(0.3%) 
- - 4 

Leclercia 

adecarboxylata 
1/333 
(0.3%) 

1/333 
(0.3%) 

- - - - - 
2/333 
(0.6%) 

- - 
5/333 
(1.5%) 

6/333 
(1.8%) 

15 

Pantoea spp. - - - - - - - - - - 
2/333 

(0.6%) 

1/333 

(0.3%) 
3 

Salmonella 

Arizonae 
- - - - - - - 

1/333 
(0.3%) 

- - - - 1 

Total6 18 38 15 20 39 32 19 39 23 20 37 33 333 

 1 
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Figure 1. Difference in total aerobe (P > 0.05) and Enterobacteriaceae counts for shell emulsion 

pools across treatments A) Pre-molt (19 wk) and B) Post-molt (25 and 32 wk). The post-molt 

data in this figure represents a combination of both 25 and 32 wk shell emulsion pools. Bars with 

different superscript letters indicate a difference at P < 0.05, separating total aerobes and 

Enterobacteriaceae.   
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Figure 2. Difference in total aerobe and Enterobacteriaceae counts for shell emulsion pools in 

MT treatment pre-molt (19 wk) and post-molt (25 wk). The post-molt data in this figure 

represents 25 wk shell emulsion pools for the MT treatment. Bars with different superscript 

letters indicate a difference at P < 0.05, separating pre- and post-molt. 
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APPENDIX C:  

EFFECT OF DIRECT-FED MICROBIAL (PRIMALAC®) ON REPRODUCTIVE 

PERFORMANCE IN  

LATE LAY TURKEY BREEDER HENS 
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ABSTRACT 

 

When depopulation is required to end bird suffering and prevent disease transmission, 

turkey producers must find ways to replace flocks lost. Current production practices are being 

investigated to prolong the production cycle of turkey breeders. The use of direct fed microbials 

in poultry diets has demonstrated improvements in immune health, increases in egg quality 

parameters, and improvement in feed conversion. The overall objective of this research was to 

evaluate the effect of a direct-fed microbial (PrimaLac©) on reproductive performance in late-lay 

turkey breeder hens. Large White turkey breeder hens (n=288) were randomly assigned to 

receive either control or PrimaLac© diets for 15 weeks. Eggs were collected twice daily. Total 

and hen-day egg production was calculated. Eggs were monitored for components (whole egg, 

yolk, albumen, shell weight) and quality (shell thickness and strength, vitelline membrane 

strength and deformation) as well as fertility at 54, 58, and 62 weeks of age. Feed consumption, 

body weight gain, feed conversion, and feed efficiency were determined. A randomized 

complete block design was used with 4 blocks of 12 pens (6 hens/pen). Differences among feed 

conversion, egg quality and components, and fertility were examined using a linear mixed 

model. Treatment and sampling period means were separated using least square means. Mean 

hen-day egg production was at 32.8% for control and 29.5% for PrimaLac© at 65 weeks. No 

significant difference was found between treatments for egg quality and component 

measurements as well as fertility; differences were demonstrated between sampling periods. 

Feed consumption, body weight gain, feed conversion, and feed efficiency were not significantly 

different. The PrimaLac© hens consumed average of 1.2 kg less per bird than control hens. While 

the addition of PrimaLac© demonstrated no significant effect on reproductive performance, the 

study establishes that egg production and fertility can persist in non-molted, single-cycle turkey 

breeder hens through 65 weeks of age.  

 

Keywords: turkey breeder hen, egg production, direct-fed microbial, egg quality, fertility, 

foreign animal disease outbreak 
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INTRODUCTION 

 

A notifiable foreign animal disease (FAD) outbreak can cause major economic losses to 

the food animal industry and disruption to supply for both domestic consumers and international 

trading partners.  The poultry industry experienced this with an outbreak of highly pathogenic 

avian influenza (HPAI) in 2015 that led to the destruction of over 7 million commercial and 

breeder turkeys and economic losses over $3.3 billion [1, 2]. When depopulation is required to 

end the suffering of birds and prevent further disease transmission, poultry producers must find 

ways to replace flocks lost. For the turkey industry, it could take months to years to replenish 

breeding flocks and restock commercial turkey farms. Current production practices are being 

investigated to see if there are ways to prolong the production cycle of turkey breeder hens if a 

FAD outbreak leads to the depopulation of large numbers of breeder flocks and/or commercial 

turkeys.  

