
ABSTRACT 

ALIG, BENJAMIN NOBLE. The Effect of Housing Environment on Production and Marketable 

Egg Quality of Commercial Brown and White Egg Layers. (Under the direction of Dr. Peter 

Ferket). 

 

Consumer demand and government regulations have recently driven the commercial egg 

industry towards greater utilization of extensive housing environments such as cage-free and 

free-range. This thesis compares several of the most popular housing environments for both 

white and brown egg layers. For brown egg layers, conventional cages (CC), enrichable colony 

cages (CS), enriched colony cages (ECS), cage-free (CF) and free-range (FR) environments were 

used. For white egg layers, the same environments were used except for FR.  

For brown egg layers, housing had a significant effect (P< 0.05) on egg production, feed 

consumption, feed efficiency, mortality, egg weight, USDA grade A, B, and loss proportions, 

and USDA XL, L, and M proportions.  FR, CS and ECS had the highest hen-day production, 

followed by CC and CF. For hen-housed production, FR was the highest, followed by ECS hens 

with CC, CS and CF having the lowest production. CS, ECS, and FR consumed the most feed, 

followed by CC and CF. CF and FR hens had the best feed efficiency, followed by CC hens and 

ECS hens having the lowest efficiency. ECS hens had higher mortality than FR hens, whereas 

mortality rate of CS, ECS and CF hens were no different than the others. FR hens laid the 

heaviest eggs, followed by CS, ECS and CF hens, with CC hens laying the lightest eggs. Both 

CF and FR hens laid the most grade A eggs, followed by CC hens, while CS and ECS laid the 

least. CF hens laid more grade B eggs than CC and FR hens. Finally, ECS hens laid the most loss 

eggs, followed by CC hens. CS hens were no different than ECS and CC hens and CF and FR 

laid the least loss eggs.  



For white egg layers, housing environment had a significant effect (P<0.05) on egg 

production, feed consumption, feed efficiency, mortality, egg weight, egg solids, USDA grade A 

and loss proportions, and USDA XL, L, and S proportions. CC hens had the highest hen-day 

production, followed by CF. CS hens had the lowest hen-day production and ECS hens only laid 

less eggs than ECS hens. CC, ECS and CF hens had higher hen-housed production than ECS 

hens. CS hens consumed the most feed, followed by ECS hens, then CC hens, and CF hens 

consumed the least. CC and CF hens had the highest feed efficiency, followed by ECS hens with 

CS hens having the lowest efficiency. CS hens had the highest mortality followed by ECS hens. 

CF hens had the lowest mortality and CC hens were the same as CS and CF. CC hens had the 

heaviest egg weight followed by CS and ECS hens, while CF hens had the lightest eggs. ECS 

hens had lower egg solids than CF hens and were not different than the other environments. CF 

hens laid the most grade A eggs followed by CC hens, while CS and ECS hens laid the least 

grade A eggs. Finally, CS and ECS hens laid the most loss eggs, followed by CC hens and then 

CF hens, which laid the least loss eggs.  

Our research identified several key differences in egg production and marketable egg 

quality between hens housed in different housing environments. Both white and brown egg 

laying hens housed in enrichable colony cages had poorer production performance and lower 

marketable egg quality than hens in the other environments. Evidently, large colony cages 

without enrichments are not suitable environments for laying hens, whereas enriched colony 

cages of similar design resulted in better production performance which indicates that 

enrichments provide production benefits in extensive environments. Our research also 

demonstrated that the free-range environment provided brown egg layers with several benefits, 

such as access to forage, which was associated with increased production performance. Based on 



production performance and egg quality results, brown egg layers were apparently better suited 

for extensive environments, such as the enriched colony cages, cage-free and free-range 

environments. Conversely, white egg layers are apparently best suited for the intensive cage 

system, as they exhibited better production characteristics. Finally, both white and brown egg 

layers produced lower proportion of loss eggs in the cage-free and free-range environments due 

to the unique nesting areas. In contrast, hens in the colony cages produced the highest 

proportions of loss eggs, which is attributed to the higher level of activity in these environments. 
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LITERATURE REVIEW 

 Over the past 100 years the egg industry has made dramatic changes in response to 

various socioeconomic conditions, driven by innovations in agricultural mechanization, 

vertically integrated supply-chain management, and consumer demand for low-cost and safe 

food. One of the most notable changes that has occurred in the egg industry is the evolution of 

housing environment systems for laying hens. This review will explain how and why the egg 

industry has transitioned from extensive to intensive housing environments, and then back to 

some extensive environments over the past century. The housing environments in review listed 

in the order of extensive to intensive include free-range, cage-free, enriched colony cages, 

standard colony cages, and conventional cages environments. This review will also explore 

modern research that has been completed on these housing environments and identify potential 

problems that can be resolved.  

Free Range Layer Production Environments 

Up until the 1920s, all laying hens were raised in free-range environments with full, 

unrestricted access to the outdoors (Anderson, 2009; Pelletier et al., 2018). These free-range 

environments were labor intensive and had a low production efficiency per unit of resource 

input. During the early days of poultry farming, while some farmers considered poultry to be 

worth the investment, many farmers left managing laying hens and gardening to the farmer’s 

wife and children, while managing larger livestock and working row crops were typically left to 

the farmer and his older sons (Sawyer, 1971). The farmer’s wife would provide all the labor and 

care of the chickens and sell the eggs to purchase the family groceries when the family went into 

town. The chickens were fed table scraps and small grains grown on the farm, and they could 

freely roam the homestead with access to a coop for safety at night or during bad weather.  Farm 
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economists at the time predicted that the poultry industry would not be a sizable industry as it 

was impossible to compete with a system where the labor and inputs were basically free 

(Sawyer, 1971). 

In 1907 the USDA published their first management guide focused on egg farming. This 

guide discussed two housing options with access to the outdoors: several small coops or one long 

building. Regardless of the housing option, this publication recommended a stocking density of 

about 5 square feet (~0.5 m2) of floor space per bird (Bell, 1907). Until the development of 

supplemental lighting, eggs were considered a seasonal luxury food. Because of the bird’s 

dependence on environmental factors, both the supply and price of eggs fluctuated greatly 

throughout the year with eggs being the most expensive in the winter and fall (Jull, 1930). 

Farmers were not able to provide their birds with supplemental lighting at this time and therefore 

the hens laid on a more natural cycle, with their yearly peak in the summer/spring and their 

yearly trough in the winter (Curtis, 1920). Excess production was placed in cold storage which 

could then be used during the winter to even out the available egg supply year round. By the 

mid-1920s farmers realized that there was a profit to be made from large scale poultry 

production in the United States (Sawyer, 1971). 

The free-range system remained the only viable option for farmers until the late 1920s 

when advances in technology allowed farmers to keep their birds indoors thereby diminishing 

the popularity of range production. By 1928, research began to explore the possibility of indoor 

confinement of chickens as it was determined that keeping chickens on the range was an animal 

health and welfare liability rather than a benefit (Kennard, 1928). Biosecurity and disease 

prevention became a greater concern for producers at this time. The layer industry was having 

problems with range paralysis disease and they sought means to prevent or treat it. Little was 
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known about Range paralysis, also known as Marek’s Disease, at this time except that layers on 

the range were the most vulnerable. Initially, raising poultry indoors prevented range paralysis 

and, as the name implies, only birds on the range were found to suffer from Marek’s’ Disease 

(Boodhoo et al., 2016; Sawyer, 1971; Warrack & Dalling, 1932). Marek’s Disease was one of 

the major reasons poultry farmers transitioned from free-range towards indoor housing 

environments.   

Once farmers switched to indoor rearing and laying environments, free-range poultry 

production became limited to organics until the 1980s. With the passing of the Egg Products 

Inspections Act in the 1970s, the average consumer thought of eggs as a safe food source 

(Manhart, 1996). But during the late 1980s, the United States experienced the greatest series of 

salmonella outbreaks which peaked in 1987 and were contributed to contamination of egg 

products by Salmonella enteritidis by way of mishandling or undercooking egg products (Wright 

et al., 2016). The CDC reported that of these outbreaks in the 1980s, 62% of the outbreaks were 

from commercial food establishments, 13% were from food prepared at home, 7% were from 

food prepared in schools or churches, and 2% were from food prepared in prisons. Later, all 

outbreaks are attributed to mishandled or undercooked foods, however at this time Americans 

believed eggs to be an unsafe food (Patrick et al., 2004). Some historians claim that the 

salmonella outbreak partially caused the reversion back to free-range production environments, 

as some farmers believed that birds reared on the range were less likely to be infected with 

salmonella (Roberts, 1988). Because of this outbreak, consumers began to scrutinize the poultry 

industry and consumer activists became more involved. 

Consumer activism was not an entirely new movement, but with the outbreak of 

salmonella and the discovery that eggs were high in cholesterol, the way poultry products were 
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produced came under greater public scrutiny. These consumer activists, many of whom formed 

nonprofit organizations, attempted to “educate” the public on what to buy. These consumer 

activists gave rise to investigative journalism in the field of consumer products, which further 

influenced public opinion and concerns of food safety and nutritional value. These journalists 

also influenced consumer preferences even further into the public than the consumer activists 

could. As the public became more involved with their food choices during the late 1980s, the egg 

industry responded with a shift in production styles and marketing efforts (Manhart, 1996). 

 In time, consumer activism that once focused only on food safety began to turn their 

attention to animal welfare and animal rights. In response, egg producers began to explore the 

potential of less intensive environments that allowed animals to exhibit the five freedoms of 

animal welfare (Elischer, 2019), such as colony cages, cage-free environments, and even back to 

free-range egg production environments. Commensurate with this reversion towards less 

intensive housing environments for layers, niche demand in the for cage-free and free-range eggs 

emerged. Although the cage environments remain as the most popular environment for 

commercial egg production, management books and guides began to present free-range egg 

farming as a potential method to produce safer eggs (Appleby et al., 1992). Discussions about 

animal welfare began to be popularized in production manuals during the mid-1980s. For 

example, Moreng and Avens (1985) discussed that animal welfare and animal rights were no 

longer hypothetical concepts but had become a focal concern among many consumers. 

As media began to influence consumers on poultry management, free-range production 

became more popular. In a study done in 1989, researchers asked three groups of people 

(agriculturalists, general public and animal welfare advocates) to rank housing environments on 

a scale of 1-10 from least ideal to most ideal. All three groups ranked the free-range environment 
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as most ideal. The general public ranked the free-range environment higher than the 

agriculturalists, and the animal welfare advocates ranked free-range highest among the people 

groups surveyed (Rogers et al., 1989). Unfortunately for the egg business, there is a major cost 

difference between the different housing environments, with cages being the least expensive 

followed by cage-free and free-range being 50%-70% more costly than cages (Elson, 1985). This 

all led to the idea of marketing eggs by housing environment and charging premiums for those 

from more expensive environments. This price structure was a very new idea at the time, as the 

first management guides began addressing it during the early 1990s. Appleby’s (1992) guide 

explained egg market premiums can date as far back as 1980, with aviary and perchary eggs 

being sold as barn eggs for a 20% extra margin over eggs from conventional housing 

environments. But it was not until the 1990s that the public, particularly those from affluent 

backgrounds, cared enough about hen welfare to be willing to pay a premium for free-range or 

even cage-free eggs (Appleby et al., 1992). 

The first decade of the new century saw a rise of concern for the welfare of animals. The 

dawn of the internet and the ease of access to ideas, opinions and literature that was once 

unavailable to the public began to push the egg industry towards a new direction. The 

popularization of the internet allowed welfare activists to spread their ideals more easily to the 

public, increasing awareness of practices associated with animal agriculture. The major focus of 

welfare at this time was on the ability for the animals to exhibit their natural instincts and desires 

(Velde et al., 2002). Affluent consumers were starting to become concerned about the 

“naturalness” of the environment in which the birds were housed, and they were willing to pay 

premiums to support those alternative housing environments. Thus, emerged the welfare concept 

associated with the 5 freedoms: 1) freedom from hunger and thirst; 2) freedom from discomfort, 
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pain, and injury; 3) freedom from disease; 4) ability to express normal behavior; and 5) freedom 

from fear and distress (Farm Animal Welfare Council, 1993). These five freedoms were accepted 

as the general guidelines for determining animal welfare today.  

Currently free-range hens account for the lowest percentage of the U.S. layer flock. 

However, in a report published in 2020, the USDA found that free-range eggs were selling for a 

premium over other eggs (Egg markets overview, 2020). The free-range environment, which was 

once the standard for poultry producers, had fallen out of popularity but has now become a niche 

market for those concerned about animal welfare.  

Cage-Free Layer Production Environment 

 Cage-free production started as the most natural evolution from the free-range 

environment, a simple move indoors. In the cage-free environment, hens are housed indoors but 

are not confined to cages. The laying hens are typically raised on litter floors much like broiler 

breeders are today, however more recently these environments include aviaries that are tiered 

systems with access to the floor and they contain enrichments such as roost bars and nest boxes. 

When the cage-free environment was first adopted, farmers utilized the cage-free environment to 

prevent predation of their birds, and to free up land space for other farming activities. One of the 

biggest reasons that farmers began to make the switch was Marek’s disease (range paralysis), as 

previously mentioned. Vaccines for Marek’s Disease were not developed until the 1960s, so the 

best option for farmers was to remove their birds from the source of the virus (Schat, 2016). 

 It is difficult to precisely identify when the cage-free environment was first used, as 

farmers at this time were very creative in the way they raised their livestock, however the cage-

free environment developed and evolved directly from the free-range environment. There were a 

few farmers that used this environment before it was popularized or published as management 
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guides. Management guides during the 1910s and 1920s published strategies for cage-free 

environments. During this time cage-free houses were typically built with the intention of 

housing birds with a stocking density of 288in2 (~2000 cm2) per bird. Moreover, these houses 

were not completely closed off; they were typically open-sided or curtain-sided with skylights in 

the house for natural light, as natural light was important for production and nutrition at the time 

(Brown, 1915). The interior of the house usually consisted of litter that the farmer would change 

after every flock or a slat system that allowed the droppings into a pit below. Much like the free-

range at the time, eggs were a seasonal item and their value fluctuated greatly, with eggs being 

the most expensive in the winter and fall as the hens relied on natural light to produce eggs (Jull, 

1930).  

Besides saving room and preventing predation, raising poultry indoors was not much 

better than free-range in the early 1920s. There were two key problems that the industry needed 

to solve before fully housed or even caged layers could exist: a complete nutritional feed 

package, and supplemental lighting. By the end of 1920, both problems had solutions. Before the 

invention of the total mixed ration, many farmers fed their chickens nothing but grain from their 

fields, scraps from their table, or forage from pastures (Sawyer, 1971). Not only were many 

farmers disinterested in purchasing food specifically for their chickens, but also nutritional 

technology had not advanced enough to understand the nutrients that the chicken needed. For 

example, it was not until 1914 that scientists discovered that corn was deficient in lysine and 

tryptophan, and that those amino acids needed to come from another feedstuff (Osborne & 

Mendel, 1914). Feeding dry mash was not possible until 1915 and it was not until 1925 that a 

complete feed was created that could provide a confined bird the specific nutrients it needed as a 
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complete package all year long (Sunde, 1974). Thus, after the creation of a complete feed 

package, farmers began to look at indoor poultry raising.  

The second major problem that the industry had with putting poultry in houses was 

lighting. As mentioned above, eggs were typically produced and marketed seasonally. Since the 

photoperiod drastically shortened in the winter, the supply of winter eggs was much lower than 

the supply of summer eggs. The electrification of rural America started as early as 1917. At this 

time there were reports of small farms utilizing supplemental electric lights to extend the day 

length of their hens in the winter, and in 1918 large commercial farms began to demonstrate 

success in supplemental light during the winter as well (Atkinson & Emerson, 1920; Reynolds, 

1920).  Furthermore, natural light played a critical role in nutrition for the bird. Poultry raised 

with access to sunlight can synthesize their own vitamin D, which is important because at this 

time, feed for layers did not contain supplemental vitamin D (Couch, 1935). Thankfully, in 1922 

scientists found that both vitamin D and A could be supplied in the feed by adding cod liver oil 

and therefore access to natural sunlight was not a requirement for egg production (Hart et al., 

1922).  

Once these problems of feed and lighting had solutions, research on confined poultry 

production accelerated. There was research into both indoor and cage environments before the 

mid-1920s, but these ultimately failed because of the reasons above and because the industry had 

not developed controls for ventilation or temperature (Ensminger, 1980). However, in 1923-24 

researchers performed what is considered to be the first successful layer tests in total 

confinement. Researchers at the Ohio State research station put reject leghorns (discard hens 

which failed to qualify for use in the regular feeding experiments) in a chicken house and 

recorded their production for the whole year. The house had places where the birds could move 
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to and receive sunlight. The researchers found that the reject leghorns performed better than they 

were expected to, and so this project proved that chickens could be raised indoors (Kennard, 

1928). Because of both the promising performance and the success at preventing range paralysis 

from utilizing the cage-free environment, this environment became the choice that most farmers 

preferred.  

Throughout the 1930s and 1940s, the cage-free environment was the preferred method of 

raising poultry. Kennard continued his research on indoor poultry housing. In another trial he 

assessed how all-night lighting affected production of layers. Kennard found that providing light 

all night caused the layers to lay eggs more than their natural lighted counterparts (Kennard, 

1931). This study also found that hens could lay outside of the natural photoperiod. Thus, 

Kennard proved that by manipulating the environment to provide favorable conditions for the 

hens, the farmer could achieve consistent production throughout the year and eggs would no 

longer be a seasonal or luxury item but a year-round commodity.  

The cage-free environment continued to dominate the most popular housing environment 

through the 1930s and 1940s. During the late 1930s/early 1940s, the practice of adding 

supplemental lighting became very common and eggs were beginning to become less of a 

seasonal, luxury item and more of an everyday item (Rice & Botsford, 1940). World War II saw 

a rise in demand for eggs as the US army became the single largest consumer of eggs in the 

United States, and there was almost an unlimited demand for poultry products (Jasper, 1974). 

Driven by market demand, farmers continued to invest into greater cage-free production 

facilities, as they knew that they would have a buyer for what they produced.  

Despite the complexity of wartime, research progressed into different aspects of poultry 

housing and management, including the deep litter method of flooring as a method of cage-free 
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management. Although Kennard and Chamberlin (1948) was more concerned with the 

nutritional impact of the litter, they did indirectly show that farmers could raise more than one 

flock on litter without adverse effects. Thus, the farmer could save time and labor expenses 

because he did not have to clean the litter after every flock. Kennard and Chamberlin (1951) then 

completed their research into the deep litter method and found that even after 5 years of built up 

litter the birds seemed to perform the same or in some cases better than those that were placed at 

the beginning of the test. Kennard had opposition to his research, specifically from researchers at 

Cornell University (Wilson, 1974), however by the beginning of the 1950s, poultry manuals 

were publishing the built up litter method as an acceptable method of raising poultry as long as 

the litter was kept dry (Winter & Funk, 1951). Cages were part of the manuals at this time, but 

they were just a footnote to the vast sections on floor housing as cages were not popular (Winter 

& Funk, 1951). 

With Kennard proving the success of the deep litter method in 1950, the industry moved 

towards adopting this method at a quick rate. This practice did not exist in the 1940s (Winter & 

Funk, 1946), but even by 1951 poultry manuals recommend the deep litter method to those 

raising poultry mainly for its role in better sanitation (Winter & Funk, 1951). There was some 

disagreement in the idea of Kennard’s multi-flock deep litter method as some management 

guides at the time strictly warned against the deep litter method as a practice that can cause 

issues in the flock (Parnell, 1957). It was not until later that scientists proved yet again that the 

deep litter method was a viable way to raise chickens. However, the deep litter method was 

apparently still popular and the most recommended way to raise cage-free layers because it 

required less labor to manage as the litter only needed to be stirred and the cake removed when a 

flock was moved out.  
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The slat flooring method (with a deep pit) is an alternative to the deep litter method. The 

first research into slat flooring for layers was conducted in 1961, where it was found that egg 

production was similar to birds housed on the litter floor (Kinder & Stephenson, 1962). Even 

though the first scientific research on slats was published in 1962, most poultry historians claim 

that slatted floors, either full slat houses or partial slat houses, became very popular in the 1950s 

(Wilson, 1974). Farmers seemed to like this system, as slat floors removed the droppings from 

the bird in a way that cages did without the need to purchase cages. Furthermore, the farmer 

needed to spend less on litter for his house. Regardless of when or why they became popular, the 

slat flooring method has remained consistent with the only major change being better materials 

that make up the slats.  

The cage-free environment did not receive many more enhancements until the 1990s, as 

the focus was on the cages. During the very early 1990s, an alternative to the floor environment 

and the cage environment was developed that attempted to join the two together. This 

environment, known as aviaries, is a tiered system like the cage environment, except the hens 

have access to the floor. Aviaries were brought to the market in the early 1990s, and possibly 

researched as early as the late 1980s (there are mentions of research in other publications, but 

this research is not available) (Abrahamsson & Tauson, 1995). The idea of the aviaries was to 

allow the birds to be able to live in a more natural environment while still having the stocking 

capacity similar to a cage environment. Comparison studies done at the time demonstrated that 

hens in these aviaries did not perform as well as hens in battery cages. However, as public 

scrutiny of welfare increased, the decrease in production was not enough to cause farmers to 

completely abandon aviaries (Abrahamsson & Tauson, 1995).  
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Avian welfare concerns of both consumers and the industry alike continued to escalate, 

such that by 2006, the United Egg Producers had published guidelines on cage-free environment 

standards. The modern version of these guidelines, updated in 2017, focuses on avian welfare 

and standardizes practices, such as beak trimming, biosecurity, euthanasia, transportation, 

molting, and, most importantly, housing and space requirements. When looking at housing 

specifically, these guidelines cover welfare basics, such as continuous access to water, feeder 

space requirements, floor/cage space requirements, cage free enrichments, litter, lighting etc. 

(United Egg Producers, 2017). These guidelines are still in place today and are considered the 

minimum requirements that producers should meet. These guidelines are not law but are 

followed by most commercial egg producers and have therefore served as a baseline for 

minimum welfare requirements for egg producers. 

Currently the cage-free environment is the second most popular environment for 

producers to use. According to the 2018 US Flock Trends and Projections report, the number of 

cage-free layers had reached almost 18% of total US egg production flocks (Ibarburu, 2018). 

Most consumers who do not want to purchase eggs from cage flocks prefer eggs from cage-free 

flocks. Also, many States have banned cage production, a fact that will be discussed later. 

Therefore cage-free production has become one of the most popular methods of egg production 

in these states.  

Conventional Cage Layer Production Environment 

 Today the conventional cage environment houses several layers per cage typically 

stacked in rows inside a layer house and has been the standard in commercial layer production. 

Conventional cages evolved for the layer industry from the early 1920s, with some experiments 

on raising layers in welded wire or hardware cloth cages. Unfortunately, like the experiments 
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with cage-free housing, the cage housing experiments failed because knowledge in nutrition, 

lighting and ventilation could not support the rearing of layers in a cage. Once these problems 

had solutions, such as the complete feed ration, supplemental lighting and vitamin D 

supplementation discussed above, farmers and researchers alike succeeded in keeping chickens 

in cages. In 1928, the first successful research study was done on keeping layers indoors and in 

cages all year long. At the Ohio research station, researchers found that not only was it possible 

to keep chickens in cages but that chickens in cages performed better than hens on the ground 

(Kennard, 1928). Kennard also found that birds continued to lay consistently throughout their 

lives while confined to indoor cages. Through this study, Kennard pioneered the adoption of 

cages and indoor poultry raising. 

The 1930s were a time of slow growth for the poultry industry. Single hen cages were 

introduced to the public in 1931, but the industry was not able to adopt these cage environments 

at a large scale. Researchers at Pen State found that hens in battery cages performed better in 

terms of egg production, feed consumption and off-season production than cage-free birds 

(Callenbach & Knandel, 1935). Unfortunately, farmers were not able to source enough birds 

during the great depression to make cages worth the investment (Sawyer, 1971; Wilson, 1974). 

Furthermore, the cage environment required a higher investment than floor pens, which also 

prevented many farmers from investing into cages during the Great Depression (Rice & 

Botsford, 1940). The caged model was used in small holdings however, and it found greatest 

success on farms with limited land resources, such as farms close to city centers (Rice & 

Botsford, 1940). Research related to improvements in housing environments continued 

regardless of the economy and slow adoption of the cages; with their greatest rise in popularity in 
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the 1950s as steel and manufacturing demands from WWII decreased making cages available to 

the average poultry farmer (Sawyer, 1971). 

  By the beginning of the 1950s, cages had come into more popularity with poultry for egg 

production (Winter & Funk, 1951). Poultry management guides recommended that housing 

construction be completely open sided to afford the birds with natural light and ventilation 

(Hartman, 1950). Furthermore, cages at the time were designed to house only a single hen in 

each cage. Farmers found this method beneficial as the animals were not able to feather pick or 

cannibalize each other, which was a problem in cage-free production. Moreover, keeping the 

birds in cages allowed the farmer to double or even triple the amount of hens that he would have 

usually been able to house in a floor or pasture environment due to stack ability of cages (Winter 

& Funk, 1951). Also, according to the management books at the time, caged layers not only laid 

better and more uniformly, but they also were less prone to disease and infection as they were 

removed from their feces (Parnell, 1957). 