The addition of probiotics to poultry diets has been explored as a method to improve 

immune health [3], increase egg quality parameters [4], improve feed conversion [5, 6], and 

reduce pathogen colonization and shedding [7]. Probiotics, also called direct-fed microbials 

(DFM), are defined as a live microbial feed supplement which beneficially effects the host by 

improving its intestinal microbial balance [8]. Direct fed microbials are relatively inexpensive 

and can be easily added to both feed and water at any time in the production cycle. Russell and 

Grimes (2008) investigated the effect of a dietary DFM on the performance of commercial 

turkeys [6]. The addition of a DFM resulted in improved mean body weight (BW) and feed 

conversion ratio (FCR) in female and male turkeys reared to 18 and 20 weeks, respectively [6].  

In addition, in two field trials, a water delivered DFM resulted in a nominal improvement in bird 

livability, mean BW, total farm weight of birds, and FCR while cost of production was decreased 

($0.0195/kg). Davis and Anderson also reported significant improvements in egg size with lower 

feed costs in 2 strains of egg-laying hens fed dietary DFM compared to hens fed control diets [4].  

The DFM influenced a shift from smaller to larger eggs.  Grimes et al. (1997) also utilized a 

DFM in laying hens to improve egg production [9]. They observed a shift from smaller to larger 

eggs and an improved FCR in young and old hens as a result of feeding hens diets supplemented 

with a DFM [9]. While researchers have investigated the impact of DFM on early and mid-lay 

turkey breeder hen performance [10, 11], no one has examined the influence of a DFM in late-
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lay turkey breeder hens. The overall objectives of this research were to evaluate the effect of a 

DFM (PrimaLac©) on egg production, egg quality, feed consumption, and fertility in late-lay 

turkey breeder hens.  

 

MATERIALS AND METHODS 

 

Experimental Housing  

All procedures were approved by the North Carolina State University Animal Care and 

Use Committee. Three hundred Nicholas Large White turkey breeder hens [12] were randomly 

selected from a commercial turkey flock that had just completed their first egg production cycle. 

Six hens were placed per pen in 48 pens of a curtain-sided house (n=288) where they were 

maintained from 50 weeks of age (WOA) to 65 WOA. Each pen was 64 ft2 and provided the 

minimum density required [13].  Fifteen hours of light per day were provided during the study 

[14]. Two treatments—control (C) and PrimaLac© (P)—were randomly assigned to each pen of 

birds. Hens in C were fed a typical turkey breeder diet [15] while hens in P were fed a typical 

turkey breeder diet containing 1.36 kg per ton of PrimaLac© as prescribed by the product label 

[16]. Primalac© is supplied as a dry pre-mix containing Lactobacillus acidophilus, Lactobacillus 

casei, Bifideobacterium thermophilum, and Streptococcus faecium (108 cfu/g) [16]. Feed was 

provided ad libitum from one feeder and one bell drinker per pen.  To prevent cross 

contamination of the microbial agents from P pens to C pens, a 32 ½ in tall polypropylene barrier 

was placed between each pen. All daily maintenance activities and egg collection occurred first 

in C pens followed by P pens. Hallways were then washed with water and disinfected with a 

chlorine bleach solution (7.5%) [17].   

 

Feed Monitoring 

Individual hen weights were taken upon the beginning and end of the 15-week study. 

Feed was provided by the North Carolina State Feed Mill.  Feed samples were sent immediately 

upon batching to an external lab for analysis to ensure the correct dosage of PrimaLac© in the P 

diet and absence in the C diet. Each pen of birds was provided 40 lbs feed at placement. The 

amount of feed was documented when added and feed weigh backs were conducted when 
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mortality was discovered. Feed conversions for body weight gain (BWG) and feed efficiency 

(expressed as kg feed per kg egg) were calculated. 