One of the earliest public opposition to cage environments came during the 1950s. On 

August 5, 1953, the New York Times published an article that discussed the morality of the 

newly adopted individual cage environment and argued that the hen’s happiness, not production, 

should be paramount (Brady, 1953). This article is one of the first instances of public opposition 

to intensive housing environments in the egg laying industry, but the idea of “happiness over 

production” was not accepted by the public as important at the time as the number of cage 

operations continued to grow even after this was published.  

By the end of the 1950s, many farmers were investing in houses like the modern curtain-

sided house for their hens. Those farmers that raised their birds in warmer climates were more 

likely to use California style cages, which consist of a simple roof over the cages with no walls 
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whereas those that farmed in colder climates tended to use full houses to keep their birds warm 

(Card, 1961). The 1950s were a time of growth and adoption of cages and indoor housing 

environments for the layer industry. 

Cages attracted some research interest during the 1950s as well, particularly in the 

relative differences between cages and the floor production environments. Some research at the 

time found that the cage environments did not perform as well as the floor pens, and some strains 

of birds adapted to the cages differently. Gowe (1956) hypothesized that there were several 

factors that accounted for differences in production among housing environments, such as 

different caretakers and house management. Furthermore, it was hypothesized that the genotype 

of these birds can affect their performance in the battery cages. Consequently, this type of 

research lead the industry to breed poultry specifically for cage environments. 

By the 1960s, the use of individual hen cages began to decline in the poultry industry. 

Farmers decidedly were more in favor of cages that could house more than one bird. These 

multi-hen cages were less expensive than the individual cages, as they required less metal to 

produce and less labor to manage (Biddle & Juergenson, 1963). Since this practice of larger 

cages was gaining popularity, research started into the optimal number of birds to put into a cage. 

In a study done in 1966, scientists concluded that the birds in individual cages performed better 

than those with 2 or 5 per cage. This study did not account for stocking density, as the single and 

double birds were housed in the same size cage and the 5 birds housed in a cage double the size 

of the other cages (Cook & Dembnicki, 1966). Other studies were performed at this time to 

evaluate the production response of hens that were caged with other birds, but it was not until 

later that density was considered an issue.  For all purposes, the studies during the 1960s seemed 

to show that the individual environment was the better system (Wilson et al., 1967).  
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In the late 60s through the 70s a dramatic shift away from individual cages and towards 

larger, multi-hen cages was underway and by the start of the 80s, almost 90% of all commercial 

layers were housed in multi-tiered, multi-bird cage environments (Ensminger, 1980). During the 

mid-1970s, the individual cage was still used for production hens, but by the end of the 70s these 

cages had fallen greatly out of popularity in favor of the larger multi-hen cages as these cage 

were cheaper and easier to maintain (Florea, 1975; Nesheim et al., 1979). Furthermore, there 

were still instances of California style cages during the 1970s, particularly in warmer climates 

with, nearly 25% of all caged layers raised in this fashion (Nesheim et al., 1979). In warmer 

climates worries about hens getting too cold and therefore did not need to build a building to trap 

heat for the birds. The focus of these farmers was keeping their hens cool.  

During the 1970s, researchers continued to determine the optimum number of hens per 

cage. By the end of the 1970s, most farmers had almost completely adopted a multi-hen cage 

environment, although there was some disagreement on the optimal number of hens per cage 

(Ensminger, 1980).  In a project done at Kansas State, researchers found that birds raised with 

low square footage per hen performed worse than those raised with higher square footage per 

hen, regardless of genetic strain (Adams & Jackson, 1970). Once scientists understood that 

production was a function of stocking density and not total number of birds in the cage, research 

began to determine the optimal amount of birds that should be in standard commercial layer 

cages. Even though the research at this time showed that single bird cages yielded the best egg 

production, farmers still preferred bigger cages with multiple birds per cage as it allowed them to 

save on labor and equipment costs. By doing this, the farmers, not poultry scientists, drove the 

industry away from the individual cage environment.  



     17 

 

By the beginning of the 1980s, there was still confusion as to the best density and bird 

number per cage during this decade. The general recommendation at the time was to stock 3-4 

birds per cage in a standard 12 in x 18 in (30.5cm by 45.75cm) cage to maintain the best return 

on investment, even though production was lower with more birds per cage. Furthermore, 

extensive research into cage density was being done to identify the optimal amount of birds to 

place in cages. Researchers found that production was a function of density and not bird number 

(Anderson et al., 2004). Management guides at this time recommend 70 in2 (452cm2) for each 

bird housed in cages. (Moreng & Avens, 1985; North, 1984).  

By the 1990s, farmers transitioned completely away from the use of single bird cages to 

multiple-bird cages and away from the single-tiered cages, rather opting for the more expensive, 

but higher capacity 2-, 3-, or even 4-tiered cage systems. During this time, it is reported that 

cages ranging from 3-6 birds were the most popular, similar to the modern-day cage 

environments (Appleby et al., 1992). 

In 2002, the United Egg Producers (UEP) published their certified guidelines on caged 

layers to standardize the improvement of the wellbeing of these birds. Much like the cage-free 

guidelines, the modern version of these guidelines, updated in 2017, focused on avian welfare 

and standardized practices, such as beak trimming, biosecurity, euthanasia, transportation, 

molting, and, most importantly, housing and space requirements. From a housing management 

perspective, these guidelines cover welfare basics, such as continuous access to water, feeder 

space requirements, floor/cage space requirements, cage-free enrichments, litter, lighting etc. 

(United Egg Producers, 2017). Although these guidelines are not law, most producers follow 

these guidelines as best management practices.  
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Currently caged production is still the most popular form of production in the layer 

industry as it affords producers with the lowest cost of production per unit of eggs. However, 

most consumers prefer caged eggs as well, mainly because of the lower price; but welfare is still 

an issue that must be considered when raising hens in this environment. Furthermore, since some 

states have banned cages, the industry must adapt and move away from cages in these scenarios.  

Colony Cage Layer Production Environments 

 Colony cages, both with and without enrichments, have started to see a rise in popularity 

over the past several years. This environment attempts to create a more welfare-compliant cage 

environment. Colony cages are much bigger and house more hens than conventional cages. 

Some have enrichments, such as roosts, nesting areas and scratch areas, and some do not. For 

this section and preceding sections colony cages without enrichments will be called enrichable 

colony cages and colony cages with enrichments will be called enriched colony cages. 

By the end of the 1980s, enrichable colony cages (large cages with many hens) were 

starting to gain popularity in different markets (Austic & Nesheim, 1990; North, 1984). During 

this time, some farmers had installed enrichments in their laying cages, but Tauson (1984) 

revealed that installing perches caused almost 2% increase in cracked and dirty eggs, decreased 

egg weight, and caused poorer plumage scores, so many farmers dropped this practice. In the 

1990s, large enrichable colony cages had lost popularity due to the poor performance in 

comparison to the single cage environment, 4-bird cage environment, and 9-bird cage 

environment (Muir, 1985). It was not until the 2000s that the popularity of enrichable colony 

cages resurged as discussed further below. 

 Several years after the UEP published their welfare guidelines for conventional cages and 

cage-free environments, California took a major step in welfare legislation by passing and 
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implementing Proposition 2. Proposition 2 prohibited egg layers, among other animals, to be 

confined in small cages (Proposition on farm animal welfare in California, 2008). This 

proposition made the use of conventional cages in California illegal. Later in 2018, California 

also passed Proposition 12, which added to Proposition 2 a bird density requirement from 112 in2 

(722.5cm2) to 144 in2 (929 cm2) (Proposition 12, 2018). In 2010, California state lawmakers also 

passed a law that prohibited the sale of any eggs to be from caged chickens (Shelled eggs: Sale 

for human consumption: Compliance with animal care standards, 1437). This bill forced any 

seller outside state lines to adopt California cage restrictions if they wanted to sell in California. 

In response to this legislation, there was a study conducted on consumers that showed that the 

majority of Californians were unwilling to pay the approximated 20% increase in egg prices 

between cages and cage-free production (Allender & Richards, 2010). The unwillingness of both 

consumers and farmers to completely adopt the cage-free environment is what gave rise to the 

adoption of colony cages. As mentioned before in this review, both enrichable and enriched 

colony cages were tried back in the 1980s and 1990s, but were not found to be less efficient than 

regular cages, and those that wanted to use more ‘natural’ environments opted for the cage-free 

environment. This bill forced those farmers that wanted to stay with a cage environment to adopt 

colony cages, thereafter which triggered a  rise in popularity. 

  Modern enriched colony cages began to be used around 2004 when both cage 

companies’ Big Dutchman and Valli International jointly won the Poultry World Innovation 

Award for their advancements in creating a modern enriched colony cage (Farrant, 2004). In 

2010, humane councils and animal welfare groups approved these enriched colony cages as the 

best alternative to conventional cages (Anonymous, 2010). It was not until much later that these 

enriched cages began to be used in the industry.   



     20 

 

Current Egg Industry 

The egg industry has developed from small scale free-range environments into the large-

scale operations with options in housing environments that are available today. These options 

include variations of cages, colony cages, enriched colony cages, cage-free and free-range. 

Unfortunately, due to the variation in housing environments, the economics, production and egg 

quality between these environments is very different. Currently, cages makeup most of the egg 

production in the United States, with cage-free eggs rising in popularity in recent years. 

According to the 2018 US Flock Trends and Projections report, the number of cage-free layers 

had reached almost 18% of total US egg production flocks (Ibarburu, 2018). Unfortunately, there 

are no reports containing the exact percentages of other housing environments, but it can be 

surmised that cage environments are the most popular, followed by cage-free, while free-range 

environments are the least popular. The enriched colony cage system was short lived in its 

popularity and has the fewest hens. 

 In a report published in 2020, the USDA found that cage-free eggs were selling for a 

premium over eggs from hens in conventional cages (Egg markets overview 2020). 

Unfortunately, it is difficult to determine the percentages of the other environments, as there are 

no other reports on this. In a personal interview with an industry specialist, only about 5 houses 

at their company are dedicated to either type of colony cage, about 1% of total production for 

each. This specialist went on to say that in states that have the conventional cage bans, they 

currently see a greater demand for cage-free over the colony cages, which explains the low 

percentage of colony cages (Benitez, 2020).  

  Consumer willingness to pay is the main factor that determines what eggs are the most 

popular, and therefore what housing environments are the most popular. In a study done by MSU 
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and Purdue University, researchers found that few consumers truly understand the implications 

of each housing environment. Furthermore, this study revealed that most consumers were more 

concerned about the price of the eggs, and not the housing environment from which they came. 

Moreover, only 6% of the respondents said that they would stop buying eggs due to animal 

welfare concerns as compared to the 43% of respondents whose main reason for changing their 

egg buying habits would be price (Ochs et al., 2018). This is not to say that housing 

environments other than cages do not have a place in the market, but that cage environments still 

dominate the market and that most consumers do not care about the housing environment in 

which the animal is raised.  

Current Research 

 Regardless of consumer demand and producer supply, there is a place in the market for 

all the housing environments listed above. Most consumers prefer price over other factors and 

thus indirectly prefer eggs from caged environments. Governmental regulations have created a 

market for the colony cages, and some consumers would prefer cage-free or even free-range, and 

they do not care about the higher price that comes with these environments. Some of these 

environments fill the general demand for eggs and some of these environments fill demands from 

niche markets. 

 These housing environments differ not only in their physical attributes but also in other 

ways. As discussed previously, when each of these housing environments were developed, 

researchers spent some time assessing the production differences among them. Furthermore, 

there is some research that has been conducted with modern birds in the modern environments. 

Karcher et al. (2015) explored the differences between cages, cage-free aviaries and enriched 

colony cages and found that white egg layers performed similarly in these cage environments 
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until approximately 8 months of lay, and subsequently the enriched colony cages performed 

better than the other two environments. Also, this study found that hens in enriched colony cage 

environments laid smaller eggs than hens in the other environments. This study also measured 

other individual egg quality characteristics, but not economic egg quality characteristics such as 

egg grade or egg size. 

 Researchers in 2012 also found that brown egg layers respond differently to cage and 

free-range environments. Golden et al. (2012) found that brown egg layers in cages performed 

better than those on the range in terms of egg production and egg grades. Other studies showed 

that free-range hens produced heavier eggs on average than hens in cages or enriched colony 

cages, and that free-range birds performed better in other egg quality characteristics such as shell 

shape and yolk index (Yilmaz Di̇kmen et al., 2017). Conversely, another study observed that 

brown layers in free-range environments have lower egg weights but higher yolk percentages 

(Galic et al., 2019). Any variation between studies can lead to confounded results, so though 

similar research was done in Europe and the Middle East, layer housing environment research 

should be done in the United States as well so as to avoid any confounding effects from genetics, 

nutrition or management practices between geographical locations (Rexroad et al., 2019). 

 As presented in the historical review above, different cage environments can cause 

differences in production and egg quality. Currently, no studies have done a comprehensive 

comparison across the most popular environments using the current version of these 

environments and modern strains of birds. The research in this thesis will achieve this goal. By 

using data similar to what would be produced by a commercial layer farm, this thesis will 

identify the specific differences in housing environments in regard to egg production and egg 

quality for both brown and white egg layers over a single laying cycle.   
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MANUSCRIPT I 

The effect of housing environment on egg production of commercial brown egg layers 

ABSTRACT 

Consumer retail demand for cage-free eggs is driving the layer industry towards greater 

use of extensive housing environments. However, there is limited research on how these 

environments affect egg production characteristics of brown egg layers as was the focus of this 

study. Five housing environments were evaluated under typical industry conditions, including 

conventional cages (CC), enrichable colony cages (CS), enriched colony cages (ECS), cage-free 

(CF) and free-range (FR). Three different brown egg laying strains were housed in the different 

housing environments and managed according to standard husbandry practices and stocking 

densities. Data collection for the strains began at 17 weeks of age, with a base period of 28 days 

for feed weigh backs. Housing environment had a highly significant (P<0.0001) effect on all egg 

production characteristics measured, including egg production rates (% hen-day and % hen-

housed), feed consumption (g/bird/day), feed conversion (egg g/feed g), and mortality rate (%).  

Previous research revealed better egg production metrics for white egg layers in caged 

environments than extensive environments. In contrast, we observed brown egg layers had 

optimum production results for the FR housing environments. Hen-day egg production of these 

birds was 78.7±0.27% for CC, 81.2±0.31% for CS, 80.8±0.31% for ECS, 79.1±0.40% for CF, 

and 82.0±0.56% for FR. Hen-housed production for brown egg layers was 72.9±0.44% for CC, 

71.9±0.51% for CS, 76.6±0.51% for ECS, 72.2±0.66% for CF, and 80.0±0.67% for FR. Feed 

consumption was 105.7±0.38g for CC, 113.0±0.44g for CS, 112.1±0.44g for ECS, 105.4±0.56 

for CF, and 113.1±0.57 for FR. Feed conversion for these birds was 0.45±0.002 for CC, 

0.44±0.002 for CS, 0.44±0.002 for ECS, 0.47±0.003 for CF, and 0.47±0.003 for FR. Finally, 
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mortality for these hens was 19.1±5.9% for CC, 36.9±6.8% for CS, 19.4±6.8% for ECS, 

17.2±8.3% for CF, and 6.6±8.3% for FR. In contrast to expectations, brown egg layers exhibited 

significantly better production characteristics in extensive housing environments than in cages. 

The brown egg layers performed better in the free-range environment in comparison to the other 

housing environments. 

INTRODUCTION 

Over the past several years, the poultry industry has changed production management 

practices to optimize production efficiency, economic sustainability and animal welfare.  In 

particular, the egg industry has gone through several major changes in housing environments 

over that past several decades. From the humble beginnings of the classic free-range 

environment, the layer industry has developed and improved hen housing environment to what 

exists today. Almost all commercial layer farms utilize some form of indoor housing, with the 

majority birds housed in cages and approximately 25% of layers in cage-free environments (Egg 

markets overview, 2020). The egg industry has many housing design options for layer farms, but 

it is not always clear what housing environment is best for the various production and market 

scenarios that may prevail at the time. 

Recently, governmental regulatory constraints, and pressure from some consumer interest 

groups have caused the egg industry to meet animal welfare demands and adopt alternatives to 

the conventional cage house environments. States such as California have banned the sale of 

eggs from standard cage environments within their state’s borders (Shelled eggs: Sale for human 

consumption: Compliance with animal care standards, 1437). As an alternative to cages, farmers 

in California are now required to use colony cages and the cage-free environment. Consumers 

are becoming more interested in buying eggs produced in alternative housing environments than 
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they were in the past, especially for brown eggs (Lusk, 2019; Rahmani et al., 2019). Moreover, 

many fast food chains and large grocery retailers have committed to using only eggs from cage-

free housing environments in the future (Jargon & Beilfuss, 2015; Walmart, 2016). 

Regardless of the demand for these housing environments, the extensive housing 

environments are more expensive to manage than the conventional cage environment commonly 

used in the egg industry today. As housing environments become less intensive and more 

extensive, they require more labor to operate and are therefore more costly to operate (Anderson 

et al., 2014). However, eggs from extensive housing environments can often be sold for higher 

prices than eggs from conventional cage environments, which offsets the higher production costs 

(Sumner et al., 2011).  

Although studies on alternative housing environments in the United States are limited, 

differences in production among brown egg layers in these housing environments were observed 

in research done in the Middle East and the United Kingdom. The intensive environments 

apparently resulted in better productive performance than the extensive environments, but the 

extent of these differences is inconclusive (Abrahamsson & Tauson, 1995; Ahammed et al., 

2014; Anderson, et al., 2004; Golden, et al., 2012).  No controlled replicated study has evaluated 

all the most common environments together. Furthermore, as genetic, nutrition, and management 

technology changes, production parameters across these environments change in response to 

these improvements (Anderson et al., 2013). Any variation between studies can lead to 

confounded results, so though similar research was done in the Middle East and the United 

Kingdom, layer housing environment research should be done in all regions so as to avoid any 

confounding effects from genetics, nutrition or management practices between geographical 

locations (Rexroad et al., 2019). Al-Ajeeli et al. (2018) reported that differences in diet 
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composition, such as different diets between regions, can cause a difference in production of 

eggs. Currently, it is understood that energy demands on hens in intensive environments are 

lower than hens in extensive environments (van Krimpen et al, 2014). Therefore, it is 

hypothesized that brown egg layers will perform better in intensive housing environments than in 

extensive housing environments by comparing egg production, feed consumption, feed 

efficiency and mortality. The objective of the study reported herein was to identify the 

significant effects of housing environments on the production characteristics of modern genetic 

strains of brown egg layers provided similar nutrition and husbandry practices. This research was 

designed to be a comprehensive study of brown egg layer performance in the most common 

housing environments used in the commercial egg industry. 

MATERIALS AND METHODS 

This trial was conducted at the North Carolina Department of Agriculture and Consumer 

Services, Piedmont Research Station Poultry Unit in Salisbury NC in conjunction with the 40th 

NC Layer Performance and Management Test (Anderson, 2019). Three brown egg laying strains, 

Lohman LB Lites (Lohmann Tierzuckt GmbH, Cuxhaven, Germany), Hy-Line Brown, and Hy-

Line Silver Brown (Hy-Line International, West Des Moines, IA) were utilized for this trial. 

Because the objectives of this study were to evaluate the effect of housing environments on 

brown egg laying hens in general, strain effects are not identified in the data tables. The hatched 

chicks were sexed according to breeder recommendations (feather, color or vent sexing) and the 

females were retained for the study. The chicks were sexed then vaccinated, tagged with 

individual identification numbers, weighed, and placed in pullet rearing houses in accordance 

with the laying environment they would be housed in. The birds that were destined for caged, 

enriched colony cages or enrichable colony cages were reared in a pullet cage environment, and 
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those birds that were destined to be in the free-range or cage-free environments were reared in 

the same environment they would be in during the laying phase. During their 17th week of age, 

the pullets were moved from the pullet houses to the lay houses. Egg quality and feed weigh 

backs were done every 4 weeks during the laying cycle of 17 to 89 weeks of age as shown in 

Table 1.1.   

Brood/Grow Housing: 

Brood Grow for Cage Layers: 

The hens assigned to the cage laying environment were reared in a light-tight, power-

ventilated house. Each cage measured 61cm (24in) wide by 66cm (26in) deep, providing 310cm2 

(48in2) per bird. The chicks of each strain were randomly distributed among replicate units of 4 

cages (13 birds per cage and 52 birds per replicate unit) at a day of age until they were 16 weeks 

of age.  

Brood/Grow for Cage-Free and Free-Range Layers: 

Pullets assigned to the free-range or cage-free replicates were raised continuously in the 

same environments where they remained for the laying cycle. Because both cage-free and free-

range houses had slatted floors, the slats were covered with landscape cloth and a layer of 

shavings during the first six weeks of the rearing phase to prevent the chicks from falling into the 

pits below. At six weeks, the litter and landscape cloth were removed so the birds could 

acclimate to the slats before lay. The birds in the range houses were allowed access to the 

outdoors at 12 weeks of age. Feeding and lighting programs were the same in all rearing 

environments as close as possible 

The chicks were beak trimmed in accordance with the UEP Animal care guidelines. All 

pullets were fed ad libitum through the duration of brooding and rearing on a 3-phase rearing 
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dietary regimen (Anderson, 2016). During the 17th week, all of these pullets were moved to the 

appropriate production system. Cage reared pullets were moved to conventional cage house, the 

enriched colony house, or the enrichable colony house environments.  The cage-free and free-

range pullets were transitioned to the lay phase in their respective housing systems 

Layer Housing: 

Conventional Cage House (CC):  

The conventional cage laying environment was designed as a standard closed-sided house 

with power ventilation. The cages were arranged in three tiers and utilized manure belts under 

each tier. Each cage measured 40.6cm (16in) high by 50.8cm (20in) deep by 121.9cm (48in) 

wide, thus providing 6131.6cm2 (960in2) for 12 hens per cage with a stocking density of 516cm2 

(80in2) per bird. There were a total of 24 replicate units of two cages containing 12 hens (24 hens 

per replicate) used for this trial. Each replicate unit of birds were fed by a trough system located 

on the outside of the cage. Nipple drinkers in each cage provided the birds with water.  

Enrichable (CS) and Enriched (ECS) Colony Cage House: 

A windowless, power-ventilated house contained 18 replicate cages of each of the two 

types of colony cages. This house utilized a system that allowed for control of feed (amount and 

diet) to each replicate, and each cage was equipped with nipple waterers.  

There was no difference in size between the enriched cages and the enrichable colony 

cages. Each cage was 53.3cm (21in) tall by 66cm (26in) deep by 243.8cm (96in) wide, thus 

providing 16000cm2 (2491.2in2) for 31 birds per cage at a stocking density of 516cm2 (80in2) of 

cage space per bird. The enrichable cages were barren colony cages with only the feeder and 

waterer system in them. In contrast, the enriched cages contained curtained nesting areas 

measuring 12in x 24in (30.5cm x 61cm), 96 in (243.8cm) if roost space, and a scratch area 
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measuring 6in x 24in (15.2cm x 61cm). The enriched cages used in this study were similar to 

those used in the commercial layer industry.  

Cage-Free House (CF): 

The cage-free house was an environmentally controlled design with slatted flooring and 

manure pit beneath. Each 24300cm x 30500cm (1152in x 1440in) pen had 74000cm2 (11520in2) 

of floor space, half of which were covered in shavings and half were slats. A total of 10 

replicates of cage-free birds were used for this study. 

When the laying period began at 17 weeks of age, the replicate population was adjusted 

to 60 birds per pen to flock a density of 1233cm2 (192in2) per bird subtracting the space utilized 

for the feeders area per hen was 1141cm2 (177in2) per bird. The birds were provided with feeder 

and waterer space in accordance with UEP guidelines. Each hen was provided 16cm of roosting 

space, and each pen contained 12 nesting boxes for a total of 1 nest box per 5 hens with 

measurements of 10in x 12in (25.4cm x 30.5cm). 

Range Pens (FR):  

The free-range houses were curtain-sided houses with slatted floors, a covered veranda, 

and an attached outdoor paddock was completely enclosed with wire including a net covering the 

top. The slats allowed the waste to drop below the house for easy removal without disturbing the 

birds. The hens were allowed access to their paddock at all times with feed and water provided 

both inside and outside ad libitum. The heaters were set to 7.2 C (45F) to keep the birds in their 

effective thermal neutral zone. Supplemental lighting was provided to the birds to match the 

lighting schedules of the other houses.  

There were 10 free-range replicates used for this study. Each replica had identical 

dimensions. The 400cm x 200cm (145.2in x 79.2in) house portion of each replica measured 



     38 

 

74000cm2 (11520in2) with 60 birds per pen, which yielded a house stocking density of 1233cm2 

(192in2) per bird subtracting the space utilized for the feeders area per hen was 1141cm2 (177in2) 

per bird. Nest box and roost space in the free-range environment is identical to the cage-free 

environment. Each paddock was measured at 18.3m x 18.3m (720in x 720in). To preserve forage 

quality, a diagonal fence split each paddock in exactly half and every 4 weeks the hens were 

rotated into a different section. One week before the paddock rotation, the grass inside the 

unused pen was mowed to a height of 15cm (6in). The fences of the paddock were 1.8m (6ft) 

high with mesh covering the top to prevent birds from escaping and predators from entering. 

This rotating paddock design allowed for a stocking density of 2.8m2 (30ft2) per bird in the 

paddock and allowed for maintenance of approximately 50% forage cover.  

Feed and water were provided for the birds inside the coop and in the paddock. Each 

replicate unit had 8 nipple drinkers inside the coop and 8 nipple drinkers outside in the paddock. 

Tube feeders were placed inside the coop and a covered feeder was placed outside in the 

paddock. Both feeders combined allowed for 6.4cm of feeder space per bird.  

Strains: 

Three different brown egg layer strains were selected for this study based on commercial 

availability. Table 1.2 shows the strains, the source of the strains and the number of replicates 

per environment.  

Some birds were molted during period 14 (69 weeks of age) as part of another study. 

Because the effects of molting were not a concern of this study, the data from those molted birds 

were removed from analysis from period 14 to 19 (69 to 92 weeks). Table 1.3 shows the number 

of replications that were not molted. Half of the replicate groups were molted (except for the Hy-

line silver brown reps in the free-range environment). Each strain was identified by a strain code 
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to mitigate animal caretaker bias during record keeping and data analysis, which kept the strains 

anonymous during analysis. 

Feeding and Lighting Program: 

The layers used in this study were fed according to standard industry practices, consisting 

of several different dietary phases that met or exceeded NRC (1994) recommendations based on 

current production rates and feed consumption rates. Table 1.4 shows the diets fed based on 

production and consumption, and Table 1.5 details the composition of these different diets. Hens 

in all the different housing environments followed the same ad libitum feeding program. As a 

note, feed O was not used and therefore was not included in the nutritional analysis. All hens 

were provided the same supplemental lighting program throughout the duration of the test. The 

lighting program is shown in table 1.6. 

Data Collection: 

Period: 

A 28-day period was used as the unit of measurement of time for this study. Table 1.1 

shows the dates associated with hen age during each period. The trial lasted 19 periods (17 

weeks of age to 92 weeks of age) 

Performance characteristics: 

Hen-day production is the amount of eggs laid based on the number of hens still in the 

trial after accounting for mortality. Hen-day production was calculated as follows: ((eggs 

produced)/(period hen days))*100. Hen housed production is the percentage of eggs produced 

based on the number of hens placed at the beginning of lay, according to the following formula: 

((Total period eggs)/(Hens-Housed*28))*100.  
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Feed consumption was calculated on an average grams/hen/day basis. The feed allocated  

was weighed during the period and weighed back at the end of each period. Feed consumption 

rate was calculated as: (total grams of feed consumed during the period)/(period hen days). Feed 

efficiency was calculated as a function of the mass of eggs produced relative to the feed 

consumed by the experimental unit as follows: (Period egg production * average egg weight 

grams) / (period feed consumption). Overall mortality rate was calculated as the percentage of 

mortality that accumulated per replicate unit over the 19 observation periods relative to the total 

hens housed as follows: ((Hens housed – hens remaining) / (hens housed)) * 100. Mortality rate 

data was transformed by ASIN(SQRT(mortality %/100))+1 in Microsoft excel to normalize the 

distribution prior to statistical analysis.   

Analysis: 

 Data was analyzed using JMP 14.1 using ANOVA and treatments were determined 

statistically different from one another by using Tukeys HSD (P<0.05). Housing environment, 

period and the interaction of the two were the main effects. There were significant period effects 

and therefore data by period is presented as means in all figures. Strain effects were found to be 

significant however they were not found to impact the significance of treatment and therefore not 

included in the model. As a note in the results section below, treatment effects described as 

better, worse, higher, or lower are assumed statistically significant (P ≤ 0.05). 

RESULTS 

Hen Day Production: 

 Overall hen-day production is presented in table 1.7, while production averages by period 

are presented in figure 1.1. Housing environment had a highly significant effect (P<0.0001) on 

hen-day production of brown egg layers. The CS, ECS, and FR hens had higher overall hen-day 
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egg production than CF by 1.7% to 2.9%, and CC hens by 2.1% to 3.3%. Hen-day egg 

production rate by period generally followed a trend typical of the breeder standards, but some 

statistical differences were observed among the housing environments. CS, ECS and FR hens 

had the highest hen-day production for most of the study although FR hens had lower hen-day 

production during the first two periods than the other environments. CC also had the highest hen-

day production for the first 8 periods, after which the CC hens had the lowest hen-day egg 

production. Finally, the CF hens had the lowest hen-day egg production between periods 2 and 

13 (excluding period 12), after which the CC hens had similar egg production to the FR hens.  

Hen-Housed Production: 

Average hen-housed egg production rate of hens housed in each environment over the 

entire cycle of lay is presented in table 1.7, whereas hen-housed production rate by period is 

presented in figure 1.2. Housing environment had a highly significant effect (P<0.0001) on hen-

housed production rate. Overall, FR hens had 7.1%, 8.1%, 3.4%, and 7.8% higher hen-housed 

production rate than hens in the CC, CS, ECS and CF environments, respectively. ECS hens also 

had higher hen-housed production rate than hens in the CC, CS and CF environments by 3.7%, 

4.7%, and 4.4%, respectively. For brown egg layers, hen-housed production rate by period 

followed a typical trend; although, hen-housed production from CC and CS hens fell sharply 

after period 9 and 13, respectively. Finally, FR hens had lower hen-housed production during the 

first two periods than the other environments. 

Feed Consumption: 

 Housing environment had a significant effect (P<0.0001) on feed consumption (table 

1.4). Overall, CS, ECS and FR hens consumed more feed than CC and CF hens by 6.4g 

feed/bird/day to 7.7g feed/bird/day. Illustration of period feed consumption showed housing 
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environment effects were apparent for all periods (excluding periods 2 and 17) (figure 1.7). Feed 

consumption was consistent over all periods (excluding the FR spike between periods 3 to 6) 

until period 11 when consumption for all environments began to increase. CC and CF hens 

consistently consumed the least amount of feed through the whole trial. FR hens had the highest 

feed consumption from periods 3 to 6 and then was to similar consumption as ECS hens after 

period 6. CS and ECS hens had similar feed consumption through most of the cycle however, CS 

hens had higher feed consumption then the other environments during periods 14, 15, and 16.  

Feed Efficiency: 

 Average feed efficiency of hens in each housing environment throughout the lay cycle is 

presented in table 1.7, whereas feed consumption rate by period is illustrated in figure 1.4. 

Housing environment had a highly significant effect (P<0.0001) on feed efficiency. Overall, ECS 

hens had lower feed efficiency than CC, CF and FR hens by 0.013, 0.023, and 0.025, 

respectively. Furthermore, CC hens had lower feed efficiency than CF and FR hens by 0.013 and 

0.015, respectively, while CS hens had lower feed efficiency than CF and FR hens by 0.022 and 

0.024, respectively. Following the same trend as hen-day egg production, feed efficiency started 

low, peaked with egg production, and then decreased towards the end of the cycle. Feed 

efficiency, by period, remained consistent for CC, CS, ECS, and CF hens although CC hens had 

higher efficiency during periods 3 and 4. CC CS and ECS hens began to lose their efficiency 

after period 14 as well. Finally, FR hens had the highest efficiency after period 5 but began to 

lose efficiency after period 15. 

Mortality: 

 The effect of housing environment on total mortality rate is presented in table 1.7. 

Although mortality rate was not summarized and statistically analyzed by period as for the other 
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production parameters, the hen-housed egg production data (Figure 3.2) indicated that much of 

the housing effect on mortality rate occurred after period 10. Housing environment was found to 

have a highly significant effect (P<0.0001) on total mortality. The CS hens had the highest 

mortality (36.9%), matching their inferior hen-housed production rate. 

DISCUSSION 

The egg industry is moving towards greater usage of extensive housing environments due 

to pressures from consumer groups, large retailers, and government regulators. Regardless of the 

housing environment, economic sustainability of the commercial egg industry is dependent upon 

their profit margins (income driven by production metrics) over production costs (driven mostly 

by feed, housing, and labor costs). Therefore, it is most important to perform comparative studies 

that evaluate the production metrics of intensive and extensive layer housing environments, since 

production costs can more easily be determined. However, past research has reported conflicting 

results on the effect of different housing environments on layer performance characteristics 

(Ahammed et al., 2014; Neijat et al., 2011; Wang et al., 2009). This current study evaluated five 

of the major production environments and found significant differences between them in all 

parameters. 

Housing environment was found to be a significant influence on both hen-day and hen-

housed egg production. In this present study, hens in both CS, ECS and FR hens had higher hen-

day production than CC and CF hens. Furthermore, FR hens had the highest hen-housed egg 

production rate, followed by ECS hens, with the other environments resulting in inferior hen-

housed egg production. The difference between hen-day and hen-housed production among 

housing environments indicate CS hens exhibited a greater mortality rate than the other housing 

environments, as they had the most inferior hen-housed egg production rate. Yilmaz Dikmen et 
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al. (2016) found that egg production was indeed higher in FR brown egg layers. However, our 

study disagrees with Yilmaz Dikmen who found that ECS hens had similar hen-day egg 

production to FR hens. Furthermore, Ahammed et al. (2014) reported that there was no 

significant difference between CC hens, CF hens, and hens from aviaries, which is directly 

contradictory to our study. The difference in results between our study and the others could be 

due to confounding factors among the different regions, such as differences in genetics, nutrition 

and management. Furthermore, our study directly disagrees with Golden et al. (2012) who 

reported CC hens had higher egg production than FR hens which was due to heavy mortality 

from predation that the FR hens suffered. Our study also agrees with Bailey et al. (1959) and 

Englmaierová et al. (2014) who found that CF hens also had low egg production. When 

comparing the hen-day production between the two colony cage environments in our study, 

enrichments apparently had no beneficial effect, as observed by Onbaşilar et al. (2015). 

Interestingly, even though both hen-housed and hen-day egg production of the FR hens 

was highest among the housing environments in our study, FR hens took longer to reach peak 

egg production than the other environments, but subsequently they maintained greater 

persistency of egg production than hens in the other housing environments. The reason FR hens 

took longer to reach peak production could be due to slight stress when the pullets were allowed 

outside or the difference in light intensity between a standard house and the outdoor 

environment. Yilmaz Dikmen et al. (2016) found similar results with their FR hens, reporting 

they peaked later but held their peak for longer. Although the FR hens took longer to reach peak 

production, this delay could have given these hens a slight developmental advantage in 

reproductive capacity. Studies with broiler breeders have shown that delayed sexual maturity 

causes these hens to have a more developed reproductive tract (Robinson et al., 2007), heavier 
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eggs and lower egg production (Joseph et al., 2002). Broiler breeders, unlike table egg layers, are 

not fed ad libitum and therefore may not have the nutrient intake required to produce both 

heavier eggs and more eggs simultaneously. In contrast to broiler breeders, layers are genetically 

selected to lay eggs rather than muscle growth and they do not need to be feed restricted to 

manage body weight. Therefore, we hypothesize that the reason the FR hens had higher egg 

production than the other environments was due to the delayed onset of lay which allowed the 

FR hens to stock more resources into body reserves and more time to develop their reproductive 

tract.  Furthermore, Englmaierová et al. (2014) found that CF hens were consistently poor layers 

across the cycle, which agrees with the current study. Englmaierová attributes lower production 

in the CF environment partly to the potential for hens to eat eggs in this system, which could 

partly explain the difference in the current study. It appears that the cage-free hens are 

consistently the poorest performers not only in our study but also in others. Interestingly, even 

though CF and FR are similar environments, the FR hens in our study had higher hen-day egg 

production than CF hens. The major difference between these environments is that FR hens had 

access to an outdoor range while CF hens did not. The range not only gave the FR hens access to 

natural sunlight but also access to forage. Studies have shown that differences in light intensity 

and wavelength can affect egg production (Ahmad et al., 2010). Therefore, hen access to 

sunlight could positively affect egg production in brown egg layers. 

Housing environment had a significant effect on feed consumption, as CS hens, ECS 

hens, and FR hens consumed the most feed, whereas CC hens and CF hens consumed the least 

amount of feed. When viewed by period, FR hens consumed substantially more feed per bird in 

the beginning of the lay cycle, while CS hens consumed more feed at the end of the trial. Feed 

consumption of CF and CC hens was consistently low for the whole trial, whereas ECS hens 
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maintained an average feed consumption rate until the very end of lay. Hens in extensive 

environments have been shown to be more active and less efficient in converting gross energy 

into metabolizable energy and therefore must consume more feed than hens in intensive 

environments in order to meet energy demands, as seen in our study with CS, ECS and FR hens 

(van Krimpen et al., 2014). CF hens, which were under similar conditions to FR hens, did 

consume less feed; however, the CF hens produced less eggs than CS, ECS or FR hens. The 

difference in feed consumption and egg production between the different housing environments 

seen in our study could indicate that feed consumption is not only affected by environment, but 

also by egg mass output, which is a function of production rate and egg weight.  In addition to 

the lower egg production rate observed among the CF than FR hens, the CF hens also produced 

lower average egg weight and a greater proportion of smaller egg sizes (Manuscript 2). The data 

from our study also agreed with Karcher et al. (2015), who found that CC hens ate less feed than 

ECS hens, and van Krimpen et al. (2014), who reported hens in more extensive environments 

consumed more feed. Karcher et al. (2015) also found that hens in CF aviaries consumed much 

more feed than hens in the other environments, although aviaries and the CF environment in this 

study are two different systems. Furthermore, our study also agrees with other studies showing 

CC hens consume less feed than other cage environments (Englmaierová et al., 2014; van 

Krimpen et al, 2014). In contrast, our study does show that feed consumption of CF hens was 

similar to CC hens, which may be due to the low egg production and thus lower nutritional 

demand from the CF hens. Our study disagrees with Al-Ajeeli et al. (2018) that reported CS and 

ECS hens consume less feed than FR hens, and Golden et al. (2012) reported FR hens and CC 

hens consumed the same amount of feed. Our study observed that hens in both colony cage 
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environments had similar feed consumption rates, which agrees with other studies that compared 

these types of environments (Neijat et al., 2011; Onbaşilar et al., 2015). 

CF and FR hens in our study had the highest feed efficiency, followed by the CC and 

ECS hens, respectively. The feed efficiency of CS hens was statistically similar to both ECS and 

CC hens, and therefore can be considered to have inferior feed efficiency as well. As observed 

for egg production, FR hens started off with poor feed efficiency for the first three periods, 

commensurate with their low egg production rates, but then they maintained high feed efficiency 

for the rest of the laying cycle. Both CS and ECS hens had similar efficiency as the rest of the 

housing environments until the last quarter of the study when they both declined significantly. 

FR hens were unique in that they had access to forage to supplement their feed. It is known that 

forage and high fiber nutrients not only improves gut motility and gut health, but also nutrient 

absorption and digestibility (Jimenez-Moreno et al., 2019; Steenfeldt et al., 2007; Tufarelli et al., 

2018). Therefore, we hypothesize that high fiber forage, which the FR birds had access to, aided 

feed efficiency by allowing them to utilize more nutrients that they consumed for egg 

production. Perhaps if hens from other environments were given access to forage like the FR 

hens, they would respond with better feed efficiency. The results from our study agree with 

Yilmaz Dikmen et al. (2016), who found that FR hens had the highest feed efficiency. In 

contrast, Al-Ajeeli et al. (2018) observed CC hens had better feed efficiency than FR hens. These 

different observations among researchers may be due to differences in forage quality and access 

to forage, which were not described. Englmaierová et al. (2014) partly agrees with the findings 

of our study in that CC hens were observed to have better feed efficiency than hens in colony 

cages. CF hens in our study had desirable feed efficiency, which was unexpected and contrary to 

the observation of Englmaierová et al. (2014). Although CF hens in our study produced less 
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eggs, they also consumed less feed than other environments, which caused the CF hens to have 

high feed efficiency. This high feed efficiency would indicate that the CF environment does not 

cause hens to expend more energy as previously understood. Furthermore, another study from 

Korea found no difference between CC hens and CF hens in terms of feed efficiency (Ahammed 

et al., 2014). As observed by Yilmaz Dikmen et al. (2016), our study demonstrated that CS hens 

and ECS hens had similar feed efficiency.  In contrast, Onbaşilar et al. (2015) observed ECS 

hens had better feed efficiency than CS hens which could be due to different cage designs than 

the ones in the present study. 

The mortality data from our study showed a difference between FR hens and CS hens, 

with FR hens having substantially lower mortality than CS hens. This difference in mortality 

could be partially due to the microbiome benefits that FR hens receive such as competitive 

inhibition. Furthermore, the difference in mortality could also be explained by the difference in 

behavior and between the environments, although our study did not identify this. These results 

agree with several other studies that show no difference in mortality among housing 

environments, omitting the comparison between FR and ECS (Ahammed et al., 2014; Al-Ajeeli 

et al., 2018; Karcher et al., 2015). Yilmaz Dikmen et al. (2016) also found a difference in 

mortality between ECS and FR hens however our study showed a much greater difference in 

mortality between ECS and FR hens. 

CONCLUSION AND APPLICATIONS  

1. Contrary to our hypothesis, extensive housing environments can positively influence 

production parameters of brown egg layers, specifically egg production, feed efficiency 

and mortality, potentially due to access to forage and housing enrichments. 
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2. As evident from the high production parameters of free-range hens, access to high fiber 

forage may give brown egg laying hens an advantage over hens without access to high 

fiber forage.   

3. The delay in peak production that free-range hens experienced is a contributing factor to 

the superior egg production seen from the free-range hens therefore, a delay in peak egg 

production can benefit overall egg production of brown egg layers. 

4. When comparing the two colony cage environments together, hens in enriched colony 

cage had higher hen-housed production than hens in enrichable colony cages indicating 

that by simply adding enrichments to colony cages these enrichments positively affect 

egg production and fitness of brown egg layers. This should be considered when 

construction colony cages for brown egg layers. 
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TABLES AND FIGURES 

Table 1.1: Lay cycle observational periods of brown egg layers subjected to different housing 

environments. 

Period Age at beginning of 

period (wks) 

Age at end of period 

(wks) 

1 17 20 

2 21 24 

3 25 38 

4 29- 32 

5 33 36 

6 37 40 

7 41 44 

8 45 48 

9 49 52 

10 53 56 

11 57 60 

12 61 64 

13 65 68 

14 69 72 

15 73 76 

16 77 80 

17 81 84 

18 85 88 

19 89 92 

 

 

 

Table 1.2: Housing environment and replicate allocation of brown egg layer strains during the 

lay cycle 

Strain Strain 

Source  

Caged 

Reps 

Enrichable 

Reps 

Enriched 

Reps 

Cage-free 

Reps 

Free-range 

Reps 

Hy-Line 

Brown 

Hy-Line 

International 

8 6 6 4 4 

Hy-Line 

Silver Brown 

Hy-Line 

International 

8 6 6 2 2 

LB-Lite Lohmann 8 6 6 4 4 

 

 

 

 

 

 

 

 



     56 

 

Table 1.3: Housing environment and replicate allocation of Brown Egg Layer Strains during the 

post-molt cycle.  

Strain Strain Source  Caged 

Reps 

Enrichable 

Reps 

Enriched 

Reps 

Cage-free 

Reps 

Free-range 

Reps 

Hy-Line 

Brown 

Hy-Line 

International 

4 3 3 2 2 

Hy-Line 

Silver Brown 

Hy-Line 

International 

4 3 3 2 2 

LB-Lite Lohmann 4 3 3 2 2 

 

 

Table 1.4: Feeding program of diets according to egg production rate and ad libitum 

consumption rate of brown layers. 

Rate of production 

Consumption 

(grams/100 birds/day) Diet Fed 

Pre-production < 9.52 D 

Pre-peak and > 90% 

<10.43 E 

10.43 – 12.20 F 

>12.20 G 

90% - 80% 

<11.29 G 

11.29 – 12.20 H 

>12.20 I 

70% - 80% 

<11.29 I 

11.29 – 12.20 M 

>12.20 N 

<70% 

<11.29 N 

11.29 – 12.20 O1 

>12.20 O1 

1Feed O was not used during this study 
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Table 1.5: Ingredient composition and calculated nutrient analysis of diets fed to all hens 

according to the feeding program described in Table 4. 

Ingredients D E F G H I M N  
(%) (%) (%) (%) (%) (%) (%) (%) 

Corn 48.7 58.3 60.1 62.0 68.0 66.5 65.8 65.2 
Soybean Meal 35.2 28.2 26.7 25.3 25.0 22.0 20.9 18.9 
Wheat Midds - - - - - - 5.70 12.9 
Fat (Lard) 0.55 0.50 - - 0.83 - - - 
Soybean Oil 2.54 1.29 1.81 1.25 0.095 - - - 
Lysine 78.8% - - - - - 0.11 0.005 - 
D.L. Methionine 0.17 0.15 0.12 0.10 0.095 0.078 0.062 0.057 
Ground Limestone 6.87 6.12 6.08 5.53 - 5.78 5.96 6.18 

Course Limestone 3.87 3.50 3.5 3.75 3.97 3.75 3.75 3.75 
Bi-Carbonate 0.11 0.10 0.10 0.15 0.11 0.10 0.10 0.10 
Phosphate mono/D 1.21 1.07 0.90 1.30 1.26 1.09 0.99 0.82 
Salt 0.39 0.32 0.29 0.25 0.31 0.26 0.26 0.24 
Vit. Premix 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 
Min. Premix 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 
HyD3 Broiler (62.5 mg/lb) - - 0.025 - - - - - 
Prop Acid 50% Dry 0.055 0.05 0.05 0.05 0.053 0.05 0.05 0.05 
T-Premix 0.055 0.05 0.05 0.05 0.053 0.05 0.05 0.05 
0.06% Selenium Premix 0.055 0.05 0.05 0.05 0.053 0.05 0.05 0.05 
Choline Cl 60% 0.090 0.097 0.080 0.050 0.046 0.026 0.005 - 
Avizyme 0.055 0.050 - - - - - - 

Ronozyme P-CT 540% 0.022 0.020 0.020 - - - - -          

Calculated Values 
        

Crude Protein % 19.4 18.1 17.5 17 16.4 15.9 15.5 14.9 
Calcium % 4.1 4.05 4 3.95 3.95 4 4.05 4.1 
A. Phos. % 0.45 0.44 0.4 0.38 0.35 0.33 0.31 0.28 
Total Lysine % 1.1 1 0.96 0.91 0.87 0.91 0.8 0.75 
Total Sulfur Amino Acids 
% 

0.8 0.74 0.69 0.66 0.63 0.6 0.58 0.56 

ME kcal/kg 2926 2904 2860 2843 2843 2822 2800 2778 
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Table 1.6: Lighting schedule subjected to all hens in each housing environment. 

Age (weeks) Photo period 

16-17 10.0 

17 11.0 

18 11.5 

19 12.0 

20 12.5 

21 13.0 

22 13.5 

23 14.0 

24 14.25 

25 14.5 

26 14.75 

27 15.0 

28 15.25 

29 15.5 

30 15.75 

31+ 16 

 

 

Table 1.7: Effect of housing environment on production parameters of brown egg layers 

Housing 

Environment 

Hen-Day 

Prod. (%) 

Hen-

Housed 

Prod. (%) 

Feed Cons. 

(g/bird/day) 

Feed Conv. 

(egg g/feed 

cons) 

Mortality 

(%) 

Caged 78.7b±0.3 72.9c±0.4 105.7b±0.4 0.452b±0.002 19.1ab±5.9 

Enrichable Colony 81.2a±0.3 71.9c±0.5 113a±0.4 0.443bc±0.003 36.9a±6.8 

Enriched Colony 80.8a±0.3 76.6b±0.5 112.1a±0.4 0.442c±0.003 19.4ab±6.8 

Cage-free 79.1b±0.4 72.2c±0.7 105.4b±0.6 0.465a±0.003 17.2ab±8.3 

Free-range 82a±0.4 80a±0.7 113.1a±0.6 0.467a±0.003 6.7b±8.3 
1Values are means of study-wide averages 
a,b,cMean values within a column with different letter superscripts are significantly different 

(P<.05). 

 

 

 

 

 

 



     59 

 

Figure 1.1: The effect of housing environment on hen-day production of brown egg layers by 

period. 

 
*Signifies a significant effect (P<0.05) of housing environment during that period on hen-day 

production 
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Figure 1.2: The effect of housing environment on hen-housed production of brown egg layers by 

period. 

 
*Signifies a significant effect (P<0.05) of housing environment during that period on hen-housed 

production 
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Figure 1.3: The effect of housing environment on feed consumption of brown egg layers by 

period. 