 

Egg Collection 

Eggs were collected and recorded twice daily to calculate total egg production and 

percent hen-day production. Eggs used for component, quality and fertility analysis were labeled 

by pen number and treatment at 54, 58, and 62 WOA. All measurements were conducted on 6 

eggs per pen, as available.  Prior to analysis, all cracked eggs were discarded.  

 

Egg Components and Quality  

Eggs were monitored for whole egg, yolk, albumen, and shell weight and shell thickness 

as well as shell strength, vitelline membrane strength, and vitelline membrane deformation at 

rupture. Eggs used for egg component measurements were placed into a 55 °F (12 °C) cooler 

overnight. Weights were monitored with the aid of a computerized electronic measurement 

device. Shell weight was measured after rinsing shells and drying for 48 hr. Shell membranes 

were included in shell weight. Shell thickness was recorded with a shell thickness gauge [18] at 

two separate locations around the equator.  

Eggs for egg quality monitoring were used the day of collection.  Shell strength was 

recorded according to Jones and Musgrove (2005) [19]. Briefly, shell strength was determined 

with a TA.HDplus Texture Analyzer [20] and Texture Expert Software [20]. Eggs were oriented 

horizontally on an egg holder [21] so that the 1.5-in diameter acrylic compression disc [22] 

contacted the equator of the egg. A 50-kg load cell, 2 mm/s test speed, and trigger force of 0.001 

kg were used. Maximum force was recorded as grams of force. Vitelline membrane strength and 

deformation were recorded according to Jones et al. (2002) [23]. Eggs were individually broken 

into a shallow dish, allowing orientation of the yolk for penetration along the equatorial region 

and preventing contact with the germinal disc and chalazae. A 1-mm rounded end, stainless steel 

probe [20] was used with a TA.XTplus Texture Analyzer [20] and Texture Expert Software [20] 

to apply direct pressure to the vitelline membrane until it ruptured.  A 500-g load cell and test 

speed of 3.2 mm/s were utilized. Vitelline membrane strength was measured in grams of force 

and deformation in mm.  
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Fertility 

Turkey breeder hens were artificially inseminated weekly using freshly collected 

and prepared semen from a local turkey breeder male farm. If oviduct eversion did not 

occur, the hen was marked and checked the next week. If eversion did not occur two weeks 

in a row, the hen was removed from the flock. Fertility was measured using a 

sperm:perivitelline layer interaction system [24]. Eggs used for inner perivitelline layer 

(IPVL) sperm penetration analysis were stored in a 55 °F (12 °C) walk-in cooler for 24 

hours post-lay. The number of IPVL-holes were counted using the IPVL sperm hole assay 

described by Fairchild (2001) [25] and Bakst et al. (2014) [26]. Briefly, eggs were cracked 

open and the yolk was collected while removing all excess albumen.  The yolk was placed 

in a pan with the germinal disc facing up and blotted dry with a Kimwipe [27] to remove 

any remaining albumen. A 2% NaCl solution was poured over the yolk prior to placing a 

filter ring over the germinal disc (GD), with the GD being in the center of the ring. Scissors 

were used to cut around the outside of the filter ring. Using forceps, the filter ring and IPL 

were lifted and flushed with a gentle stream of phosphate buffered saline (PBS) [28] to 

remove any adherent yolk. The filter ring and IPL were placed on a glass slide and fixed 

by pipetting 3-4 drops of 3% formaldehyde over the IPL. After 5 s, the formaldehyde was 

poured off and 2-3 drops of Schiffs reagent [29] was added. Once the IPL developed a 

magenta coloration, the excess reagent was poured off and the slide laid out to air dry 

overnight before microscopic examination at 40x. The GD was centered in the field of view 

and all holes in the field were counted [30]. 

 

Statistical Analysis 

A randomized complete block design was used with 4 blocks of 12 pens each. 

Differences among feed conversion, egg quality and components, and fertility were examined 

using a linear mixed model generated using SAS software [31]. Due to the large differences from 

egg to egg within a treatment, all IPVL sperm penetration data was transformed by taking the log 

of holes+1. Treatment and sampling period means were separated using least square means. 