 
*Signifies a significant effect (P<0.05) of housing environment during that period on feed 

consumption. 
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Figure 1.4: The effect of housing environment on feed efficiency of brown egg layers by period. 

 
*Signifies a significant effect (P<0.05) of housing environment during that period on feed 

efficiency 
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MANUSCRIPT II 

The effect of housing environment on the quality of eggs from commercial brown egg 

layers 

ABSTRACT 

Consumer demand for eggs from more extensive housing environments is driving a shift 

in the layer industry towards these housing environments. However, there is little research that 

explores the effects of different housing environments on egg quality and solids from brown egg-

laying chickens. A correlation between housing environment and egg quality has been shown, 

but this effect has not been studied under typical modern US conditions. The objective of this 

study was to identify a correlation between housing environments and egg quality. Five housing 

environments were evaluated in this study including caged (CC), enrichable colony cages (CS), 

enriched colony cages (ECS), cage-free (CF) and free-range (FR). Three brown egg laying 

strains were housed in the different housing environments and managed according to standard 

husbandry practices and stocking densities. Data collection for the strains began at 17 weeks of 

age, with a base period of 28 days for feed weigh backs and egg quality measurements. Egg 

quality measurements included egg solids (%) (dry egg matter percentage), egg weight (g/egg), 

proportions of grade As, Bs and loss (%) and proportions of USDA XL, L, M, S, and PW (%). 

Statistical measurements were taken using JMP 14 and data was analyzed using least squares 

method. Significant differences between treatments were determined using Tukey’s HSD. 

Housing environment had a highly significant (P<0.05) effect on egg weight (g/egg), proportions 

of grade A, B, and loss, and proportions of USDA XL, L, and M eggs however there is no 

significant housing effect on egg solids proportions of S and PW eggs. The birds in the CC 

environment laid the lightest eggs at 60.5±0.1g followed by, E and EN hens at 61.1±0.2g, CF 
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hens at 61.3±0.2g and R at 63.9±0.2g. The EN environment resulted in the lowest yield of grade 

As at 87.8±0.4%, followed by E at 87.8±0.4%, CC at 890.2±0.4%, CF at 96.3±0.6%, and FR at 

947.6±0.6%. CF hens had the highest grade B proportions at 1.41±0.2% followed by, EN at 

1.16±0.1%, E at 1.16±0.1%, CC at 0.78±0.1% and FR at 0.68±0.2%. Conversely, the EN hens 

had the highest percent loss at 11.0±0.4%, followed by E at 10.5±0.4%, CC at 9.0±0.4%, CF at 

2.3±0.5% and FR at 1.7±0.5%. Furthermore, hens in the FR environment had the highest 

proportion of XL eggs by 78.7±1.3% followed by CF hens at 65.9±1.3%, CS at 65.2±1.0%, ECS 

at 64.0±1.0% and CC at 60.4±0.8%. CC hens laid the most L eggs at 33.1±0.3% followed by,  

ECS at 29.3±0.9, CS at 28.5±0.9%, CF at 28.3±1.2% and FR at 16.4±1.2%. Finally, ECS hens 

laid the most M eggs at 5.5±0.3% followed by, CC at 5.12±0.3%, CS at 4.67±0.3%, CF at 

4.38±0.4, and FR at 3.62±0.4%. This data shows that brown egg layers in extensive housing 

environments have better egg quality than hens in intensive environments. 

INTRODUCTION 

 Eggs are a staple of the American diet as both a standalone food and as part of value-

added products. Egg production has been increasing in the United States, leading to a supply of 

almost 100 billion eggs in 2019 (Egg industry overview, 2019). Over the past several years, 

however, pressures from outside groups have caused a wider adoption of extensive housing 

environments, such as the cage-free and free-range environments. In 2019 alone, approximately 

20% of the layer flocks in the United States were raised in cage-free housing environment 

environments (Ibarburu, 2019).  

 Consumer interest groups, and retailers have been demanding the industry to invest 

resources into adopting more extensive environments than conventional cages in recent years. 

Beginning with California in 2008, some states have banned the sale of eggs from conventional 
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cages (Shelled eggs: Sale for human consumption: Compliance with animal care standards, 

1437). Large retailers have also been a major force in driving the layer industry towards greater 

adoption of cage-free housing. Many large grocers and restaurants have committed to only 

selling eggs and egg products from cage-free housing environments in the future (Jargon & 

Beilfuss, 2015; Walmart, 2016). Moreover, consumers have become more interested in both 

brown eggs and eggs from alternative housing environments in recent years (Lusk, 2019; 

Rahmani et al., 2019). Even though demand for eggs from these environments has increased, 

there is a major difference in operating costs among these environments, with more extensive 

environments being more expensive (Anderson et al., 2014). Fortunately for the layer industry, 

eggs from these environments can be sold for a premium and consumers are willing to pay this 

premium (Sumner et al., 2011). 

 Although few studies about laying hens in alternative housing environments have been 

published, research done in the Middle East and the United Kingdom demonstrate housing 

environments affect egg characteristics, including, the proportion of sellable eggs, egg size, yolk 

and albumen composition and other parameters (Abrahamsson & Tauson, 1995; Golden et al., 

2012), while some research shows no difference between housing environments (Ahammed et 

al., 2014). Clearly, research on this subject is inconclusive. Moreover, no studies have evaluated 

all the most common housing environments together. Furthermore, US egg sales are marketed by 

USDA size and grade categories and no research has been done using the USDA guidelines as 

part of the parameters of egg quality measurement.  

 Laying hen studies done in the Middle East and the United Kingdom typically utilize 

different strains, nutrition and even management practices than what is commonly used in North 

America. Therefore, it is important to perform studies that compare housing environments in 
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North America and designed to avoid any confounding effects from genetics, nutrition or 

management practices that may differ among regions (Rexroad et al., 2019). Indeed, differences 

in nutrition, genetics and management practices of laying hens between regions can alter egg 

quality and egg size (Anderson et al., 2013; Al-Ajeeli et al., 2018). From previous research we 

hypothesize that hen in more extensive housing environments will lay higher quality eggs than 

those in intensive environments. The goal of this paper is to assess economically important egg 

quality traits of brown egg layers in five different housing environments. These five 

environments include conventional cages (CC), enrichable colony cages (CS), enriched colony 

cages (ECS), cage-free (CF), and free-range (FR) environments. We aim to be able to provide a 

complete and comprehensive look at brown egg layer marketable egg characteristics in the most 

common commercial housing environments. 

MATERIALS AND METHODS 

Husbandry practices during the brood, grow and lay phases for all strains followed 

typical industry protocol described in manuscript 1. Strains and strain assignments followed the 

same protocol as in manuscript 1 (table 1.2 & 1.3). Housing design and environments are also 

described in manuscript 1. 

Data Collection: 

Period: 

 All data collection practices in this manuscript are the same as the methods in manuscript 

1. See the data collection section in manuscript 1 for more information about the data collected 

and the data collection practices. Some birds were molted during period 14 as part of another 

study. Because our study was not concerned with molted birds, the data from the molted birds 
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during period 14 that was removed from analysis. Table 1.3 shows the number of replications 

that were not molted. 

Egg solids:  

Measuring egg solids is a way to calculate the percentage of dry matter in the yolk and 

albumen. During periods 6, 12, and 15, six eggs from each treatment replicate group of hens 

were sampled to measure the internal egg solids content. The yolk and albumen of all 6 eggs per 

replicate were combined in a bag and homogenized in a Stomacher homogenizer for 30 seconds. 

A small, circular aluminum pan was weighed and approximately 5 grams of the yolk-albumen 

mixture was placed in the pan. The pan plus the mixture was then weighed and the pan and 

mixture were placed in a forced air-drying oven and kept at 50C (122F) for 48 hours. The pan 

was then removed from the oven and weighed again. The difference between the sample from 

before and after the oven, minus the weight of the pan is the weight of the solids in the egg. This 

number divided by the amount of mixture that was put in the oven gave us the percentage of egg 

solids. Statistical analysis was calculated on the percentage of egg solids.  

Egg weight and proportion of USDA Egg Size and Grade Categories:   

During the third week of each observational period, all the eggs produced by each 

replicate treatment group within the previous 24-hours were collected to determine average egg 

weight, and the proportion of USDA egg size and grade categories. Sampled eggs were weighed 

as a composite, and then the average period egg weight was calculated (total grams of eggs 

weighed) / (number of eggs weighed).  Weights of individual eggs from each of these replicate 

sample groups was determined and then segregated into the USDA egg size categories of Pee 

Wee (<42.6g), Small (42.6-49.7g), Medium (49.7-56.8g), Large (56.8-63.9g) and Extra Large 

(>63.9g) (Agriculture Marketing Service, 2000). Jumbo was not used for this study. The 
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distribution of eggs within each USDA egg size category was calculated as a percentage of the 

total number of eggs collected within each treatment replicate group.  These same sampled eggs 

were assessed by trained individuals for exterior and interior quality based on the USDA egg 

grading manual (Agriculture Marketing Service, 2000). The distribution of eggs within each 

USDA grade category was calculated as a percentage of the total number of eggs collected 

within each treatment replicate group.  For example, the proportion of grade A was calculated as 

follows: ((Number of grade A eggs) / (Total number of sampled eggs) * 100. The percentages of 

grade Bs and loss as well as proportions of XL, L, M, S, and PW eggs were calculated in the 

same manner.  

Data Analysis: 

Data was analyzed using JMP 14.1 using ANOVA and treatments were determined 

statistically different from one another by using Tukeys HSD. Housing environment, period and 

the interaction of the two were the main effects. There were significant period effects and 

therefore by period Data is presented as means in all tables. Strain effects were found to be 

significant, but they were not found to impact the significance of treatment and therefore not 

included in the model. As a note in the results section below, treatment effects described as 

better, worse, higher, or lower are assumed statistically significant (P ≤ 0.05). 

RESULTS 

Egg solids: 

         Overall egg solids data is presented in table 2.1. Proportion of egg solids measure the dry 

matter content of eggs. There was no significant difference in egg solids between housing 

environments either overall or by period. 
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Egg Weights: 

 Overall egg weight, which is measured as grams/egg, is presented in table 2.1, while egg 

weight averages by period are shown in figure 2.1. Housing environment had a highly significant 

effect (P<0.0001) on egg weights of brown eggs. FR hens laid heavier eggs than CS hens by 

2.6g, ECS by 2.8g and CF by 2.8g, while CC hens laid the lightest eggs by 0.6g to 3.4g. Egg 

weight by period generally followed a trend typical of breeder standards, but some statistical 

differences were observed among housing environments during periods. FR hens had the highest 

egg weights for the entire trial, whereas CC, CS, ECS, and CF hen all had statistically similar 

egg weights for the whole trial although CC egg weights were almost always the lowest. 

USDA Egg Grades: 

 Overall USDA egg grade proportions (A, B, and loss) are presented in table 2.1, while 

egg grade proportions by period are shown in figures 2.2 (grade A), 2.3 (grade B), and 2.4 (loss). 

Housing environment had a significant effect on grade A proportions (P<0.0001), grade B 

proportions (P<0.05), and loss proportions (P<0.0001). The CF and FR hens laid the highest 

proportion of grade A eggs, by 6.1% to 9.8%, and the lowest proportion of loss eggs by 6.7% to 

9.3%. The CC hens laid 1.6% and 2.4% higher proportion of grade A eggs than CS and ECS 

hens, respectively, and laid a lower proportion of loss eggs than CS hens by 2.0%. CF hens laid 

more grade B eggs than CC and FR hens by 0.6% and 0.7%, respectively.  By period, grade A 

and loss proportions were consistent for all environments until period 10 when proportion of 

grade A eggs began to decrease and proportion of grade B eggs began to slightly increase for all 

environments and loss eggs began to slightly increase for CC, CS and ECS hens. CF and FR 

hens consistently produced the highest proportion of grade A eggs and the lowest proportion of 

loss eggs over the entire trial. CS and ECS hens also produced the lowest proportion of grade A 
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eggs and highest proportion of loss eggs for almost every period. During period 11, there was a 

spike in proportion of grade B eggs, where CC hens had higher proportion of grade B eggs than 

CC and ECS hens.  

Egg size distribution: 

USDA egg size proportions in each housing environment throughout the lay cycle is 

presented in table 2.2, whereas USDA egg size proportions by period is illustrated in figures 2.5 

(USDA XL), 2.6 (USDA L), and 2.7 (USDA M). Housing environment had a significant effect 

on proportion of XL eggs (P<0.0001), proportion of L eggs (P<0.0001), and proportion of M 

eggs (P<0.001). FR hens laid higher proportions of XL eggs, by 12.8% to 18.3% and the lowest 

proportion of L eggs by 11.9% to 16.7%. FR hens also laid 1.5% and 1.8% lower proportions of 

M eggs than CC and ECS, respectively. CC hens laid lower proportions of XL than CS, ECS, CF 

and FR hens by 4.8%, 3.6%, 5.5%, and 18.3%, respectively, whereas CC hens also laid 4.8%, 

3.8%, 4.8%, and 16.7% proportionally more L eggs than CS, ECS, CF and FR hens, respectively. 

Hens in all environments followed a trend typical of breeder standards, with XL proportions 

increasing over time and L and M proportions decreasing over time. FR hens consistently 

produced the highest proportion of XL eggs and lowest proportion of L eggs, while CC hens 

were shown to produce the lowest proportion of XL eggs and highest proportion of L eggs for 

several periods. During the first 2 periods (which were the only periods with significant 

difference in M egg proportions between housing environments) FR hens produced a lower 

proportion of M eggs than CC and ECS hens. 

DISCUSSION 

 During the past decade, the egg industry has moved towards greater usage of extensive 

housing environments in response to consumer demands and societal concerns about animal 
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welfare. Although caged housing is still the preferred environment for layer production, 

alternative environments, such as cage-free and colony cages, have started to become popular. 

Although these alternative housing environments may be more costly per hen housed, their 

economic feasibility is dependent upon the income generation associated with flock egg 

production rate, and the quality affecting marketability of the eggs produced. The few research 

reports that assessed egg production of different layer housing environments have shown 

conflicting or variable results related to egg quality (Abrahamsson & Tauson, 1995; Ahammed et 

al., 2014; Zita et al., 2018). Our study is a comprehensive evaluation of marketable egg 

characteristics produced by layers from five housing environments, and significant differences in 

several egg quality measurements were observed.  

 Consistently throughout the study, the percent solids of internal eggs sampled during 

each collection period were not affected by housing environment. The proportion of solids in 

eggs can be used to assess the nutritional and functional quality of the eggs, which is particularly 

economically important for processors of dry egg products (Icken et al., 2014). Indeed, total dry 

egg production is not only dependent upon percent solids in eggs, but also on the flock 

production rate and average egg size. Although few studies specifically evaluate solids content in 

eggs from in brown egg layers, Heflin et al. (2018) reported total mineral concentrations in 

brown eggs were within expected ranges, and not affected by housing environments. Our study 

agrees with a past study with white egg layers which showed that white egg layers in different 

housing environments had no difference in total dry contend of their eggs (Karcher et al., 2015). 

From other studies, total solids proportion of eggs appears to be mainly affected by hen age and 

strain (Ahn et al., 1997), whereas other research has shown that nutritional factors, such as 

nutrient density in the feed, do not affect egg solids proportion but only egg solids weight (Wu et 
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al., 2007). Because strain has been shown to affect egg solids proportion, the interaction between 

strain and housing environment may have had the potential to be a source of variation on the 

yield different egg quality characteristics (Yilmaz Dikmen at al., 2005; Ajeeli et al., 2018). 

 Housing environment had a significant effect on the average weight of eggs produced by 

brown egg layers, which is in contrast to several other studies reporting no difference in egg 

weight from hens housed in different environments (Ahammed et al., 2014; Al-Ajeeli et al., 

2018; Shimmura et al., 2010). These differences between the current study and the past studies 

can be attributed to differences in nutrition and genetics between the studies. In agreement with 

our study, Yilmaz Dikmen et al. (2005) observed FR hens laid heavier eggs than hens in colony 

cages, which was attributed to heavier bird weight. Although hen weight was not measured in 

our study, this could explain the difference in egg weight as studies have shown that larger hens 

lay larger eggs (Zhang et al., 2005). Al-Ajeeli et al. (2018) also found that CC hens produced 

eggs of lower average weight than FR hens, which agrees with our study. Our study did not find 

any difference in average egg weight produced by CS and ECS hens, which is consistent with 

other studies that observed no difference in eggs weights from hens in colony cages with or 

without enrichments (Neijat et al., 2011; Onbaşilar et al., 2015; Yilmaz Dikmen et al., 2016). In 

our study, the FR hens reached peak production at a later age than the other environments, as 

shown in manuscript 1. Robinson et al. (2007) found that when broiler breeder hen egg 

production is delayed, the reproductive tract of these hens is more developed and heavier. 

Similarly, Joseph et al (2002) found that a delay in egg production causes broiler breeders to lay 

heavier eggs. Therefore, FR hens likely laid heavier eggs due to the delay in sexual maturity, 

which allowed the FR hens to develop their reproductive tracts longer. 
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 A novel contribution of this study was the observed differences in the distribution of 

USDA egg grades as influenced by housing environment. Although assessing USDA egg grades 

is novel to this study, many published papers have analyzed the instances of broken and dirty 

eggs, which is included in the definition of USDA Loss. In agreement with our study, Ahammed 

et al. (2014) observed CC hens laid more cracked and dirty eggs than those hens in aviary or FR 

environments. On the other hand, Yilmaz Dikmen et al. (2016) observed FR hens laid more dirty 

eggs but fewer damaged eggs than CS and ECS hens. Onbasilar et al. (2015) also observed 

brown egg layers in both colony cage environments laid the same amount of cracked and dirty 

eggs. Our study did not identify the specific reasons for loss eggs, which would be worthy of 

future study. Although, the nesting enrichments used in this study influenced proportion of loss 

eggs as CF and FR hens, which had access to different nesting enrichments than other 

environments, laid less loss eggs than hens from other environments. Previous research has also 

shown that hens in extensive housing environments lay eggs with stronger shells than hens in 

intensive housing environments, which explains why CF and FR hens in our study laid a higher 

proportion of grade A eggs (Ahammed et al., 2014; Shimmura et al., 2010). Furthermore, FR 

and CF hens had access to their eggs before collection while the hens in cages did not. Therefore, 

there is a possibility that CF and FR hens have eaten any broken or cracked eggs that they 

produced, thereby underrepresenting the proportion of loss eggs.  

Our study also identified differences in the distributions of USDA egg sizes among 

housing environments which, like USDA egg grades, is novel to our study. The USDA egg size 

classifications are used to determine sales price of table eggs for consumers. Larger sized table 

eggs generally command a higher sales price than smaller sized eggs (Egg market news report, 

2020). In the United States, most table eggs sold fall into the large or extra-large categories 
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however, egg processors prefer the largest egg possible, as a bigger egg means more egg product. 

Breaker eggs make up about 30% of total egg production (Egg industry overview, 2019). In our 

study, USDA egg sizes were directly proportional to egg weight. FR hens had the heaviest eggs 

and therefore had the highest proportion of XL eggs. CC hens had the lowest egg weights and 

therefore the highest proportion of L and M eggs. As with egg weights, the delayed peak 

production in FR hens caused the FR hens to have not only more body resources to devote to egg 

production, but also a more developed reproductive system which allowed them to lay larger 

eggs.    

CONCLUSION AND APPLICATIONS 

1. The results of our study agree with our hypothesis, which states that extensive housing 

environments can have a positive effect on the egg quality parameters measured.  

2. Hens in more extensive environments had higher egg weights than hens in intensive 

environments, which indicates that enrichments positively affect egg weights of brown 

egg layers. 

3. The delay in peak production from free-range hens is believed to be a major contributing 

factor to the heavier egg weights and greater proportion of XL eggs from the free-range 

hens, allowing these hens more time to build body reserves and develop their 

reproductive tract. 

4. When comparing the two colony cages together, the data from our study does not show a 

difference between these environments which indicates adding enrichments to an 

environment without enrichments will not affect egg quality. However, as seen in 

manuscript 1, these enrichments in colony cages positively affected hen-housed egg 

production. 
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5. Cage-free and free-range hens laid a higher proportion of grade A eggs than hens in other 

environments which we attribute to the nest boxes that the cage-free and free-range hens 

had access to. We also predict the cage-free and free-range hens had stronger eggshells 

which would influence grade A proportion of eggs. 
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TABLES AND FIGURES 

Table 2.11: Effects of housing environment on egg weight, egg solids and USDA grade of brown 

egg layers.  

Housing 

Environment 

Egg Weight 

(g) 

Egg Solids 

(%) 

Grade A 

(%) 

Grade B 

(%) 

Loss 

(%) 

Caged 60.5c±0.1 23.8±0.1 90.2b±0.4 0.78b±0.1 9.0b±0.4 

Conventional Colony 61.1b±0.2 23.9±0.1 88.6c±0.4 0.92ab±0.1 10.5ab±0.4 

Enriched Colony 61.1b±0.2 23.8±0.1 87.8c±0.4 1.16ab±0.1 11.0a±0.4 

Cage Free 61.3b±0.2 23.9±0.1 96.3a±0.6 1.41a±0.2 2.3c±0.5 

Free Range 63.9a±0.2 24±0.1 97.6a±0.6 0.68b±0.2 1.7c±0.5 
1Values are means of study-wide averages 
a,b,cMean values within a column with different letter superscripts are significantly different 

(P<.05). 

 

 

Table 2.21: The effects of housing environment on USDA egg size distribution of brown egg 

layers 

Housing 

Environment 

XL 

(%) 

L 

(%) 

M 

(%) 

S 

(%) 

PW 

(%) 

Caged 60.4c±0.8 33.1a±0.8 5.12a±0.3 1.44±0.2 0±0.04 

Conventional Colony 65.2b±1.0 28.5b±0.9 4.67ab±0.3 1.65±0.2 0±0.05 

Enriched Colony 64b±1.0 29.3b±0.9 5.48a±0.3 1.12±0.2 0.1±0.05 

Cage Free 65.9b±1.3 28.3b±1.2 4.38ab±0.4 1.44±0.3 0±0.07 

Free Range 78.7a±1.3 16.4c±1.2 3.62b±0.4 1.35±0.3 0±0.07 
1Values are means of study-wide averages 
a,b,cMean values within a column with different letter superscripts are significantly different 

(P<.05). 
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Figure 2.1: The effect of housing environment on egg weight of brown egg layers by period 

 
*Signifies a significant effect (P<0.05) of housing environment during that period on hen-day 

production 
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Figure 2.2: The effect of housing environment on proportion of USDA grade A eggs of brown 

egg layers by period 

 
*Signifies a significant effect (P<0.05) of housing environment during that period on hen-day 

production 
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Figure 2.3: The effect of housing environment on proportion of USDA grade B eggs of brown 

egg layers by period 

 
*Signifies a significant effect (P<0.05) of housing environment during that period on hen-day 

production 
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Figure 2.4: The effect of housing environment on proportion of USDA grade loss eggs of brown 

egg layers by period 

 
*Signifies a significant effect (P<0.05) of housing environment during that period on hen-day 

production 
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Figure 2.5: The effect of housing environment on proportion of USDA extra-large eggs of brown 

egg layers by period 

 
*Signifies a significant effect (P<0.05) of housing environment during that period on hen-day 

production 
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Figure 2.6: The effect of housing environment on proportion of USDA large egg of brown egg 

layers by period 

 
*Signifies a significant effect (P<0.05) of housing environment during that period on hen-day 

production 
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Figure 2.7: The effect of housing environment on proportion of USDA medium egg of brown 

egg layers by period 

 
*Signifies a significant effect (P<0.05) of housing environment during that period on hen-day 

production 
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MANUSCRIPT III 

The effect of housing environment on egg production of commercial white egg layers 

ABSTRACT 

Consumer demand for eggs from alternative housing environments is driving the layer 

industry towards greater use of extensive housing environments. However, limited research is 

available on how these environments affect egg production characteristics of commercial white 

egg layers. Four housing environments were evaluated under typical industry conditions, 

including conventional cages (CC), enrichable colony cages (CS), enriched colony cages (ECS) 

and cage-free (CF) environments. We hypothesized that hens in cages would perform more 

favorably than hens in alternative environments. Seven different white egg laying strains were 

housed in the different environments and managed according to standard husbandry practices 

and stocking densities. Data collection for the strains began at 17 weeks of age, with a base 

period of 28 days for feed weigh-backs and egg production measurements. The housing 

environment had a significant (P<0.0001) effect on all egg production characteristics measured, 

including egg production rates (% hen-day and % hen-housed), feed consumption (g/bird/day), 

feed efficiency (egg g/feed g), and mortality rate (%). Hen-day egg production of these birds was 

81.3±0.3% for CS, 83.4±0.4% for CF, 84.2±0.3% for ECS and 84.6±0.2% for CC. Hen-housed 

production was the lowest for the CS environment at 70.0±0.3 followed by ECS at 79.1±0.3, CF 

at 79.2±0.5 and finally CC at 80.2±0.3. Feed consumption was the lowest for the CF birds at 

101.8±0.5g followed by CC at 105.4±0.3g, ECS at 107.4±0.3g and CC at 111.4±0.3g. Feed 

efficiency was the poorest in the CC environment at 0.450±0.0018 followed by ECS at 

0.481±0.0018, CC at 0.498±0.0016, and finally CF at 0.500±0.0026 g egg/g feed. The CF birds 

had the lowest mortality rate with an average period mortality of 5.22±2.82% followed by CC at 
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15.3±2.69%, ECS at 15.6±3.03%, and finally CS at 31.34±3.03%. White egg layers exhibited 

significantly better production characteristics in caged housing environments, however they also 

showed similar feed efficiency and lowest mortality rate in cage-free environments.  

INTRODUCTION 

 Eggs are a staple of the American diet, as both a standalone food and an ingredient. In 

2019 alone, the United States produced over almost 100 billion shell eggs (Egg industry 

overview, 2019). One constantly changing aspect of the egg industry is the housing 

environments in which the birds are raised. New technology is constantly being developed to 

improve the hen’s environment and respond to market pressures to adopt more extensive housing 

environments, such as cage-free and colony cages. In May of 2020, approximately 25% of the 

United States flock was housed in cage-free housing (Egg markets overview, 2020). 

 Market demands from consumers and retail groups have been the main driving factor in 

moving the egg industry away from the conventional cage environments and towards the 

adoption of more extensive housing environments. Many large grocers and restaurants have 

made pledges to only serve eggs produced by cage-free hens in the future (Jargon & Beilfuss, 

2015; Walmart, 2016). Furthermore, many states in the USA have passed laws banning the sale 

of eggs from battery cages, led most notably by California in 2008 (Shelled eggs: Sale for human 

consumption: Compliance with animal care standards, 1437). Fortunately for the egg industry, 

consumers appear to prefer to buy eggs produced in these extensive housing environments more 

now than in the past (Lusk, 2019; Rahmani et al., 2019). However, there is a major difference in 

operating costs among housing environments, with the more extensive ones being more 

expensive (Anderson, 2014). Fortunately for the layer industry, eggs from these environments 

can be sold for a premium and consumers are willing to pay this premium (Sumner et al., 2011). 
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 Regardless of the socioeconomics of housing environments for commercial egg layers, 

several studies performed over the past years have shown significant difference in egg 

production characteristics among housing environments, and many researchers conclude that 

white egg layers perform best in traditional conventional cage housing environments, and their 

performance worsens as the environments get more extensive (Bailey et al., 1959; Yilmaz 

Dikmen et al., 2016; Tauson, 2005). Unfortunately, there is little research that assesses the 

effects of housing environments utilizing modern white egg layers strains consuming typical 

corn-soy diets as in the United States of America. It has been shown that as technology and 

genetics improve, production performance changes as well (Anderson et al., 2013). Furthermore, 

it has been shown that applying research from one region to another can be problematic because 

of confounding practices, nutrition and genetics between regions (Rexroad et al., 2019). We 

hypothesize that white egg layers in intensive housing environments will have more desirable 

production traits than hens in extensive environments. The goal of this paper is to assess the 

economically important production traits of white egg layers in four different housing 

environments, while maintaining the same genetic strains, nutrition program, and husbandry 

practices across the environments used. The four housing environments evaluated include 

conventional cages (CC), enrichable colony cages (CS), enriched colony cages (ECS), and cage-

free environments (CF).  We aim to provide a complete and comprehensive assessment of white 

egg layer production performance in the most common commercial housing environments. 

MATERIALS AND METHODS 

Seven white egg layer strains were used in this study:  Hendrix-Genetics Dekalb and 

Hendrix-Genetics Babcock (Hendrix-Genetics BV, Boxmeer, The Netherlands), Hy-Line W-36 

(Hy-Line International, West Des Moines, IA), Lohman LSL-Lite and Lohman Nick Chick 
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(Lohmann Tierzuckt GmbH, Cuxhaven, Germany), Novogen Novowhite (Novogen, Pledran, 

France), and Tetra-Americana White (Tetra Americana LLC, Lexington, GA). These strains 

were chosen based on commercial availability in the US market. The chicks were sexed based on 

breeder recommendations (feather, color or vent sexing) and the females were kept. Each strain 

was identified by a strain code for record keeping, data analysis and anonymity. The husbandry 

practices during the brood, grow, and lay phases for all strains followed typical industry 

protocols as described in the 40th NCLP&MT (Anderson, 2016, 2018). Table 3.3 shows the diets 

(described in table 1.5 of manuscript 1) that were used in relation to rate of production and feed 

consumption for white egg layers.  

Layer Housing: 

Conventional Cage Environment (CC):  

The conventional cage laying environment was designed as a standard closed-sided house 

with forced ventilation. The cages were arranged in three tiers and utilized manure belts under 

each tier. Each cage measured 40.6cm (16in) high by 50.8cm (20in) deep by 121.9cm (48in) 

wide, thus providing 6,192.6cm2 (959in2) for 14 hens per cage with a stocking density of 445cm2 

(69in2) per bird. There was a total of 56 replicate units of two cages of 14 hens (28 hens per 

replicate) used for this trial. Each replicate unit of birds were fed by a trough system located on 

the outside of the cage. Nipple drinkers in each cage provided the birds with water. 

Enrichable Colony Cages (CS) and Enriched Colony Cages (ECS): 

A single windowless, power-ventilated house contained 42 replicate cages of each of the 

two types of colony cages. This house utilized a system that allowed for the control of feed 

(amount and diet) delivered to each replicate, and each cage was equipped with nipple waterers.  
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There was no difference in size between the enriched colony cages and the enrichable 

colony cages. Each cage was 53.3cm (21in) tall by 66cm (26in) deep by 243.8cm (96in) wide, 

thus providing 16000cm2 (2491in2) for 36 birds per cage at a stocking density of 445cm2 (69in2) 

of cage space per bird. The major differences between the enriched and enrichable cages were 

the contents of the cages. The enrichable cages were barren colony cages with only the feeder 

and waterer system in them. In contrast, the enriched colony cages contained several 

environmental enrichments, including nest boxes, roosts and a scratch area.  

Cage-Free Environment (CF): 

The environmentally controlled cage-free house was a high-rise design with slatted 

flooring and manure pit beneath. Each 243cm x 305cm (96in x 120in) pen had 74000cm2 

(11520in2) of floor space, half of which were covered in shavings and half were slats. A total of 

15 replicates of cage-free birds were used for this study. Feeders and waterers were placed in 

accordance with UEP guidelines. When the laying period began at 17 weeks of age, the replicate 

population was adjusted to 60 birds per pen to achieve a flock stocking density of 1,233cm2 

(192in2) per bird, 1,141cm2 (177in2) per bird when accounting for the space utilized by the 

feeding system. The birds were provided with feeder and waterer space in accordance with UEP 

guidelines. Each hen was provided 16cm of roosting space, and each pen contained 12 nesting 

boxes for a total of 1 nest box per 5 hens. 

Strains: 

Seven different layer strains were equally represented in this study. Table 3.1 shows the 

strains, the source of the strains and the number of replicates per environment. Each strain was 

identified by a strain code for record keeping, data analysis and anonymity.  
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Some replicates were molted during period 14 as part of another study. Our study is not 

concerned with molted birds. Therefore, the period 14 data from the molted birds that was 

removed from analysis. Table 3.2 shows the number of replications that were not molted. 

Data Collection: 

Data was analyzed using JMP 14.1 using ANOVA and treatments were determined 

statistically different from one another by using Tukeys HSD (P<0.05). Housing environment, 

period and the interaction of the two were the main effects. There were significant period effects 

and therefore data by period is presented as means in all tables. Strain effects were found to be 

significant however they were not found to impact the significance of treatment and therefore not 

included in the model. As a note in the results section below, treatment effects described as 

better, worse, higher, or lower are assumed statistically significant (P ≤ 0.05).  

Hen-day production is the amount of eggs laid based on the number of hens still in the 

trial after accounting for those removed because of morbidity or mortality while hen-housed 

production is the percentage of eggs produced based on the number of hens placed at the 

beginning of lay. Feed consumption was calculated on an average grams/bird/day basis during 

each period. Feed efficiency was calculated as a function of egg mass produced relative to feed 

consumption. Finally, mortality was calculated as the percentage of mortality that accumulated 

per replicate unit over the 19 observation periods relative to the total hens housed 

RESULTS 

Hen-Day Production: 

 Overall hen-day production, which adjusts for any mortality that may occur during the 

study, is presented in table 3.4, while production averages by period are shown in figure 3.1. 

Because hen-day production rate accounts for mortality that may occur during the study, it is a 
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measure of egg productivity of the hens that remain in the flock. Housing environment had a 

significant effect (P<0.0001) on hen-day production of white egg layers. The CC hens had 1.2% 

and 3.3% higher hen-day production than CF and CS, respectively.  The CS hens also had 2.1% 

and 2.9% lower hen-day production than CF and ECS, respectively. Hen-day egg production rate 

by period generally followed a trend typical of the breeder standards, but some statistical 

differences were observed among the housing environments.  The CC and ECS hens had the 

highest hen-day production rate for most of the study, whereas the CF hens had comparatively 

lower hen-day production rate during the first 10 weeks of lay. Finally, CS hens had substantially 

lower hen-day production rate than hens in the other environments between periods 4 and 10. 

Hen-Housed Production: 

 Average hen-housed production rate of hens housed in each environment over the entire 

cycle of lay are presented in table 3.4, whereas hen-housed production rate by period are 

presented in figure 3.2. Because hen-housed production rate does not adjust for any mortality or 

culled birds that may occur during the study, it is a measure of flock productivity and fitness. 

Housing environment had a highly significant effect (P<0.0001) on hen-housed production rate. 

Overall, the CS hens had 10.2%, 9.1%, and 9.2% lower hen-housed production rate than the hens 

in the CC, ECS, and CF environments, respectively. Although the hen-housed production rate by 

period followed a typical trend, the CS hens had substantially lower production than hens from 

the other environments after period 6 commensurate with a spike in mortality during this time. In 

contrast, the hens in the other housing environments (CC, ECS, and CF) sustained similar hen-

housed production rate throughout the lay cycle except for the CF hens which had superior egg 

production from lay period 16 to 19.  
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Feed Consumption: 

 Average feed consumption rate for hens in each housing environment throughout the lay 

cycle is presented in table 3.4, whereas feed consumption rate by period is illustrated in figure 

3.3. Housing environment had a highly significant effect (P<0.0001) on feed consumption rate, 

and each housing environment was significantly different from one another. The greatest feed 

consumption rate was observed among the hens in the colony cages, with the CS hens consuming 

4g more feed/bird/day than ECS hens. In contrast, CC hens consumed about 2 g less 

feed/bird/day than the ECS hens. Interestingly, the CF hens consumed 3.6g feed/bird/day less 

feed than the CC hens, the least amount of feed among all housing environments. Illustrating 

feed consumption rate by period revealed that the housing environment effects were most 

apparent after the peak of lay (Figure 3.3). Between periods 4 and 7, hens from all environments 

consumed the same amount of feed; but after period 7, feed consumption rate of CC, CS, and 

ECS hens began to increase with feed consumption increasing at the greatest rate among CS 

hens. In contrast, the feed consumption rate of the CF hens remained consistent throughout the 

lay cycle. 

Feed Efficiency: 

 Average feed efficiency of hens in each housing environment throughout the lay cycle is 

presented in table 3.4, whereas feed consumption rate by period is illustrated in figure 3.4. 

Housing environment had a highly significant effect (P<0.0001) on feed efficiency. Overall, both 

CC and CF hens had higher feed efficiency than ECS hens by 0.02 and CS hens by 0.05. 

Following the same trend as hen-housed egg production rate by period, feed efficiency started 

low, peaked with egg production, and then transiently decreased towards the end of the lay cycle. 

Feed efficiency by period remained consistent for both CF and CC treatment groups, although 
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CC hens, who had higher feed efficiency then CF hens for the beginning for the study, began to 

lose efficiency after period 16. ECS hens had similar feed efficiency as CC hens during the first 

9 lay periods, then decreased to a similar efficiency as the CF hens through to period 16, and 

then declined further thereafter. Finally, CS hens had the poorest feed efficiency among the 

housing treatments from period 5 until the end of the study.  

Mortality: 

 The effect of housing environment on total mortality rate over the entire lay cycle study 

is presented in table 3.4. Although mortality rate was not summarized and statistically analyzed 

by period as for the other production parameters, the hen-housed egg production data (Figure 

3.2) indicates that much of the housing effect on mortality rate occurred after period 10. Housing 

environment was found to have a highly significant effect (P<0.0001) on total mortality. The CS 

hens exhibited the highest mortality rate (31.3%) among the housing environment, 

commensurate with their inferior hen-housed egg production rate. The CC and ECS had similar 

mortality rates of about 15.5%, whereas the CF hens by far the lowest mortality rate of only 

5.2%.  Indeed, much of the differences in hen-housed egg production rate observed among the 

housing environments were associated with flock mortality rate and flock fitness. 

DISCUSSION 

 Housing environment was found to have a significant influence on both hen-housed and 

hen-day egg production. Our study agrees with several previous studies which found that CC 

hens and ECS hens had similar egg production (Neijat et al., 2011; Karcher et al., 2015; 

Tactacan et al., 2009). Furthermore, our study found that CS hens had lower egg production than 

hens in other environments, which disagrees with Onbaşilar et al. (2015) who found that white 

egg layers in both ECS and CS environments had similar hen-day egg production. This could be 
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due to the difference in mortality between studies. Most CF research is done utilizing the much 

newer aviary environment and not the slat/litter environment that our trial used. However, 

Karcher et al. (2015) found that egg production from white egg layers in CF aviaries was no 

different than egg production of CC hens, which is contrary to our study. Our study also 

disagrees with an older study that found CF hens had similar egg production to CC hens. This 

disagreement in results among studies could indicate that hen’s response to environment has 

changed over time (Bailey et al., 1959). The difference in results between our study and others 

also could be due to confounding factors among different regions, such as differences in 

genetics, nutrition and management. Research regarding enrichments shows that the addition of 

enrichments to the laying hen’s environment seems to reduce stress and startle responses 

(Campbell et al., 2019; Ross et al., 2019). Furthermore, higher levels of stress in egg layer have 

been shown to reduce egg production (Shini et al., 2009). Therefore, we hypothesize that CS 

hens were subjected to higher levels of stress than ECS hens simply because CS hens did not 

have access to enrichments, which would explain the why CS hens had lower production than 

ECS and CF hens.  

Housing environment had a significant effect on feed consumption. Karcher et al. (2015) 

showed there was no difference in feed consumption between hens in CF aviaries, CC hens and 

ECS hens, which is contradictory with our study. Furthermore, our study also disagreed with 

Onbaşilar et al. (2015), who showed CS and ECS hens consumed similar amounts of feed, and 

Tactacan et al. (2009), who found no difference in feed consumption between CC hens and ECS 

hens. Neijat et al. (2011) found that CC hens consumed less feed than ECS hens; although these 

researchers explained that aggressive feeding behaviors due to differences in feeding space could 

have caused the difference in feed consumption between CC and ECS hens. We attribute the 
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differences between our study and past studies to differences in management, nutrition and 

genetics between regions, as most of the past studies were not conducted in North America. As 

stated before, when housed in the CS environment hens had higher levels of stress than hens in 

other environments, which would explain why CS hens consumed more feed. Furthermore, our 

study also showed that CF hens consumed the least amount of feed, which was unexpected; 

however, CF hens did not produce as many eggs as the CC hens and ECS hens and therefore did 

not have the nutrient demand that the higher production hens had. 

 In general, our study showed that CF and CC hens had the highest feed efficiency while 

CS hens had the lowest. Onbaşilar et al. (2015) found no difference between CS hens and ECS 

hens, which disagrees with our study. Furthermore, our study disagrees with the results from 

Neijat et al. (2011) who showed no difference between CC hens and ECS hens. However, 

Tactacan et al. (2009) found that CC hens had better feed efficiency than ECS hens, which 

agrees with our study. When compared to an older study, our study agreed with Bailey et al. 

(1959) who found that CF and CC hens had the same feed efficiency. Studies have shown that as 

housing environments become more extensive, hens will become less feed efficient (van 

Krimpen et al, 2014). Therefore, we expected CC hens to have the highest feed efficiency. 

However, CF hens having similar feed efficiency to CC hens was unexpected. Regular visual 

contact with humans is shown to reduce fear response in layers (Jones, 1993). Furthermore, other 

studies have shown that hens subjected to levels of stress and fear will suffer from lower 

production parameters (O’connor et al., 2011; Shini et al., 2009). Therefore, since workers had 

to go inside the CF pens and interact with CF hens to collect eggs this interaction with the 

workers, over time, could mediate stress response; which could explain why CF hens had higher 

feed efficiency later in the study than in the earlier periods. Therefore, we hypothesize that 
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human interactions with hens, particularly those in extensive environments, can be beneficial to 

those hens by reducing chronic and acute stress. 

 The mortality data from our study showed that CF hens had the lowest mortality while 

CS hens had the highest mortality. Furthermore, ECS hens had lower mortality than CS hens.  

Several studies have shown that housing environment does not affect the mortality of white egg 

layers, which is contrary to what we found (Karcher et al., 2015; Tactacan et al., 2009). In an 

older study, Bailey et al. (1959) also did not find any difference in mortality between caged and 

cage-free environments. Interestingly, our study seems to be one of the only studies that shows a 

difference in mortality between housing environments. Research on industry egg laying 

operations has found differences in cause of mortality between laying environments. Fossum et 

al. (2009) found that FR and CF hens suffered from more bacterial, parasitic and cannibalistic 

problems than hens in cages, while hens in cages suffered from more viral problems when their 

non-cage counterparts. Cause of mortality for our study is unknown; however, we believe that 

stress and fear response were factors that lead to increased mortality in the CS environment. As 

stated previously, enrichments have been shown to mediate stress and fear responses in hens 

(Ross et al., 2019). Furthermore, other studies indicate that enrichments in the environment can 

positively affect the immune system of the laying hen (Matur et al., 2015). Therefore, we believe 

the reason that CF hens had the lowest mortality was due to the enrichments, and the reason the 

CS hens had high mortality was due to the lack of enrichments and larger flock size in a cage. 

Although CC hens lacked enrichments and had lower mortality than CS hen, CC hens also had 

higher mortality than the CF hens, which indicate that enrichment availability as well as flock 

size directly affect mortality. 
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 As seen in manuscript 1 (table 1.7), brown egg layers in colony cages had higher hen-day 

egg production than CC or CF hens, and ECS hens had higher hen-housed egg production than 

CC, CS or CF hens as well. White egg layers were similarly superior in the ECS environment in 

terms of hen-day egg production, although CC white egg layers were superior as well. White egg 

layers were also similar to brown egg layers in that CS hens had the lowest hen-housed egg 

production for both white and brown egg layers, although white egg layers in the CC and CF 

environment had high hen-housed production, while brown egg layers in the CC and CF 

environments had low hen-housed egg production. Both brown egg layers and white egg layers 

consumed the most feed when housed in colony environments, and the least feed in CF and CC 

environments. Finally, even though brown egg layer mortality was not statistically significant 

between the CC, CS, ECS, and CF environments, brown egg layers in the CS environment still 

reported higher mortality numbers, which is similar to the white egg layers that had statistically 

higher mortality in the CS environment. 

CONCLUSIONS AND APPLICATIONS  

1. Our study partly agrees with our hypothesis. We accept that intensive housing 

environments can be beneficial to white egg layers; however, we reject that extensive 

housing environments are not beneficial to white egg layers. 

2. Hens in conventional cages had high egg production and feed efficiency, which indicates 

that white egg layers are well disposed to conventional cages.  

3. Hens in the enrichable colony cage environment had lower production metrics than hens 

in conventional cages, which indicates that flock size influences white egg layer 

production. 
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4. Hens from both cage-free and the enriched colony cage environment had better 

production performance metrics than hens in the enrichable colony cages which not only 

indicates that white egg layers do not react well to enrichable colony cages, but also that 

enrichments can positively affect production and performance of white egg layers. 

5. When comparing both colony cages together, hens in enriched colony cages 

outperformed hens in enrichable colony cages in every performance aspect. This should 

be considered when constructing colony cages as enrichments are shown to be beneficial 

for white egg layers. 
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TABLES AND FIGURES 

Table 3.1: Housing environment and replicate allocation of white egg layer strains during the lay 

cycle 

Strain Strain Source 
Caged 

Reps 

Enrichable 

Reps 

Enriched 

Reps 

Cage Free 

Reps 

Dekalb Hendrix-Genetics 8 6 6 2 

Babcock Hendrix-Genetics 8 6 6 2 

W-36 Hy-Line International 8 6 6 3 

LSL-Lite Lohman 8 6 6 2 

Nick Chick Lohmann 8 6 6 2 

Novowhite Novogen 8 6 6 2 

White Tetra-Americana 8 6 6 2 

 

 

Table 3.2: Housing environment and replicate allocation of white egg layer strains during the 

post-molt cycle.  

 

Strain 
Strain Source 

Caged 

Reps 

Enrichable 

Reps 

Enriched 

Reps 

Cage Free 

Reps 

Dekalb Hendrix-Genetics 4 3 3 2 

Babcock Hendrix-Genetics 4 3 3 2 

W-36 Hy-Line International 4 3 3 3 

LSL-Lite Lohman 4 3 3 2 

Nick Chick Lohmann 4 3 3 2 

Novowhite Novogen 4 3 3 2 

White Tetra-Americana 4 3 3 2 
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Table 3.3: Feeding program of diets according to egg production rate and ad libitum 

consumption rate of brown layers 

Rate of production 

Consumption 

(grams/100 birds/day) Diet Fed 

Pre-production < 9.52 D 

Pre-peak and > 90% 

<10.43 D 

10.43 – 12.20 E 

>12.20 F 

90% - 80% 

<11.29 F 

11.29 – 12.20 G 

>12.20 H 

70% - 80% 

<11.29 H 

11.29 – 12.20 I 

>12.20 M 

<70% 

<11.29 M 

11.29 – 12.20 N 

>12.20 O1 

1Feed O was not used during this study 

 

 

 

Table 3.4: The effect of housing environment on production parameters of white egg layers 

Housing 

Environment 

Hen-Day 

Prod. (%) 

Hen-

Housed 

Prod. (%) 

Feed Cons. 

(g/bird/day) 

Feed Efficiency 

(egg g/g feed 

consumed) 

Mortality 

(%) 

Caged 84.6a±0.2 80.2a±0.3 105.4c±0.3 0.50a±0.002 15.3bc±2.6 

Enrichable Colony 81.3c±0.3 70.0b±0.3 111.4a±0.3 0.45c±0.002 31.3a±3.0 

Enriched Colony 84.2ab±0.3 79.1a±0.3 107.4b±0.3 0.48b±0.002 15.6b±3.0 

Cage Free 83.4b±0.4 79.2a±0.5 101.8d±0.5 0.50a±0.003 5.2c±3.6 
1Values are means of study-wide averages 
a,b,cMean values within a column with different letter superscripts are significantly different 

(P<.05). 
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Figure 3.1: The effect of housing environment on hen-day production of white egg layers by 

period. 

 
*Signifies a significant effect (P<0.05) of housing environment during that period on hen-day 

production 
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Figure 3.2: The effect of housing environment on hen-housed production of white egg layers by 

period. 

 
*Signifies a significant effect (P<0.05) of housing environment during that period on hen-housed 

production 
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Figure 3.3: The effect of housing environment on feed consumption of white egg layers by 

period. 

 
*Signifies a significant effect (P<0.05) of housing environment during that period on feed 

consumption 
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Figure 3.4: The effect of housing environment on feed efficiency of white egg layers by period. 

 
*Signifies a significant effect (P<0.05) of housing environment during that period on feed 

efficiency 
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MANUSCRIPT IV 

The effect of housing environment on marketable egg quality of commercial white egg layers 

ABSTRACT 

The commercial layer industry is being driven towards using more extensive housing 

environments in today’s market. Unfortunately, there is little research exploring the effect of 

housing environments on marketable egg quality of white egg laying chickens, as is the focus of 

our study. A correlation between housing environment and egg quality has been shown, but this 

effect has not been studied under typical modern conditions in the United States. The objective 

of our study was to identify the effect of housing environments on egg quality and egg solids. 

Four housing environments were evaluated in this study, including conventional cages (CC), 

enrichable colony cages (CS), enriched colony cages (ECS), and cage-free (CF) environments. 