Statements of significance are based on P ≤ 0.10 unless otherwise indicated.  
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RESULTS  

 

The total number eggs produced is presented in Figure 1. At placement, the hens were at 

49% production, which is lower than the expected 56.5% for hens at 20 weeks of lay [14]. 

Weekly percent hen-day production is presented in Figure 2. Hen-day egg production declined to 

24% the week of placement most likely due to the stress of movement from the breeder farm to 

the research facility. Production quickly recovered to around 40% by 53 WOA and maintained 

through 60 WOA. Egg production was at 32.8% and 29.5% mean hen-day production at the end 

of the study for C and P, respectively. 

Feed consumption (P < 0.2512), body weight gain (P < 0.7420), feed conversion for 

BWG (P < 0.3745), and feed efficiency (P < 0.8560) were not significantly different between 

treatments (Table 1).  The P hens consumed average of 1.2 kg less per bird than C hens.  

Egg shells collected at 54 WOA were disposed of before shell thickness could be 

recorded, therefore, no data available for statistical comparison between 54 and 58 WOA. No 

significant differences were found between treatments for whole egg (P < 0.5450), yolk (P < 

0.4602), albumen (P < 0.3864), and shell weight (P < 0.7398) as well as shell thickness (P < 

0.5572) as observed in Table 2.  Whole egg weights did increase over the sampling periods by 

0.99 g and 0.83 g for C and P, respectively. There were significant differences between the three 

sampling periods for yolk (P < 0.0001), albumen (P < 0.0001), and shell weights (P < 0.0101). 

Yolk weights were significantly higher (P < 0.0001) at 58 and 62 WOA when compared to 54 

WOA while albumen weights were significantly lower (P < 0.0001) at 58 and 62 WOA. Shell 

weights from P hens were significantly lower (P < 0.0001) at 62 WOA than at 54 and 58 WOA. 

No significant difference was found for vitelline membrane strength (P < 0.6394) and 

deformation at rupture (P < 0.1885) as well as shell strength (P < 0.9457) for the two different 

treatments (Table 3). Like the compositional measurements, there was a significant difference (P 

< 0.0001) between sampling periods for all three measurements. All measurements were 

significantly higher (P < 0.0001) for 54 WOA than 58 and 62 WOA.  

No significant difference was found between treatments for IPVL-hole counts (P < 

0.2623) and the log of IPVL-hole counts (P < 0.2666) however, there were differences found 

between sampling periods. For both C and P eggs collected at 54 and 58 WOA had significantly 

higher counts of IPVL-holes (C: P < 0.0132; P: P < 0.0198) and log of IPVL-holes (C: P < 
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0.0098; P: P < 0.0028) than eggs at 62 WOA (Table 4).  It was observed that only one hen 

throughout the 15 weeks study was removed due to the lack of oviduct eversion.  

 

DISCUSSION 

 

It is understood that hen age and diet influences egg characteristics and fertility; however 

little work has been reported to demonstrate turkey breeder hen reproductive performance after 

54 WOA. A significant increase in yolk weight and decrease in albumen and shell weight 

observed in this study is consistent with previous reports [32, 33].  

Sperm penetration of the IPVL, first performed by Bramwell and Howarth (1992), has 

been found to positively correlate with fertility [34, 35]. Although the IPVL-hole counts 

decreased significantly by the end of the study, they were still higher than the counts 

demonstrated by Fairchild and Christensen (2005) [36]. The investigators found log transformed 

mean IPVL-hole counts of 1.40 for young hens (32 WOA) and 0.77 for old hens (44 WOA). In 

the current study, log transformed mean IPVL-hole counts of 1.73 for C and 1.60 for P at 65 

WOA were observed. Other factors that have been found to affect sperm penetration include tom 

age [37], insemination dose [36], and the insemination frequency [38]. Future research on 

fertility in late-lay breeder hens should include assessing these factors.  