Seven white egg laying strains were housed in each of the different housing environments and 

managed according to standard husbandry practices and stocking densities. Data collection for 

the strains began at 17 weeks of age, with a base period of 28 days for feed weigh-backs and egg 

quality measurements. Egg quality measurements included egg solids (%), egg weight (g/egg), 

proportions of USDA grade As, Bs and loss (%) and proportions of USDA egg sizes XL, L, M, 

S, and PW (%). These egg quality measurement data were statistically analyzed using ANOVA 

of JMP 14.1 and treatments were determined statistically different from one another by using 

Tukeys HSD (P<0.05). Housing environment had a significant effect (P<0.05) on egg solids, egg 

weights, proportions of grade A and loss, and proportions of XL, L, and S. Housing environment 

had no effect on proportion of grade B and proportions of USDA M and PW. CF hens had the 

highest proportion of egg solids at 24.8±0.2%, followed by CC hens at 24.5±0.1% CS hens at 

24.4±0.1%, and ECS hens at 24.1±0.1%. CC hens had the highest egg weights at 61.6±0.1g, 
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followed by CS hens at 61.2±0.1g, ECS at 24.1±0.1g, and CF at 60.5±0.1g. CF hens laid the 

highest proportion of grade A eggs at 91.7±0.2%, followed by CC hens at 91.7±0.2%, ECS hens 

at 90.3±0.3% and CS hens at 89.7±0.3%. Conversely, CS hens had the highest proportion of loss 

eggs at 9.6±0.3%, followed by ECS hens at 8.9±0.3%, CC hens at 7.7±0.2%, and CF hens at 

4.1±0.4%. CC hens laid the highest proportion of XL eggs at70.1±0.5%, followed by CS hens at 

67.3±0.5%, ECS at 65.8±0.5%, and CF at 61.1±0.8%. CF hens laid the highest proportion of L 

eggs at 31.9±0.8%, followed by ECS hens at 26.2±0.5%, CS hens at 24.7±0.5%, and CC hens at 

22.7±0.5%. Finally, CS hens laid the highest proportion of S eggs at 3.8±0.2%, followed by CC 

and ECS hens at 3.6±0.2% and CF hens at 2.4±0.3%. White egg layers exhibited larger egg 

weight and size characteristics in the CC environment, while hens in the CF environment showed 

higher egg solids proportions and better egg grades. 

INTRODUCTION 

In North America, eggs are a staple of the average diet, not only as a standalone food but 

also as part of value-added products.  In 2019 alone, the American egg industry produced 99.1 

billion eggs (Egg industry overview, 2019). Public scrutiny about animal welfare has caused the 

industry to move towards greater adoption of alternative and extensive housing environments. 

By the end of 2019, it was reported that 20% of the US egg producing flock was reared in cage-

free environments (Ibarburu, 2018). Clearly the industry is moving towards greater adoption of 

extensive housing environments, but it is not always clear what housing environment is best for 

the various production and market scenarios that may prevail at the time.  

 Ballot initiative legislation, consumer interest groups, and large retailers have influenced 

the egg industry towards greater adoption of extensive housing environments. Beginning with 

California in 2008, several states have banned the production and sale of eggs from conventional 
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cages (Shelled eggs: Sale for human consumption: Compliance with animal care standards, 

1437). Consumers have also become more concerned with animal welfare than previously, and 

therefore demand more eggs produced from extensive housing environments (Lusk, 2019; 

Rahmani et al., 2019). Furthermore, many grocers and restaurants have pledged to sell only 

cage-free eggs in the future (Jargon & Beilfuss, 2015; Walmart, 2016). Even though demand for 

eggs from these environments has increased, there are major differences in operating costs 

between environments, with more extensive environments being more expensive due to 

increased labor costs (Anderson et al., 2014). Fortunately for the layer industry, eggs from these 

environments can be sold for a premium to cover the increase in costs (Sumner et al., 2011). 

 Studies in alternative housing environments, particularly with white egg layers, are 

limited. Although research from the Middle East and the United Kingdom has shown that 

different housing environments can cause differences in egg quality characteristics; these papers 

demonstrate that egg size and marketable egg quality can be affected by housing environment 

(Karcher et al., 2015; Lewko & Gornowicz, 2011; Onbaşilar et al., 2015). The extent of these 

differences is inconclusive as these papers do not evaluate all the most popular housing 

environments at once. Furthermore, studies focused on USDA egg size and grades are very 

limited. Understanding how egg size distribution and grades are affected by housing 

environment is important as eggs produced and sold in the United States of America are 

marketed based on USDA size and grade.  

 Laying hen studies done in the Middle East and the United Kingdom typically utilize 

different strains, nutrition and even management practices than what is used in North America. 

Conducting studies that compare housing environments in North America is important to avoid 

any confounding from genetics, nutrition or management practices that may be different between 
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regions (Rexroad et al., 2019). Indeed, differences in nutrition and strain improvements have 

been shown to alter egg quality and size (Al-Ajeeli et al., 2018; Anderson et al., 2013). We 

hypothesize that white egg layers in intensive environments will have better marketable egg 

quality characteristics than white egg layers in extensive environments. The goal of this paper is 

to identify and be able to rank egg characteristics (size, USDA size distribution, USDA grade 

and egg solids percent) from hens in four housing environments for commercial layers by using 

modern genetic strains, nutrition and husbandry practices common to North American 

commercial producers. We aim to provide a complete and comprehensive evaluation of egg 

quality characteristics in the most common commercial housing environments in white egg 

layers. 

MATERIALS AND METHODS 

Husbandry practices lay phases for all strains followed typical industry protocol 

described the 40th NCLP&MT reports (Anderson, 2018). Strains and strain assignments 

followed the same protocol as in manuscript 3 (table 3.1 & 3.2). Housing design and 

environments are also described in manuscript 3. 

 All data collection practices are described in manuscript 1. At period 14 some birds were 

molted as part of another study, which was not concerned of our study. Therefore, the period 14 

data from the molted birds was removed from analysis. Table 3.2 shows the number of 

replications that were not molted. 

Data was analyzed using ANOVA of JMP 14.1 (SAS, Cary, NC) and treatments were 

determined statistically different from one another by using Tukeys HSD (P<0.05). Housing 

environment, period and the interaction of the two were the main effects. There were significant 

period effects and therefore data by period is presented as means in all tables. Strain effects were 
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found to be significant however they were not found to impact the significance of treatment and 

therefore, strain was only considered as a block error term in the model. As a note in the results 

section below, treatment effects described as better, worse, higher, or lower are assumed 

statistically significant (P ≤ 0.05).  

Egg solids, egg weights, and USDA egg grades and sizes measured are described in more 

detail in manuscript 2. Measuring egg solids is a way to calculate the percentage of dry matter in 

the yolk and albumen of the egg and is measured by drying the interior egg components and 

weighing them against whole egg weight (without the shell). Egg weight and USDA size and 

grade proportions were collected on the same eggs. Egg weight was calculated on a grams/egg 

basis on the same day each period. USDA egg grades proportions were scored by trained 

individual and based on the USDA egg grading manual (Agriculture Marketing Service, 2000). 

Eggs were segregated into the USDA egg sized categories currently used for marketing eggs 

(Agriculture Marketing Service, 2000). Jumbo was not used for this study. USDA egg weights 

and sizes are presented as a proportion of eggs laid. 

RESULTS 

Egg Solids: 

 Overall egg solids data is presented in table 4.1. Proportion of egg solids measure the dry 

matter content of eggs. Housing environment had a significant effect (P<0.05) on egg solids 

percentage. CF hens had a higher percentage of egg solids than ECS hens by 0.7%.  

Egg weights: 

 Overall egg weight, which is measured as grams/egg, is presented in table 4.1, while egg 

weight averages by period are shown in figure 4.1. Housing environment had a significant effect 

(P<0.0001) on egg weights of white eggs. CC hens laid heavier eggs than CS, ECS and CF hens 
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by 0.4g, 0.7g, and 1.1g, respectively; while CF also laid lighter eggs than CS and ECS hens by 

0.7g and 0.4g, respectively. By period, egg weights followed a trend typical of breeder standards, 

increasing over time. CF hens had the highest egg weights until peak production, after which the 

CF hens had the lowest egg weights. After peak, CC hens had the heaviest egg weights until 

period 10. After period 10 CS and ECS hens had similar egg weights to CC hens. 

USDA Egg Grades:  

 USDA egg grade proportion averages (A, B and loss) across the whole study are 

presented in table 4.1, while egg grade proportions by period are presented in figures 4.2 (grade 

A) and figure 4.3 (loss). Housing environment had a significant effect (P<0.0001) on proportions 

of grade A and loss. CF hens had 2%, 1.4%, and 3.5% higher proportions of grade A eggs than 

CS, ECS, and CF hens, respectively. CC hens also laid a higher proportion of grade A eggs than 

CS and ECS hens by 2.0% and 1.4%, respectively. Conversely, CF hens laid 3.6%, 5.5%, and 

4.8% lower proportions of loss eggs than CC, CS and ECS hens, respectively. CC hens also laid 

a lower proportion of loss eggs than CS and ECS hens by 1.9% and 1.2%, respectively. Grade B 

proportions were unaffected by housing environments. By period, grade A proportions fell 

slightly, and loss proportions rose slightly for all environments as the hens aged. CF hens 

consistently laid the highest proportions of grade A eggs and lower proportions of loss eggs. ECS 

hens laid a lower proportion of grade A eggs and a higher proportion of loss eggs during the 

beginning of the study; however after period 6, CS hens laid a lower proportion of grade A eggs 

and a higher proportion of loss eggs than hens from the other environments during many periods 

between period 6 and 13. CC hen grade A and loss proportions remained between the CF hens 

and colony cage hens for the majority of the study.  
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USDA Egg Size Distributions: 

 USDA egg size proportions for each housing environment throughout the lay cycle is 

presented in table 4.2, whereas USDA egg size proportions for each housing environment by 

period is presented in figures 4.4 (USDA XL), 4.5 (USDA L), and 4.6 (USDA S). Housing 

environment had a significant effect on proportion of XL eggs (P<0.0001), proportion of L eggs 

(P<0.0001), and proportion of S eggs (P<0.001) from white egg layers. CC hens laid 2.8%, 

4.3%, and 9.0% more proportions of XL eggs than CS, ECS and CF hens, respectively. CF hens 

also laid proportionally less XL than CS and ECS hens by 6.2% and 4.7%, respectively. 

Conversely, CC hens laid proportionally less L eggs than CS, ECS and CF hens by 2.0%, 3.5% 

and 9.2%, respectively, while CF hens also laid proportionally less loss eggs than CS and ECS 

hens by 7.2% and 5.7%, respectively. Furthermore, CF hens laid 1.2%, 1.4%, and 1.2% less 

proportions of S eggs than CS, CS, and ECS hens, respectively. Following the same trend as egg 

weights, proportions of XL eggs increased as the hens aged, while proportions of L, M, and S 

eggs decreased. CC hens consistently produced the highest proportions of XL eggs and lowest 

proportions of L eggs across the study, while CF hens consistently produced the lowest 

proportions of XL eggs and highest proportions of L eggs across the study.  

DISCUSSION 

 The egg industry has begun to move towards greater adoption of extensive housing 

environments in response to consumer demands and societal concerns about animal welfare. 

Although caged housing is still popular, other environments, such as cage-free and colony cages, 

are being adopted to appease concerns from consumers, retailers and government agencies. 

Although these alternative housing environments may be more costly per hen housed, their 

economic feasibility is dependent upon the income generation associated with flock egg 
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production rate, and the quality affecting the marketability of the eggs produced. Previous 

research has shown that housing environments do affect these marketable egg qualities 

(Onbaşilar et al., 2015), while other research shows no difference between some of the 

environments (Karcher at al., 2015; Tactacan at al., 2009). Our study evaluated marketable egg 

quality from four housing environments used in North America and found significant differences 

in most parameters.  

 Our study found that CF hens had higher proportions of egg solids in their eggs than ECS 

hens. The proportion of solids in eggs can be used to assess the nutritional and functional quality 

of eggs, which is particularly economically important for processors of dry egg products (Icken 

et al., 2014). Indeed, total dry egg production is not only dependent upon percent solids in eggs, 

but also on the flock production rate and average egg size. Studies evaluating general egg solids 

are rather limited; however, Heflin et al. (2018) reported total mineral concentrations in brown 

eggs from different environments were within expected ranges, and not affected by the housing 

environment. Karcher et al. (2015) reported that ECS hens had a lower proportion of egg solids 

than CF aviary hens, which agrees with our study. Jones et al. (2014) found that CC hens were 

no different from ECS, which also agrees with our study as well. It is currently unknown why 

egg solids content was affected by the housing environment. Indeed, studies have shown that 

neither nutrient density (Wu et al., 2007) nor egg weight (Fletcher et al., 1982) affect egg solids 

proportion. Two areas whos’ effect on egg solids have not been determined are water 

consumption and hen activity. Therefore, we hypothesize that either water consumption or 

activity between environments could cause the difference in egg solids we identified. 

 In contrast with our study, several other studies show no difference in egg weight 

between environments (Neijat et al., 2011; Shimmura et al., 2010; Tactacan et al., 2009). Our 
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study does agree with Onbaşilar et al. (2015) who found no difference in egg weight between CS 

and ECS hens. Furthermore, Zita et al. (2018) found that there was a difference between CC and 

CF hens, but Zita showed that CF hens laid heavier eggs, which is contrary to our study. As 

stated before, we attribute variations between our study and past studies to differences in 

management, nutrition and genetics across regions and time. Furthermore, hen weight was not 

measured as part of this study, which could be a cause of the variation. Several studies have 

shown that larger hens lay larger eggs (Yilmaz Dikmen et al., 2016; Zhang et al., 2005). Figures 

3.1 and 3.2 in chapter 3 indicate CF hens began laying sooner than hens from other 

environments. The reason that CF hens had higher pre-peak production than hens in the other 

environments is currently unknown. Although the CF hens reached peak production at 

approximately the same time as the other environments, high pre-peak egg production could 

indicate that the CF hens reached sexual maturity sooner than hens in other environments. 

Studies have indicated that hens who reach sexual maturity sooner lay lighter eggs (Joseph et al., 

2012), which could be due to a smaller reproductive tract and less nutrient reserves (Robinson et 

al., 2007). Therefore, we postulate that CF hens laid lighter eggs than hens in other environments 

because CF hens began to lay sooner which caused a decrease in reproductive tract weight of CF 

hens. 

Observing the differences in egg grades between housing environments was a novel 

contribution of this study. It is important to assess egg grades as these grades are directly related 

to profits of commercial egg companies. Although utilizing USDA egg grades as a measurement 

of quality is rather novel, many published papers have studied the instances of broken and dirty 

eggs, which are included in the definition of USDA loss. Tactacan et al. (2009) showed that ECS 

hens produced more cracked and dirty eggs than CC hens, which agrees with the results found in 
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our study. Conversely, Shimmura et al. (2010) found no difference between housing 

environments in prevalence of cracked eggs (Shimmura et al., 2010). Our study found no 

difference in egg grade proportions between CS and ECS hens although Onbaşilar et al. (2015) 

found differences between these two cage environments. This study did not identify the reason 

for downgrading eggs, which would be worthy of future study and could explain some variation 

between the current study and past studies. Type of nesting enrichment likely had a significant 

affect in the variation between housing environments. CF hens had access to nest boxes with 

softer material than the other environments, which was apparently beneficial to egg grades from 

CF hens. Previous research has also shown that hens in extensive housing environments lay eggs 

with stronger shells than hens in intensive housing environments, which explains why CF hens in 

our study laid a higher proportion of grade A eggs (Ahammed et al., 2014; Shimmura et al., 

2010). Furthermore, CF hens had access to their eggs before collection while the hens in cages 

did not. Therefore, there is a possibility that CF hens ate any broken or cracked eggs that they 

produced, thereby underrepresenting the proportion of loss eggs.  

 This study also identified the difference of USDA size distributions among housing 

environments. USDA egg size classifications are used to determine sales price of table eggs to 

the consumer, and according to the May 2020 report, large and extra-large eggs command higher 

sales prices than smaller eggs in North America (Egg market news report, 2020). In the United 

States, most table eggs sold are large or extra-large, but for breaking eggs, producers prefer the 

largest egg possible as a bigger egg means more egg product. Breaker eggs make up about 30% 

of total egg production and therefore are an important part of the egg industry (Egg industry 

overview, 2019). In our study, USDA egg grades are directly related to measured egg weights. 

CC hens had the heaviest egg weights and therefore highest proportion of XL eggs and lowest 
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proportion of L eggs, while CF hens had the lowest egg weights and therefore also had the 

lowest proportion of XL eggs and highest proportion of L eggs. Unfortunately, research utilizing 

USDA sizes in different housing environments is severely limited and almost non-existent, as 

most of the research on this topic has taken place outside of the United States. Therefore, the 

measurement of USDA egg size distribution is rather novel. Interestingly, even though CF eggs 

with the lowest average egg weight than the other cage environment, CF hens also laid least S 

eggs than any other cage environment. Our data shows that as CF hens begin to lay, they laid 

heavier eggs than the other environments. This could indicate that CF hens were more sexually 

mature in the beginning of the study but could not continue laying heavier eggs as their 

reproductive system was smaller (Joseph et al., 2012; Robinson et al., 2007). 

 As seen in manuscript 2, brown egg layers not only lay larger eggs in extensive 

environments, but also lay a higher proportion of grade A eggs than other brown egg layers in 

intensive environments. White egg layers are similar to the brown egg layers in that the white 

egg layers had higher grade A and lower loss egg proportions in extensive environments 

however, unlike the brown egg layers from manuscript 2, the white egg layers laid larger eggs in 

intensive environments while the brown egg layers laid larger eggs in the extensive 

environments. Furthermore, CS and ECS environments did not affect egg quality of brown or 

white egg layers. 

CONCLUSIONS AND APPLICATIONS  

1. The results of our study partly agree with our hypothesis. We accept that intensive 

environments can be beneficial to white egg layers however, we reject that extensive 

environments are not beneficial to white egg layers.  
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2. Cage-free hens produced eggs with higher solids content than hens from enriched colony 

cages although the reasons for this difference are unknown. 

3. White egg layers in intensive environments produced eggs of higher average weights than 

those in extensive housing environments, indicating that white egg layers are better suited 

for laying larger eggs in intensive environments.  

4. CF hens produced eggs of lower average weight throughout production than hens in other 

housing environments, apparently because of retarded reproductive tract development 

prior to peak production.   

5. There was no difference in egg quality between hens in enriched and enrichable colony 

cages, indicating that simply adding enrichments to an environment will have no effect 

on egg quality of white egg layers. However as seen in manuscript 3, enrichments benefit 

white egg layer production. 

6. Cage-free hens laid a higher proportion of grade A eggs than hens in the other 

environments, apparently because of access to the nest boxes where lower grade eggs 

with weaker shells are more easily broken or consumed by the hens.  
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TABLES AND FIGURES 

Table 4.11: Effects of housing environment on egg weight, egg solids and USDA grade of brown 

egg layers.  

Housing 

Environment 

Egg Solids 

(%) 

Egg Weight 

(g) 

Grade A 

(%) 

Grade B 

(%) 

Loss 

(%) 

Caged 24.5ab±0.1 61.6a±0.1 91.7b±0.2 0.6±0.1 7.7b±0.2 

Enrichable Colony 24.4ab±0.1 61.2b±0.1 89.7c±0.3 0.8±0.1 9.6a±0.3 

Enriched Colony 24.1b±0.1 60.9b±0.1 90.3c±0.3 0.8±0.1 8.9a±0.3 

Cage Free 24.8a±0.2 60.5c±0.1 95.2a±0.4 0.7±0.1 4.1c±0.4 
1Values are means of study-wide averages 
a,b,cMean values within a column with different letter superscripts are significantly different 

(P<.05). 

 

 

 

Table 4.21: The effects of housing environment on USDA egg size distribution of brown egg 

layers 

Housing 

Environment 

XL 

(%) 

L 

(%) 

M 

(%) 

S 

(%) 

PW 

(%) 

Caged 70.1a±0.5 22.7c±0.5 3.6±0.2 3.6a±0.2 0.02±0.02 

Enrichable Colony 67.3b±0.5 24.7b±0.5 4.1±0.3 3.8a±0.2 0.04±0.02 

Enriched Colony 65.8b±0.5 26.2b±0.5 4.4±0.3 3.6a±0.2 0.02±0.02 

Cage Free 61.1c±0.8 31.9a±0.8 4.6±0.4 2.4b±0.3 0±0 
1Values are means of study-wide averages 
a,b,cMean values within a column with different letter superscripts are significantly different 

(P<.05). 
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Figure 4.1: The effect of housing environment on egg weight of white egg layers by period 

 
*Signifies a significant effect (P<0.05) of housing environment during that period on egg weight 
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Figure 4.2: The effect of housing environment on USDA grade A egg production of white egg 

layers by period 

 
*Signifies a significant effect (P<0.05) of housing environment during that period on USDA 

grade A egg production 
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Figure 4.3: The effect of housing environment on USDA loss production of white egg layers by 

period 

 
*Signifies a significant effect (P<0.05) of housing environment during that period on USDA loss 

egg production 
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Figure 4.4: The effect of housing environment on USDA extra-large production of white egg 

layers by period 

 
*Signifies a significant effect (P<0.05) of housing environment during that period on USDA XL 

egg production 
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Figure 4.5: The effect of housing environment on USDA large production of white egg layers by 

period 

 
*Signifies a significant effect (P<0.05) of housing environment during that period on USDA L 

egg production 
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Figure 4.6: The effect of housing environment on USDA medium production of white egg layers 

by period 

 
*Signifies a significant effect (P<0.05) of housing environment during that period on USDA M 

egg production 
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FINAL CONCLUSIONS 

 Consumer demand for eggs and egg products from more welfare-focused housing 

environments has driven the commercial egg industry towards greater usage of colony cages and 

the cage-free systems in recent years. In 2019, nearly 20% of the United States laying flock were 

housed in cage-free housing systems. Differences in production and egg quality among different 

laying hen housing systems has been demonstrated, but most this modern research was 

performed outside of North America where confounding factors of genetics, nutrition and 

management are evident.  Due to these regional and production management differences, it is 

important to perform controlled studies that evaluate the effect of housing environment utilizing 

consistent genetics, nutrition and management practices typical for North America. In this thesis 

we hypothesized that both brown and white egg layers would exhibit the best production 

performance in intensive housing environments, while brown and white egg layers will exhibit 

the best egg quality characteristics in extensive environments.  

 The objective of the first manuscript was to evaluate production performance 

characteristics (hen-day production, hen-housed production, feed consumption, feed efficiency, 

and mortality) of brown egg layers housed in different housing environments (conventional 

cages, enrichable colony cages, enriched colony cages, cage-free, and free-range). The data 

indicates that brown egg layers exhibited superior production performance, particularly in egg 

production, feed efficiency and mortality, when housed in extensive environments, principally 

the enriched colony cages, cage-free and free-range environments. This manuscript also 

demonstrated that brown egg laying hens housed in enrichable colony cages were severely 

disadvantaged and had much lower production performance (hen-house production, feed 

efficiency, feed consumption and mortality) than hens in other environments. From this 
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manuscript we rejected our original hypothesis that brown egg layers will have better production 

performance in intensive housing environments, and we conclude that brown egg layers had 

better production performance in extensive housing environments, particularly enriched colony 

cages, cage-free and free-range. 

 The objective of the second manuscript was to evaluate marketable egg quality 

(proportion of egg solids, egg weights, USDA egg grades, and USDA egg sizes) of commercial 

brown egg layers in different housing environments (conventional cages, enrichable colony 

cages, enriched colony cages, cage-free, and free-range). Our study found that there was no 

difference in egg solids from eggs laid in different housing systems. Furthermore, our study 

observed that hens in extensive environments laid larger eggs than hens in intensive 

environments, and egg size proportions followed this trend as well. Finally, our study revealed 

that hens in extensive systems, particularly hens in the cage-free and free-range environments, 

produced the lowest proportion of loss eggs while hens in colony cages laid the highest 

proportion of loss eggs. Therefore, we accept our hypothesis that brown egg layers will have 

better marketable egg quality in extensive environments. 

 For manuscript 3, our objective was to evaluate production performance (hen-day 

production, hen-housed production, feed consumption, feed efficiency, and mortality) of white 

egg layers in different housing environments (conventional cages, enrichable colony cages, 

enriched colony cages, and cage-free). Data from this study identified that enrichable colony 

cages caused very poor production performance from hens housed in this environment. Also, this 

manuscript illustrates that conventional cages are the most ideal housing environment for white 

egg layers, as hens in conventional cages exhibited better production performance, although 

enrichments were shown to be beneficial to white egg layers as well. From the results of this 
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manuscript, we accept our hypothesis that white egg layers will have better production 

performance in intensive environments, however enrichments also enhance production 

performance in extensive environments. 

 In the final manuscript, our objective was to evaluate marketable egg quality (egg solids, 

egg weights, USDA egg grades, and USDA egg sizes) of white egg layers in different housing 

environments (conventional cages, enrichable colony cages, enriched colony cages, and cage 

free). The results of this manuscript revealed that cage-free hens produced eggs containing a 

higher proportion of egg solids than hens in enriched colony cages. The results from this study 

also identified that white egg layers in cages produced heavier eggs. Likewise, USDA egg sizes 

followed a similar trend as egg weight observations. Finally, hens in the cage-free environment 

produced the least amount of loss eggs, while hens in colony cages produced the most loss eggs. 