While the addition of DFM to the hen’s diet demonstrated no significant effect on hen-

day egg production, egg quality, feed consumption, or fertility, the current study establishes that 

egg production and fertility can persist in non-molted, single-cycle turkey breeder hens through 

65 WOA. Cleaver et al. (1985) stated that their control treatment ceased egg production before 

64 WOA when their molted treatment came into its second cycle of production [39]. Atkinson et 

al. (1973) also demonstrated persistence of egg production in late-lay breeder hens using light 

restriction and induced molting [40]. A late-lay breeder flock was separated it into 3 groups—

molt with light restriction, molt with no light restriction, and light restriction—and provided an 8 

weeks treatment period prior to starting a second lay cycle. The light restriction group was able 

to maintain 45% production during the second cycle compared to 47% and 38% production for 

the molt with light restriction and molt with no light restriction, respectively. The researchers 

suggested it may not be necessary to induce molt to achieve a successful second production 

cycle.  
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Induced molting is another practice that could be further explored to extend egg 

production in turkey breeder hens. Molting is a natural physiological process where a bird sheds 

and replaces feathers as well as experiences a reproductive “resting period” where the 

reproductive tract regresses and little to no eggs are produced [41, 42]. Cleaver et al. (1985) 

determined that an 8-week light restricted and short-term feed and water restricted molting 

program could revive a breeder flock’s mean hen-day egg production to over 50% for another 20 

weeks [39]. One difference future research would need to account for is that feed and water 

restriction are no socially longer acceptable to induce molt. Koelkbeck and Anderson (2007) 

demonstrated in laying hens that post molt egg production utilizing non-feed withdrawal 

techniques are comparable to feed and water restriction [43]. Non-feed withdrawal techniques 

use low protein/energy, high fiber maintenance diets utilizing various feed ingredients such as 

corn, dried distillers’ grain, soybeans hulls, alfalfa, and wheat middlings [44, 45, 46, 47, 48] to 

slow or stop egg production.  Before induced molting could be considered an accepted option, 

research would be needed to determine the effectiveness of non-feed withdrawal techniques in 

turkey breeder hens.  

Another issue with using light restriction or induced molting is that these production 

practices require an 8-10 week period where hens are not producing eggs. Allowing downtime in 

egg production might not be feasible in the event of a FAD outbreak if many breeder or 

commercial replacement flocks needed due to depopulation of infected flocks.  Further research 

is needed not only for light restriction and non-feed withdrawal molting techniques, but for other 

ways turkey producers can extend egg production without any downtime required.  

Overall, this study demonstrated the ability for late cycle turkey breeder hens to maintain 

egg production and fertility through 65 WOA without the need for induced molt. This option 

could be extremely helpful in the event of a FAD when replacement birds are needed due to 

depopulation of infected flocks.  
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Table 1. Egg production, body weight, and mean cumulative FCR for Nicholas Large White 

turkey breeder hens with or without a dietary direct-fed microbial (PrimaLac©1). 

 

1PrimaLac© (Star Labs, Inc., Clarksdale, MO) fed at 1.36 kg/ton 

2Feed efficiency expressed as kg feed per kg egg 

3Treatments: control (C) and PrimaLac© (P) 

  

 
Total 

Eggs 

Avg 

Eggs/Hen 

Total Egg 

Mass/Hen  

Feed 

Consumption 

Body Wt 

Gain  

Feed 

Conversion 

for BWG 

Feed 

Efficiency2 

   (kg/bird) (kg/bird) (kg/bird)   

C3 5781 42.14 ± 1.88 4.09 ± 0.18 36.03 ± 0.71 0.27 ±0.07 2.74 ± 0.05 9.19 ± 0.43 

P 5610 40.33 ± 1.37 3.95 ± 0.13 34.82 ± 0.76 0.24 ± 0.08 2.65 ± 0.05 9.08 ± 0.39 
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Table 2. Compositional (whole egg, yolk, albumen, and shell weight) and shell thickness 

measurements for Nicholas Large White turkey breeder hens with or without a dietary direct-fed 

microbial (PrimaLac©1) at 54, 58, and 62 weeks of age. 

 

Weeks of 

Age 
Whole Egg  Yolk Albumen Shell 

Shell 

Thickness 

C2 (g) (g) (g) (g) (mm) 

54 96.44 ± 0.79a 29.10 ± 0.31a 63.35 ± 0.99a 8.33 ± 0.18a NA 

58 97.74 ± 0.81a 30.21 ± 0.31b 59.06 ± 1.03b 8.45 ± 0.18a 0.41 ±0.004a 

62 97.43 ± 0.94a 30.67 ± 0.34b 58.73 ± 1.21b 8.00 ± 0.21a 0.40 ± 0.004a 

P (g) (g) (g) (g) (mm) 

54 97.20 ± 0.82a 28.83 ± 0.32a 64.56 ± 1.03a 8.82 ± 0.19a NA 

58 97.74 ± 0.84a 30.03 ± 0.31b 59.79 ± 1.05b 8.15 ± 0.18b 0.40 ± 0.004a 

62 98.03 ± 0.97a 30.61 ± 0.35b 59.40 ± 1.25b 7.99 ± 0.22b 0.40 ± 0.005a 

 

1PrimaLac© (Star Labs, Inc., Clarksdale, MO) fed at 1.36 kg/ton 

2Treatments: control (C) and PrimaLac© (P) 

a,bMeans within column within each treatment with no common superscript are significantly 

different at P<0.10 
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Table 3. Shell strength, vitelline membrane break strength and deformation at rupture, and inner 

perivitelline layer hole count for Nicholas Large White turkey breeder hens with or without a 

dietary direct-fed microbial (PrimaLac©1) at 54, 58, and 62 weeks of age. 

  

Weeks of Age Shell strength 
Vitelline membrane 

breaking strength 

Vitelline membrane 

deformation at 

rupture 

C2 (g) (g) (mm) 

54 6922.57 ± 208.51a 5.32 ± 0.08a 6.29 ± 0.11a 

58 5360.61 ± 199.44b 2.38 ± 0.08b 4.13 ± 0.10b 

62 4986.38 ± 263.23b 2.30 ± 0.09b 4.09 ± 0.12b 

P (g) (g) (mm) 

54 6927.01 ± 205.01a 5.33 ± 0.08a 6.51 ± 0.09a 

58 5329.38 ± 223.85b 2.39 ± 0.09b 4.26 ± 0.11b 

62 4928.37 ± 282.19b 2.38 ± 0.11b 4.20 ± 0.13b 

 

1PrimaLac© (Star Labs, Inc., Clarksdale, MO) fed at 1.36 kg/ton 

2Treatments: control (C) and PrimaLac© (P) 

a,bMeans within column for each treatment with no common superscript are significantly 

different at P<0.10 
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Table 4. The mean and log transformed mean sperm penetration holes hydrolyzed in the inner 

perivitelline layer of Nicholas Large White turkey breeder hens with or without a dietary direct-

fed microbial (PrimaLac©1) at 54, 58, and 62 weeks of age. 

  

Weeks of Age Mean IPVL-holes3 Log of IPVL-holes 

C2   

54 29.93 ± 5.98a 2.04 ± 0.09a 

58 31.07 ± 4.60a 2.10 ± 0.07a 

62 10.76 ± 6.29b 1.73 ± 0.09b 

P   

54 35.15 ± 7.24a 1.95 ± 0.12a 

58 24.85 ± 4.29a 2.00 ± 0.07a 

62 10.40 ± 5.49b 1.60 ± 0.09b 

 

1PrimaLac© (Star Labs, Inc., Clarksdale, MO) fed at 1.36 kg/ton 

2Treatments: control (C) and PrimaLac© (P) 

3IPVL-inner perivitelline layer  

a,bMeans within column for each treatment with no common superscript are significantly 

different at P<0.10 
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Figure 1. The total weekly egg production for Nicholas Large White turkey breeder hens given a 

control (C) diet or PrimaLac© (P) diet from 51 to 65 weeks of age.  
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Figure 2. Mean hen-day egg production for Nicholas Large White turkey breeder hens given a 

control (C) diet or PrimaLac© (P) diet from 51 to 65 weeks of age (P-value= 0.4912; 

SE=C:1.72%, P:1.56%) 
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