The results of this study partially agree and partially disagrees with our hypothesis that white egg 

layers will have better marketable egg quality in extensive housing environments. The white egg 

layers produced eggs with greater egg solids and better egg grades in the cage-free environment, 

but heavier egg weights and more USDA XL eggs when housed in the conventional cages.  

 In general, this thesis presents evidence that the enrichable colony cage environment 

caused poor production performance and marketable egg quality in both brown and white egg 

layers. The poor production performance in the enrichable colony cages is attributed to increased 

stress due to the larger flock size and the absence of enrichments. Furthermore, this thesis also 

reports that both brown and white egg layers in enriched colony cages had better production 

performance than hens in enrichable colony cages. Evidently, enrichments positively affect the 

production performance of both white and brown egg layers. Brown egg layers in the free-range 

environment demonstrated excellent production performance characteristics, particularly in egg 
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production, feed efficiency and mortality, which can be attributed to the range access that these 

hens were allowed. Fresh forage has been shown to improve feed efficiency as well as gut health, 

which may explain why the free-range hens had the lowest mortality and the highest feed 

efficiency in comparison to the other environments. This thesis also reported that both brown and 

white egg layers in extensive environments, particularly the cage-free and free-range 

environments, produced the lowest amount of loss eggs due to the hen’s access to nesting areas. 

In contrast, hens in colony cages produced the highest proportion of loss eggs due to greater 

activity. In conclusion, the research in this thesis identified that brown egg layers were best 

suited for extensive environments, particularly enriched colony cages, cage-free and free-range.  

Conversely, white egg layers were best suited for intensive housing environments, primarily 

conventional cages, although enrichments did positively affect white egg layer production in 

larger environments. 
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APPENDIX A: Supplemental tables for Manuscript 1 

Table A.1: The effect of housing environment on hen-day production of brown egg layers by 

period.  

Hen Day 

Production 
Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage-free Free-range 

1 28.9a±0.8 27.2a±1.0 26.4a±1.0 29.7a±1.3 5.9b±1.3 

2 95.8a±0.6 94.9a±0.7 96.2a±0.7 87.9b±0.9 80.2c±0.9 

3 95.8a±0.5 94.9a±0.6 96.2a±0.6 86.7b±0.8 93.6a±0.8 

4 96.2a±0.5 94.7a±0.6 95.9a±0.6 89.9b±0.7 94.8a±0.7 

5 94.5a±0.5 94.8a±0.6 95.6a±0.6 86.5b±0.8 95.2a±0.8 

6 92.7a±0.6 91a±0.7 92.2a±0.7 87.1b±0.9 93.7a±0.9 

7 90.8a±0.7 91.7a±0.8 92.8a±0.8 87.2b±1.1 93.5a±1.1 

8 88.6a±0.8 90.8a±0.9 91.2a±0.9 84.4b±1.2 92.4a±1.2 

9 87.1b±0.9 87b±0.1 88ab±0.1 80.2c±0.5 92.1a±0.5 

10 79.8b±1.3 83.7ab± 1.5 85.1ab±1.5 80.8b±2.0 89.7a±2.0 

11 76.2b±1.4 82.3a±1.6 83.6a±1.6 78.3ab±2.1 86.3a±2.1 

12 76.1b±1.2 83.5a±1.4 83.9a±1.4 80.9ab±1.9 85.1a±1.9 

13 78.3b±1.1 83.3a±1.3 83.4a±1.3 78.2ab±1.7 85a±1.7 

14 78.2±1.5 80.9±1.8 79.8±1.8 79.1±2.2 84.9±2.2 

15 74.6b±1.5 81.2a±1.7 78.6ab±1.7 80.6ab±2.1 83.8a±2.1 

16 72.2b±1.7 76.7ab±2.0 73.7ab±2.0 81.6a±2.5 80.7ab±2.5 

17 66.9b±2.1 72.6ab±2.5 68.9ab±2.5 79.1a±3.0 75.6ab±3.0 

18 63.4±2.6 67.5±3.0 63.5±3.0 74.8±3.7 73.7±3.7 

19 60.1±2.3 64±2.6 60.5±2.6 70.8±3.2 71.5±3.2 

a,b,cMean values within a row with different letter superscripts are significantly different (P<.05). 
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Table A.2: The effect of housing environment on hen-housed production of brown egg layers by 

period. 

Hen Housed 

Production 
Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage-free Free-range 

1 29.7a±0.8 27.2a±1.0 26.4a±1.0 29.7a±1.3 5.9b±1.3 

2 95.5a±0.6 94.5a±0.6 96a±0.6 87.7b±0.9 80.2c±0.9 

3 95.5a±0.6 94.2a±0.7 95.8a±0.7 86.3b±0.9 93.1a±0.9 

4 95.4a±0.6 94.1a±0.7 95.5a±0.7 89.4b±0.9 94.2a±0.9 

5 93.2a±0.6 94.1a±0.7 94.5a±0.7 86b±0.9 94.4a±0.9 

6 90.9a±0.7 90ab±0.8 90.8a±0.8 86.4b±1.0 92.7a±1.0 

7 88.4ab±0.8 89.9ab±1.0 90.8a±1.0 86.2b±1.3 92.3a±1.3 

8 85.3bc±1.0 88.2abc±1.1 88.2ab±1.1 83c±1.5 91.1a±1.5 

9 82.8b±1.2 83.5b±1.3 84.4ab±1.3 78.6b±1.8 90.4a±1.8 

10 74c±1.6 79.1bc±1.8 81.1ab±1.8 78.1ab±2.5 87.8a±2.5 

11 69.5b±1.8 74.7ab±2.1 79.1a±2.1 73.9ab±2.8 84.4a±2.8 

12 68.2b±2.0 74.4ab±2.3 78.8a±2.3 74.6ab±3.1 82.2a±3.1 

13 68.9b±2.1 72.3ab±2.5 77.4ab±2.5 70.5ab±3.3 82a±3.3 

14 66.6ab±3.9 61.1b±4.5 73.2ab±4.5 69.4ab±5.5 83a±5.5 

15 62.7ab±4.0 54.3b±4.6 70.8ab±4.6 70.2ab±5.6 80.4a±5.6 

16 60.5ab±4.1 54.7b±4.8 65.8ab±4.8 70.1ab±5.8 76.9a±5.8 

17 55.9±4.3 51.4±5.0 60.6±5.0 67.2±6.1 71.8±6.1 

18 53.1ab±4.4 46.1b±5.1 55.4ab±5.1 62.9ab±6.2 69.7a±6.2 

19 49.6ab±4.2 41.6b±4.9 51.1ab±4.9 59.0ab±6.0 67.3a±6.0 
a,b,cMean values within a row with different letter superscripts are significantly different (P<.05). 
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Table A.3: The effect of housing environment on feed consumed (grams/bird/day) of brown egg 

layers by period. 

Feed 

Consumed 
Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage-free Free-range 

1 90.1b±1.1 92.1b±1.3 88.2b±1.3 111.2a±1.7 90.5b±1.7 

2 105.6±1.1 106.3±1.2 105±1.2 109.8±1.7 111.3±1.7 

3 106.6c±1.0 112b±1.1 111b±1.1 103.2c±1.5 120.3a±1.5 

4 109.4b±0.9 112.4b±1.1 112.5b±1.1 107.9b±1.4 126.8a±1.4 

5 108.6b±1.0 111b±1.1 112.4b±1.1 108.2b±1.5 118.2a±1.5 

6 104b±1.1 108.8a±1.3 109.2a±1.3 101.7b±1.8 113.2a±1.8 

7 108.9ab±1.0 110.8a±1.2 112a±1.2 104.1b±1.6 112.2a±1.6 

8 104.8b±1.2 111.2a±1.4 111.9a±1.4 102b±1.8 111.1a±1.8 

9 105.1ab±1.4 110.3a±1.6 108.5a±1.6 98.6b±2.1 110.3a±2.1 

10 99.1c±1.2 108.4a±1.4 108.6a±1.4 101.7bc±1.9 107.9ab±1.9 

11 97.1c±1.4 105.1ab±1.6 107.9a±1.6 96.3c±2.1 99.9bc±2.1 

12 100.6c±1.2 110.9a±1.4 108.1ab±1.4 101.5bc±1.9 105.9abc±1.9 

13 106.3bc±1.4 112ab±1.6 112.9a±1.6 104.2c±2.1 110.2abc±2.1 

14 109.9±3.2 118.7±3.7 109.5±3.7 107.9±4.5 109±4.5 

15 108.5b±2.8 127.1a±3.2 117.5ab±3.2 109.7b±3.9 119ab±3.9 

16 107.2c±3.1 129.4a±3.5 121.8ab±3.5 110bc±4.3 119.4abc±4.3 

17 112±4.0 115.6±4.7 124.3±4.7 111.1±5.7 119.7±5.7 

18 115ab±3.2 120.4ab±3.7 124.7a±3.7 107.4b±4.5 124.1ab±4.5 

19 110b±3.0 123.8a±3.4 124.4a±3.4 106.3b±4.2 120.4ab±4.2 
a,b,cMean values within a row with different letter superscripts are significantly different (P<.05). 
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Table A.4: The effect of housing environment on feed conversion (egg grams/feed consumed) of 

brown egg layers by period. 

Feed 

Efficiency 
Housing Environment 

Period Cage 
Enrichable 

Colony 

Enriched 

Colony 
Cage-free Free-range 

1 0.15a±0.005 0.14ab±0.006 0.14ab±0.006 0.13b±0.008 0.03c±0.008 

2 0.48ab±0.011 0.48ab±0.013 0.49a±0.013 0.44ab±0.017 0.42b±0.022 

3 0.52a±0.006 0.5b±0.007 0.5ab±0.007 0.5ab±0.010 0.48b±0.010 

4 0.53a±0.006 0.51ab±0.007 0.51ab±0.007 0.5ab±0.010 0.48b±0.010 

5 0.53a±0.006 0.52ab±0.007 0.52ab±0.007 0.5b±0.010 0.53ab±0.010 

6 0.54±0.008 0.52±0.009 0.52±0.009 0.52±0.011 0.54±0.012 

7 0.51b±0.006 0.51b±0.007 0.51b±0.007 0.52ab±0.009 0.55a±0.009 

8 0.51±0.008 0.51±0.009 0.51±0.009 0.51±0.012 0.55±0.012 

9 0.5b±0.007 0.49b±0.008 0.5b±0.008 0.51b±0.010 0.55a±0.010 

10 0.49b±0.008 0.47b±0.009 0.48b±0.009 0.49b±0.012 0.54a±0.013 

11 0.48b±0.009 0.48b±0.010 0.47b±0.010 0.49ab±0.013 0.54a±0.013 

12 0.46b±0.008 0.46b±0.010 0.48ab±0.010 0.49ab±0.013 0.51a±0.013 

13 0.46b±0.008 0.47ab±0.010 0.46ab±0.010 0.47ab±0.013 0.51a±0.013 

14 0.45±0.016 0.43±0.019 0.47±0.019 0.46±0.023 0.52±0.023 

15 0.44±0.012 0.41±0.014 0.43±0.014 0.47±0.018 0.46±0.018 

16 0.43ab±0.015 0.38b±0.017 0.4b±0.017 0.48a±0.021 0.45ab±0.021 

17 0.38±0.021 0.43±0.024 0.36±0.024 0.46±0.029 0.42±0.029 

18 0.36b±0.017 0.37ab±0.020 0.33b±0.020 0.45a±0.024 0.4ab±0.024 

19 0.36bc±0.013 0.34bc±0.015 0.32c±0.015 0.44a±0.019 0.4ab±0.019 

a,b,cMean values within a row with different letter superscripts are significantly different (P<.05). 
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APPENDIX B: Supplemental tables for Manuscript 2 

Table B.1: The effect of housing environment on average egg weights (grams/egg) of brown egg 

layers by period 

Egg 

Weights 
Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free Free Range 

1 47.5±0.4 47.6±0.4 47.6±0.4 47.6±0.6 48.3±0.6 

2 52.9±1.1 53.5±1.2 53.1±1.2 55.4±1.7 57.8±1.7 

3 58.1b±0.4 58.3b±0.5 58.2b±0.5 58.9b±0.7 61.8a±0.7 

4 60.1b±0.4 60.6b±0.5 60.1b±0.5 60.3b±0.6 64.3a±0.6 

5 60.8b±0.4 60.9b±0.5 60.7b±0.5 61.9b±0.8 65.5a±0.8 

6 60.8b±0.4 61.7b±0.5 61.8b±0.5 60.9b±0.6 65.5a±0.6 

7 60.6b±0.4 61.9b±0.5 61.4b±0.5 60.6b±0.6 66a±0.6 

8 60.4b±0.6 62.5b±0.6 62.2b±0.6 61.6b±0.9 65.5a±0.9 

9 60.7b±0.4 61.8b±0.5 61.5b±0.5 62.3b±0.7 65.8a±0.7 

10 60.7b±0.5 61.2b±0.5 61b±0.5 62b±0.7 65.4a±0.7 

11 60.5±0.5 61.4±0.6 60.7±0.6 60.7±0.8 62.7±0.8 

12 61.2b±0.5 61.6±0.6 61.4±0.6 61.8±0.8 63.8a±0.8 

13 61.9b±0.5 62.5b±0.6 62.3b±0.6 62.7±0.8 65.2a±0.8 

14 62.9±0.9 63.3±0.9 63.8±0.9 62.7±1.1 65.4±1.1 

15 63.7±0.8 64±0.8 64.3±0.8 63.5±1.0 65.6±1.0 

16 63.1b±0.6 64±0.7 65.4±0.7 64.1±0.8 66.6a±0.8 

17 64.1±0.7 64.3±0.8 65.3±0.8 65.1±1.0 66.2±1.0 

18 64.7±0.6 64.4±0.7 65.8±0.7 64.8±0.9 66.6±0.9 

19 65±0.6 65±0.7 64.9±0.7 65.1±0.9 66.8±0.9 

a,bMean values within a row with different letter superscripts are significantly different (P<.05) 
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Table B.2: The effect of housing environment on proportion of grade A eggs of brown egg layers 

by period 

USDA 

Grade A 
Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free Free Range 

1 98±0.7 99.7a±0.8 97.7±0.8 95.9b±1.1 97.6±1.1 

2 94.7±1.0 93.2b±1.2 94b±1.2 99.7a±1.5 98.9±1.5 

3 94.2±1.2 92.5b±1.3 92.1b±1.3 97.3±1.8 99.3a±1.8 

4 90.9b±1.3 91.3b±1.5 86.8b±1.5 98.3a±2.0 100a±2.0 

5 92.6±1.4 92±1.6 88.2b±1.6 99a±2.2 99a±2.2 

6 92.2ab±1.5 89.1bc±1.7 83.3c±1.7 99a±2.3 98.7a±2.3 

7 89.7b±1.1 89.7b±1.3 91.2b±1.3 98.6a±1.8 97.7a±1.8 

8 91.4b±1.2 88.9b±1.4 91.4b±1.4 98a±1.8 98.7a±1.8 

9 93.2±1.2 88.4c±1.3 90.6bc±1.3 93.2ab±1.8 97.7a±1.8 

10 91.7±1.3 87b±1.5 88.2b±1.5 98a±2.1 97a±2.1 

11 89.2±1.6 82.4c±1.9 84.8bc±1.9 95.3a±2.5 93.7ab±2.5 

12 93.1a±1.6 84.4b±1.8 91±1.8 98a±2.4 98.3a±2.4 

13 86.3bc±1.8 88.8bc±2.0 83.7c±2.0 99a±2.7 95ab±2.7 

14 85±2.9 83.5±3.4 87.8±3.4 93.9±4.2 97.2±4.2 

15 90.1±2.8 81.3b±3.2 86.2±3.2 90±3.9 96.7a±3.9 

16 86.7bc±2.3 85.4bc±2.7 84.7c±2.7 97.2ab±3.3 98.3a±3.3 

17 87.4±2.5 89.2±3.8 86±3.8 93.9±3.5 96.7±3.5 

18 84.2b±2.8 86.5±3.1 78.8b±3.1 91.5±3.8 98.3a±3.8 

19 83.7±3.0 90.1±3.5 82.5±3.5 91.4±4.2 95.6±4.2 

a,b,cMean values within a row with different letter superscripts are significantly different (P<.05) 
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Table B.3: The effect of housing environment on proportion of grade B eggs of white egg layers 

by period 

USDA 

Grade B 
Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free Free Range 

1 0±0 0±0 0±0 0±0 0±0 

2 0±0 0±0 0±0 0±0 0±0 

3 0.4±0.2 0±0 0.2±0.3 0.7±0.2 0±0 

4 0±0 0.2±0.1 0±0 0±0 0±0 

5 0.2±0.2 0±0 0.4±0.2 0±0 0±0 

6 0.2±0.2 0±0 0.2±0.3 0.3±0.3 0.7±0.3 

7 0±0 0.2±0.1 0±0 0.4±0.2 0±0 

8 0±0 0.2±0.1 0±0 0.3±0.2 0±0 

9 0.3±0.3 0.4±0.3 0.4±0.3 0.7±0.4 0±0 

10 1.1±0.6 0±0 1.2±0.6 0.3±0.9 0.3±0.9 

11 0.4b±0.6 4.5a±0.7 1.7b±0.7 3.4±1.0 2±1.0 

12 0.3±0.4 1.5±0.4 0.2±0.4 0.3±0.6 1±0.6 

13 2.2±0.7 1.9±0.8 3.1±0.7 0.7±1.1 1.7±1.1 

14 1.3±0.9 2.3±1.0 2.2±1.0 0.6±1.3 1.7±1.3 

15 2.9±1.4 2.3±1.6 2.1±1.6 2.9±1.9 1.7±1.9 

16 0.7±0.7 0.8±0.8 1.8±0.8 0±0 0±0 

17 1.7±0.8 0±0 2.1±1.0 3.3±1.2 0.6±1.2 

18 2.8±1.2 0.6±1.4 2±1.4 5.1±1.7 0.6±1.7 

19 0.6±1.8 2.2±2.1 4.4±2.1 4.6±2.6 2.8±2.6 
a,bMean values within a row with different letter superscripts are significantly different (P<.05) 
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Table B.4: The effect of housing environment on proportion of loss eggs of brown egg layers by 

period 

USDA 

Loss 
Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free Free Range 

1 2±0.7 0.3b±0.8 2.3±0.8 4.1a±1.1 2.4±1.1 

2 5.3±1.0 6.8a±1.2 6a±1.2 0.3b±1.5 1.1±1.5 

3 5.5±1.1 7.5a±1.3 7.7a±1.3 2±1.7 0.7b±1.7 

4 9.1a±1.3 8.5a±1.5 13.2a±1.5 1.7b±2.0 0b±0 

5 7.2±1.3 8±1.5 11.4a±1.5 1b±2.1 1b±2.1 

6 7.6bc±1.4 10.9ab±1.7 16.5a±1.7 0.7c±2.2 0.7c±2.2 

7 10.3a±1.1 12.1a±1.3 8.8a±1.3 1b±1.8 2.3b±1.8 

8 8.6a±1.2 10.9a±1.4 8.6a±1.4 1.7b±1.8 1.3b±1.8 

9 6.5±1.2 11.2a±1.3 9ab±1.3 3.3bc±1.8 2.3c±1.8 

10 7.2bc±1.3 13a±1.5 10.6ab±1.5 1.7c±2.0 2.7c±2.0 

11 10.4ab±1.5 12.8a±1.8 13.5a±1.8 1.3c±2.4 4.3bc±2.4 

12 6.6bc±1.5 14a±1.7 8.8ab±1.7 1.7bc±2.3 0.7c±2.3 

13 11.5a±1.5 9.3ab±1.8 13.2a±1.8 0.3c±2.3 3.4bc±2.3 

14 13.7±2.8 14.2±3.2 10±3.2 5.6±4.0 1.1±4.0 

15 7±2.3 16.5a±2.7 11.6±2.7 3.9b±3.3 1.7b±3.3 

16 12.7±2.2 13.7a±2.6 13.5a±2.6 2.8±3.1 1.7b±3.1 

17 10.9±2.1 10.8±2.5 12±2.5 2.8±3.0 2.8±3.0 

18 13.1±2.6 12.9±3.0 19.2a±3.0 3.4b±3.6 1.1b±3.6 

19 15.7±2.9 7.7±3.4 13.1±3.4 4±4.1 1.7±4.1 
a,b,cMean values within a row with different letter superscripts are significantly different (P<.05) 
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Table B.5: The effect of housing environment on proportion of extra-large eggs of brown egg 

layers by period 

USDA 

XL 
Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free Free Range 

1 1.7±0.8 3.1±1.0 3.2±1.0 1.3±1.3 2.5±2.3 

2 19.7b±2.4 11.4b±2.7 11.6b±2.7 20.4b±3.6 42.5a±3.6 

3 50.5b±3.7 45.4b±4.3 41.7b±4.3 52ab±5.7 71.9a±5.7 

4 60.3b±3.5 63.4b±4.0 65.4b±4.0 67ab±5.4 85.7a±5.4 

5 65.6b±3.4 66.2b±3.9 67.4b±3.9 73.5ab±5.2 90.7a±5.2 

6 54.5b±2.8 71.2b±3.3 74b±3.3 66.9b±4.4 93.3a±4.4 

7 63.7b±2.9 73b±3.4 69.5b±3.4 73.1ab±4.5 89.1a±4.5 

8 63.7b±3.2 74.9ab±3.7 72.4b±3.7 66.9b±4.9 91.6a±4.9 

9 55b±3.4 67.1b±3.9 65.5b±3.9 69.9ab±5.2 87.6a±5.2 

10 56.1b±3.7 60.9b±4.3 66ab±4.3 73.6ab±5.7 85.7a±5.7 

11 55.4±4.2 63±4.9 56±4.9 58.2±6.5 69.3±6.5 

12 56b±3.7 68.3ab±4.2 66.6±4.2 71.3a±5.7 79.8a±5.7 

13 64.1b±3.3 69.3ab±3.8 70.1ab±3.8 71.4ab±5.1 84.6a±5.1 

14 75.6±4.8 75.8±5.6 76.6±5.6 75.4±6.8 85.5±6.8 

15 78.6±4.4 80.7±5.0 79.5±5.0 75.6±6.2 86.6±6.2 

16 67.9±6.4 81±7.4 73.8±7.4 80.5±9.1 82.1±9.1 

17 83.4±3.2 84.4±3.7 83.9±3.7 87±4.5 88.8±4.5 

18 84.8±3.2 86.7±3.7 86.4±3.7 82.6±4.5 87.8±4.5 

19 80.4±2.8 92.6±3.2 86.2±3.2 85.2±4.0 89.3±4.0 
a,bMean values within a row with different letter superscripts are significantly different (P<.05) 
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Table B.6: The effect of housing environment on proportion of large eggs of brown egg layers by 

period 

USDA 

L 
Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free Free Range 

1 5.4±1.3 2±1.5 1.9±1.5 4.1±2.0 6.9±2.0 

2 73.3a±2.2 76.4a±2.5 70.8ab±2.5 75.1a±3.3 56.9b±4.3 

3 48.5a±3.5 53.6a±4.0 57.3a±4.0 46.7ab±5.4 27.7b±5.4 

4 38.4a±3.4 36.2a±3.9 34.2a±3.9 33ab±5.2 14.3b±5.2 

5 32.3a±3.2 32.7a±3.7 31.6a±3.7 25.4ab±4.9 9b±4.9 

6 33a±2.7 26.6a±3.1 24.7a±3.1 30.1a±4.1 6.4b±4.1 

7 33.5a±2.7 24.9ab±3.2 27.9a±3.2 25.2ab±4.2 10.5b±4.2 

8 35.4a±3.0 24.6ab±3.5 26.2a±3.5 32.4a±4.7 8.4b±4.7 

9 44.4a±3.3 31.2a±3.8 33.6a±3.8 30.1ab±5.1 12.4b±5.1 

10 42.5a±3.6 37.8a±4.1 32.8ab±4.1 26.1ab ±5.5 14.3b±5.5 

11 41.8±4.0 36±4.7 43.3±4.7 41.5±6.3 29.7±6.3 

12 42.6a±3.4 31.4ab±4.1 32.7ab±4.1 28ab±5.3 19.2b±5.3 

13 35.1a±3.2 30ab±3.7 28.4ab±3.7 27.9ab±4.9 15.4b±4.9 

14 24.4±4.8 23.7±5.5 22.6±5.5 24±6.8 14.5±6.8 

15 21.4±4.3 18.7±5.0 20.5±5.0 24.4±6.1 13.4±6.1 

16 25±5.0 19±4.8 25.8±4.8 18.9±7.0 17.9±7.0 

17 16.6±3.2 15.6±3.7 16.1±3.7 13±4.5 11.2±4.5 

18 15.2±3.1 13.3±3.6 12.4±3.6 17.4±4.4 12.2±4.3 

19 19.6±2.8 7.4±2.3 13.8±2.3 14.1±4.0 10.7±4.0 
a,bMean values within a row with different letter superscripts are significantly different (P<.05) 
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Table B.7: The effect of housing environment on proportion of medium eggs of brown egg layers 

by period 

USDA 

M 
Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free Free Range 

1 67.4±3.0 65.8±3.4 73.8±3.4 68.2±4.6 64.9±4.6 

2 6.6bc±1.4 10.5ab±1.6 15.7a±1.6 3.8bc±2.1 0.5c±2.7 

3 1±0.4 1±0.5 1±0.5 1.3±0.6 0.3±0.6 

4 1.3±0.4 0.4±0.5 0.2±0.5 0±0 0±0 

5 1.8±0.5 1.2±0.6 0.9±0.6 1±0.7 0.3±0.7 

6 2.5±0.6 2±0.7 1.3±0.7 3±1.0 0.3±1.0 

7 2.7±0.7 2.1±0.8 2.4±0.8 1.7±1.1 0.4±1.1 

8 0.7±0.4 0.4±0.5 1.4±0.5 0.7±0.6 0±0 

9 0.6±0.4 1.1±0.5 0.8±0.5 0±0 0±0 

10 1.4±0.5 1±0.6 1.1±0.6 0.3±0.8 0±0 

11 2.6±0.6 1±0.7 0.8±0.7 0±0 0±0 

12 1.4±0.5 0.5±0.6 0.7±0.6 0.7±0.8 1±0.8 

13 0.9±0.5 0.7±0.5 1.5±0.5 0.7±0.7 1±0.7 

14 0±0 0.6±0.5 0.9±0.5 0.6±0.6 0±0 

15 0±0 0.6±0.3 0±0 0±0 0±0 

16 6.3±2.5 0±0 0.4±2.8 0.6±3.4 0±0 

17 0±0 0±0 0±0 0±0 0±0 

18 0±0 0±0 1.2±0.4 0±0 0±0 

19 0±0 0±0 0±0 0.7±0.3 0±0 
a,b,cMean values within a row with different letter superscripts are significantly different (P<.05) 
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Table B.8: The effect of housing environment on proportion of small eggs of brown egg layers 

by period 

USDA 

S 
Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free Free Range 

1 25.5±2.7 29.2±3.2 19.5±3.2 26.4±4.2 25.7±4.2 

2 0.4±0.5 1.7±0.5 1.8±0.5 0.7±0.7 0±0 

3 0±0 0±0 0±0 0±0 0±0 

4 0±0 0±0 0±0 0±0 0±0 

5 0.2±0.1 0±0 0±0 0±0 0±0 

6 0±0 0.2±0.1 0±0 0±0 0±0 

7 0±0 0±0 0.2±0.1 0±0 0±0 

8 0.2±0.1 0±0 0±0 0±0 0±0 

9 0±0 0±0 0±0 0±0 0±0 

10 0±0 0.2±0.1 0±0 0±0 0±0 

11 0.2±0.1 0±0 0±0 0.3±0.2 0±0 

12 0±0 0±0 0±0 0±0 0±0 

13 0±0 0±0 0±0 0±0 0±0 

14 0±0 0±0 0±0 0±0 0±0 

15 0±0 0±0 0±0 0±0 0±0 

16 0.9±0.5 0±0 0±0 0±0 0±0 

17 0±0 0±0 0±0 0±0 0±0 

18 0±0 0±0 0±0 0±0 0±0 

19 0±0 0±0 0±0 0±0 0±0 
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Table B.9: The effect of housing environment on proportion of Peewee eggs of brown egg layers 

by period 

USDA 

PW 
Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free Free Range 

1 0±0 0±0 1.6±0.8 0±0 0±0 

2 0±0 0±0 0±0 0±0 0±0 

3 0±0 0±0 0±0 0±0 0±0 

4 0±0 0±0 0.2±0.1 0±0 0±0 

5 0±0 0±0 0±0 0±0 0±0 

6 0±0 0±0 0±0 0±0 0±0 

7 0±0 0±0 0±0 0±0 0±0 

8 0±0 0±0 0±0 0±0 0±0 

9 0±0 0±0 0±0 0±0 0±0 

10 0±0 0±0 0±0 0±0 0±0 

11 0±0 0±0 0±00 0±0 0±0 

12 0±0 0±0 0±0 0±0 0±0 

13 0±0 0±0 0±0 0±0 0±0 

14 0±0 0±0 0±0 0±0 0±0 

15 0±0 0±0 0±0 0±0 0±0 

16 0±0 0±0 0±0 0±0 0±0 

17 0±0 0±0 0±0 0±0 0±0 

18 0±0 0±0 0±0 0±0 0±0 

19 0±0 0±0 0±0 0±0 0±0 

 

 

 

 

 

 

 

 

 

 

 

 



     155 

 

APPENDIX C: Supplemental tables for Manuscript 3 

Table C.1: The effect of housing environment on hen-day production of white egg layers by 

period 

Hen Day 

Production 
Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free 

1 15.4b±1.0 16.3b±1.1 16.5b±1.1 29.9a±1.9 

2 89.6±0.7 90.6±0.8 90.0±0.8 91.8±1.3 

3 96.8a±0.3 96.8a±0.4 96.5ab±0.4 94.7b±0.6 

4 97.0a±0.3 95.7b±0.4 95.4b±0.4 94.9b±0.6 

5 95.0ab±0.4 93.4bc±0.5 95.7a±0.5 91.1c±0.8 

6 95.0a±0.9 86.2b±1.0 93.0a±1.0 90.2ab±1.7 

7 93.4a±1.1 80.8b±1.3 93.5a±1.3 91.1a±2.2 

8 93.1a±1.0 81.1b±1.2 93.3a±1.2 90.1a±2.0 

9 92.4a±1.0 81.2b±1.2 90.9a±1.2 87.9a±2.0 

10 89.6a±0.8 84.4b±0.9 90.1a±1.1 88.5ab±1.6 

11 90.5a±0.8 88.4ab±0.9 89.6ab±0.9 85.9b±1.5 

12 89.1±0.8 88.3±1.0 89.6±1.0 86.1±1.6 

13 86.5±0.8 87.0±1.0 88.7±1.0 84.5±1.6 

14 85.1±1.5 84.3±1.9 87.8±1.9 83.1±1.6 

15 86.5±1.5 82.1±1.9 84.4±1.6 81.7±2.1 

16 83.6±1.5 80.0±1.8 80.5±1.8 83.4±2.1 

17 79.6±1.7 76.7±1.9 76.5±1.9 79.2±2.3 

18 77.0±1.8 75.8±2.1 75.4±2.1 76.6±2.5 

19 72.9±1.9 74.6±2.1 72.8±2.1 73.1±2.5 
a,b,cMean values within a row with different letter superscripts are significantly different (P<.05). 
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Table C.2: The effect of housing environment on hen-housed production of white egg layers by 

period 

Hen Housed 

Production 
Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free 

1 15.3b±1.0 16.3b±1.1 16.5b±1.1 29.9a±1.9 

2 89.4±0.7 90.0±0.8 89.8±0.8 91.2±1.4 

3 96.1a±0.4 95.6ab±0.5 95.8ab±0.5 93.6b±0.8 

4 96.2a±0.4 94.1b±0.5 94.3b±0.5 93.7b±0.8 

5 93.8a±0.5 91.4b±0.6 93.8a±0.6 89.6b±1.0 

6 93.3a±1.0 83.0b±1.1 90.7a±1.1 88.4ab±1.9 

7 91.4a±1.3 75.5b±1.5 90.1a±1.5 89.2a±2.4 

8 90.7a±1.2 74.0b±1.4 90.0a±1.4 88.1a±2.3 

9 89.7a±1.1 72.5b±1.3 87.0a±1.3 85.9a±2.2 

10 86.0a±1.0 73.4b±1.2 85.3a±1.2 86.4a±1.9 

11 85.9a±0.9 74.9b±1.1 84.1a±1.1 83.7a±1.8 

12 84.0a±1.1 73.4b±1.2 83.3a±1.2 83.8a±2.1 

13 80.7a±1.2 70.8b±1.4 82.0a±1.4 82.2a±2.3 

14 78.0a±2.2 65.2b±2.7 79.9a±2.7 80.9a±3.0 

15 78.3a±2.2 60.9b±2.7 74.7a±2.4 79.2a±3.0 

16 74.8a±2.2 59.6b±2.5 71.6a±2.5 80.6a±2.0 

17 70.7a±2.3 55.7b±2.7 67.1a±2.7 76.4a±3.2 

18 67.4a±2.4 53.4b±2.7 65.1a±2.7 73.6a±3.2 

19 62.6a±2.3 51.1b±2.7 62.2a±2.7 69.8a±3.2 

a,b,cMean values within a row with different letter superscripts are significantly different (P<.05). 
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Table C.3: The effect of housing environment on feed consumption (grams/bird/day) of white 

egg layers by period 

Feed 

Consumption 
Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free 

1 74.8b±1.0 77.0b±1.1 74.1b±1.1 110.3a±1.8 

2 97.1b±1.1 93.7bc±1.2 92.5c±1.2 104.9a±2.1 

3 102.4a±1.7 103.1a±0.8 102.0a±0.8 97.3b±1.3 

4 104.5±0.6 105.4±0.7 103.9±0.7 102.1±1.2 

5 104.9±0.6 104.1±0.7 104.5±0.7 102.4±1.2 

6 103.2±0.8 101.0±0.9 102.7±0.9 99.9±1.6 

7 104.8±1.0 104.4±1.1 104.0±1.2 102.2±1.9 

8 106.3a±0.9 109.0a±1.1 106.6a±1.1 100.5b±1.8 

9 106.7ab±0.9 110.0a±1.1 105.4bc±1.1 100.1c±1.8 

10 102.2c±0.9 114.7a±1.1 106.1b±1.1 102.0bc±1.8 

11 101.7b±1.1 113.9a±1.3 104.1b±1.3 98.3b±2.1 

12 100.4c±1.1 114.3a±1.3 106.5b±1.3 98.4c±2.2 

13 104.3bc±1.3 116.8a±1.5 109.1b±1.5 99.8c±2.5 

14 113.0a±1.9 116.6a±2.4 111.3ab±2.4 101.7b±2.1 

15 112.2b±1.9 122.9a±2.4 113.5b±2.1 100.1c±2.6 

16 114.8b±2.2 125.5a±2.5 120.6ab±2.5 104.8c±3.0 

17 116.5b±2.0 127.4a±2.4 123.8ab±2.4 99.9c±2.8 

18 117.9b±2.0 127.5a±2.3 125.2ab±2.3 104.3c±2.8 

19 115.4b±1.9 129.1a±2.2 123.2a±2.2 105.0c±2.6 

a,b,cMean values within a row with different letter superscripts are significantly different (P<.05). 
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Table C.4: The effect of housing environment on feed efficiency (egg grams/feed consumed) of 

white egg layers by period 

Feed 

Efficiency 
Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free 

1 0.09b±0.005 0.09ab±0.006 0.1ab±0.006 0.12a±0.010 

2 0.47±0.007 0.49±0.008 0.49±0.008 0.46±0.013 

3 0.54ab±0.003 0.53b±0.004 0.53ab±0.004 0.55a±0.006 

4 0.56a±0.004 0.54b±0.004 0.55b±0.001 0.54b±0.007 

5 0.55a±0.003 0.54bc±0.003 0.55ab±0.003 0.53c±0.006 

6 0.57a±0.005 0.52c±0.005 0.56ab±0.005 0.54bc±0.009 

7 0.55a±0.007 0.47b±0.008 0.56a±0.008 0.5a±0.014 

8 0.55a±0.007 0.46b±0.008 0.55a±0.008 0.55a±0.013 

9 0.55a±0.007 0.46b±0.008 0.54a±0.008 0.54a±0.013 

10 0.56a±0.006 0.46c±0.006 0.53b±0.006 0.54ab±0.011 

11 0.56a±0.005 0.50c±0.006 0.54ab±0.006 0.53b±0.010 

12 0.57a±0.005 0.50c±0.006 0.54b±0.006 0.54b±0.010 

13 0.54a±0.007 0.49b±0.008 0.53a±0.008 0.53a±0.013 

14 0.49±0.012 0.48±0.012 0.51±0.011 0.52±0.013 

15 0.51a±0.010 0.43b±0.012 0.48a±0.011 0.52a±0.013 

16 0.48a±0.009 0.42b±0.010 0.44b±0.010 0.51a±0.012 

17 0.45b±0.010 0.39c±0.012 0.40c±0.012 0.52a±0.014 

18 0.43b±0.010 0.39c±0.011 0.40bc±0.011 0.48a±0.013 

19 0.42a±0.009 0.38b±0.011 0.38b±0.011 0.46a±0.013 

a,b,cMean values within a row with different letter superscripts are significantly different (P<.05). 
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APPENDIX D: Supplemental tables for Manuscript 4 

Table D.1: The effect of housing environment on average egg weights (grams/egg) of white egg 

layers by period 

Egg 

Weights 
Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free 

1 42.8b±0.3 43.7b±0.3 43.1b±0.3 46.1a±0.5 

2 50.9±0.6 50.4±0.7 50.3±0.7 52.9±1.1 

3 57.1±0.2 56.4±0.3 56.3±0.3 56.7±0.7 

4 60.5a±0.4 59.7ab±0.4 59.5ab±0.4 58.2b±0.5 

5 61.0a±0.2 60.1b±0.3 60.2ab±0.3 59.4b±0.5 

6 61.7a±0.2 61.0ab±0.3 61.4a±0.3 60.0b±0.5 

7 61.9a±0.2 61.2ab±0.2 61.6ab±0.2 60.7b±0.4 

8 62.9a±0.2 61.9bc±0.3 62.4ab±0.3 60.9c±0.4 

9 63.2a±0.2 62.1b±0.3 62.3b±0.3 61.3b±0.4 

10 63.6a±0.2 62.5b±0.3 62.3b±0.3 61.7b±0.5 

11 63.1a±0.2 63.8a±0.3 63.1a±0.3 60.7b±0.5 

12 64.3a±0.3 64.3a±0.3 63.6a±0.3 61.6b±0.5 

13 64.9a±0.2 65.0a±0.3 64.5a±0.3 62.6b±0.5 

14 64.7±0.4 64.8±0.4 64.0±0.4 63.3±0.5 

15 65.3a±0.4 64.5ab±.4 63.7b±0.4 63.5b±0.5 

16 65.2±0.4 65.3±0.5 65.7±0.5 64.6±0.6 

17 65.8±0.4 65.2±0.5 64.9±0.5 65.1±0.6 

18 65.5±0.4 64.9±0.5 65.4±0.5 65.2±0.6 

19 66.6a±0.4 65.2ab±0.5 64.2b±0.5 65.7ab±0.6 

a,b,cMean values within a row with different letter superscripts are significantly different (P<.05) 
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Table D.2: The effect of housing environment on proportion of grade A eggs of white egg layers 

by period 

Grade A Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free 

1 98.2±0.7 99.6±0.9 98.0±0.9 98.6±1.4 

2 98.2a±0.4 96.7ab±0.5 96.0b±0.5 98.0ab±0.8 

3 97.4a±0.5 96.7ab±0.6 94.7b±0.6 99.3a±1.0 

4 96.6a±0.08 92.1b±0.9 90.8b±0.9 98.2a±1.5 

5 96.4a±0.7 94.3a±0.8 90.9b±0.8 97.1a±1.3 

6 93.8a±0.8 93.2ab±0.9 90.6b±0.9 97.6a±1.5 

7 91.6bc±0.9 90.3c±1.0 95.0a±1.0 96.2ab±1.7 

8 95.0a±0.9 89.5b±1.1 92.8ab±1.1 95.1a±1.8 

9 92.5ab±0.9 90.0b±1.0 93.7a±1.0 95.1a±1.7 

10 90.5b±1.0 88.6b±1.1 90.8b±1.1 97.3a±1.9 

11 88.5b±0.9 86.5b±1.1 89.0ab±1.1 94.3a±1.8 

12 94.8a±0.8 86.5b±0.9 92.2a±0.9 94.9a±1.6 

13 86.9b±1.2 85.3b±1.4 85.7b±1.4 93.8a±2.3 

14 86.8b±1.1 85.0b±1.4 87.5ab±1.4 93.8a±1.5 

15 89.0±1.1 87.9±1.4 89.0±1.4 91.6±1.5 

16 88.8ab±1.7 84.4b±1.9 86.2ab±1.9 92.9a±2.3 

17 92.5a±1.3 84.2b±1.5 83.6b±1.5 93.1a±1.8 

18 81.8b±1.7 67.0ab±2.0 85.5ab±2.0 93.2a±2.4 

19 83.8±1.7 86.0±2.0 82.6±2.0 88.9±2.3 
a,bMean values within a row with different letter superscripts are significantly different (P<.05) 
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Table D.3: The effect of housing environment on proportion of grade B eggs of white egg layers 

by period 

Grade B Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free 

1 0±0 0±0 0±0 0±0 

2 0b±0 0b±0 0b±0 0.2a±0.1 

3 0.1±0.1 0.1±0.1 0.3±0.1 0±0 

4 0±0 0.2±0.1 0±0 0±0 

5 0.1±0.1 0±0 0.1±0.1 0.4±0.2 

6 0.2±0.1 0±0 0±0 0±0 

7 0.2±0.1 0.6±0.2 0±0 0.2±0.4 

8 0±0 0±0 0.1±0.04 0±0 

9 0.2±0.2 0.3±0.2 0.7±0.2 0±0 

10 0.4±0.2 0.4±0.2 0.7±0.2 0.7±0.4 

11 1.3±0.3 2.1±0.4 1.1±0.4 1.7±0.3 

12 0.6±0.2 0.6±0.3 0.7±0.3 0.9±0.5 

13 1.7±0.5 2.2±0.6 2.5±0.6 1.1±0.9 

14 1.4±0.5 1.1±0.6 1.1±0.5 1.8±0.7 

15 1.4±0.5 1.1±0.6 1.1±0.5 1.8±0.7 

16 1.4±0.6 1.5±0.7 1.5±0.7 0.9±0.8 

17 0±0 1.3±0.4 1.2±0.4 0.9±0.4 

18 1.9±0.7 0.7±0.8 2.4±0.8 2.0±0.9 

19 0.7±0.6 1.5±0.7 2.1±0.7 2.5±0.8 
a,bMean values within a row with different letter superscripts are significantly different (P<.05) 
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Table D.4: The effect of housing environment on proportion of loss eggs of white egg layers by 

period 

Loss Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free 

1 1.8±0.7 0.4±0.9 2.0±0.9 1.4±1.4 

2 1.8b±0.4 3.3ab±0.5 4.0a±0.5 1.8ab±0.8 

3 2.5b±0.5 3.1ab±0.6 5.0a±0.6 0.7b±1.0 

4 3.4b±0.8 7.7a±0.9 9.2a±0.9 1.8b±1.5 

5 3.5b±0.7 5.7b±0.8 9.0a±0.8 2.4b±1.3 

6 6.0bc±0.8 6.8ab±0.9 9.4a±0.9 2.4c±1.5 

7 8.2ab±0.8 9.1a±1.0 5.0b±1.0 3.6b±1.6 

8 5.0b±0.9 10.5b±1.1 7.1ab±1.1 4.9b±1.8 

9 7.2ab±0.8 9.6a±1.0 5.5b±1.0 4.9ab±1.6 

10 9.1a±0.09 11.0a±1.1 8.6a±1.1 2.0b±1.8 

11 10.1a±0.9 11.4a±1.0 9.9a±1.0 4.1b±1.7 

12 4.6b±0.8 12.9a±0.9 7.2b±0.9 4.2b±1.5 

13 11.4a±1.0 12.5a±1.2 11.8a±1.2 5.1b±2.0 

14 12.2a±1.0 13.5a±1.3 10.7ab±1.3 6.2b±1.4 

15 9.6±1.0 11.0±1.3 9.8±1.3 6.7±1.4 

16 9.8ab±1.5 14.0a±1.7 12.3ab±1.7 6.2b±2.0 

17 7.5b±1.3 14.5a±1.5 15.1a±1.5 6.0b±1.8 

18 16.3a±1.5 12.3a±1.7 12.1a±1.7 4.8b±2.1 

19 15.5±1.7 12.5±1.9 15.3±1.9 8.5±2.3 
a,b,cMean values within a row with different letter superscripts are significantly different (P<.05) 
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Table D.5: The effect of housing environment on proportion of extra-large eggs of white egg 

layers by period 

XL Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free 

1 1.6ab±0.5 1.2ab±0.6 0.5b±0.6 3.4a±0.9 

2 6.2a±0.6 2.8b±0.7 3.2b±0.7 6.9a±1.2 

3 39.8a±2 27.7b±2.6 27.1b±2.6 30.2ab±4.3 

4 61.2±2.4 56.5±2.8 53.9±2.8 47.8±4.7 

5 66.7±2.2 62.6±2.5 63.4±2.5 55.3±4.2 

6 72.3a±2.1 66.0ab±2.4 69.4ab±2.4 57.7b±4.0 

7 70.9±1.9 65.6±2.2 70.4±2.2 61.6±3.7 

8 79.2a±1.9 71.8ab±2.2 74.7ab±2.2 61.4b±3.7 

9 80.9a±1.7 72.0b±1.9 72.8b±1.9 64.0b±3.3 

10 80.1a±1.6 75.2ab±1.9 73.0b±1.9 71.7ab±3.1 

11 76.1a±1.8 80.2a±2.1 75.6a±2.1 59.6b±3.5 

12 83.3a±1.5 84.6a±1.8 80.5a±1.8 69.1b±3.0 

13 85.7a±1.4 86.0a±1.7 83.6a±1.7 74.1b±2.8 

14 86.0±2.0 85.2±2.5 81.8±2.5 78.6±2.5 

15 89.5a±2.0 84.8ab±2.5 78.5b±2.5 79.3b±2.7 

16 80.6±3.6 86.1±4.2 81.0±4.2 83.5±5.0 

17 90.4b±1.6 91.3a±1.9 86.7a±1.9 85.1a±2.2 

18 88.5±2.0 88.1±2.3 88.2±2.3 86.4±2.7 

19 92.0a±1.6 90.7ab±1.9 84.2b±1.9 85.7ab±2.2 

a,bMean values within a row with different letter superscripts are significantly different (P<.05) 
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Table D.6: The effect of housing environment on proportion of large eggs of white egg layers by 

period 

L Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free 

1 0.5±0.3 0.1±0.3 0.2±0.3 2.6±0.5 

2 72.1a±1.9 56.1b±2.2 56.0b±2.2 76.5a±3.6 

3 58.7b±2.1 69.4a±2.4 69.8a±2.4 67.8ab±4.1 

4 38.4±2.3 42.6±2.7 45.2±2.7 50.7±4.5 

5 32.1±2.1 36.9±2.4 36.1±2.4 41.4±4.0 

6 26.4b±2.0 31.7ab±2.3 28.8ab±2.3 40.1a±3.8 

7 27.9±1.8 32.6±2.1 27.8±2.1 35.6±3.5 

8 20.7b±1.8 27.3ab±2.1 24.0b±2.1 37.7a±3.6 

9 19.0b±1.7 27.7a±1.9 27.1a±1.9 34.8a±3.2 

10 19.5b±1.6 24.6ab±1.9 26.5a±1.9 27.0ab±3.1 

11 23.4b±1.7 19.7b±2.0 24.2b±2.0 38.4a±3.4 

12 16.5b±1.5 15.0b±1.8 19.3b±1.8 30.3a±2.9 

13 13.9b±1.4 13.8b±1.7 16.1b±1.7 25.4a±2.8 

14 14.0±2.0 14.5±2.4 18.2±2.4 21.2±2.7 

15 10.4b±2.0 15.2ab±2.0 21.2a±2.0 20.1a±2.7 

16 17.3±3.2 13.5±3.2 19.0±3.2 16.5±4.3 

17 8.2±1.4 8.7±1.4 12.9±1.4 14.4±1.9 

18 11.5±1.9 11.7±1.9 11.6±1.9 12.3±2.6 

19 8.0b±1.6 9.0ab±1.6 15.6a±1.6 13.8ab±2.2 

a,bMean values within a row with different letter superscripts are significantly different (P<.05) 
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Table D.7: The effect of housing environment on proportion of medium eggs of white egg layers 

by period 

M Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free 

1 33.9b±2.8 34.9b±3.2 38.7ab±3.2 51.7a±5.4 

2 18.0a±1.6 31.9b±1.8 32.7b±1.8 14.3ab±3.1 

3 1.3±0.4 2.8±0.5 2.8±0.5 1.8±0.8 

4 0.3±0.2 1.0±0.3 0.1±0.3 1.3±0.5 

5 1.2b±0.3 0.5b±0.4 0.6b±0.4 3.4a±0.6 

6 1.2±0.4 2.2±0.4 1.6±0.4 2.2±0.7 

7 1.3±0.4 1.6±0.4 1.8±0.4 2.9±0.7 

8 0.1b±0.9 0.8ab±0.3 1.3a±0.3 0.9ab±0.4 

9 0.1b±0.1 0.2b±0.1 0.2b±0.1 1.2a±0.2 

10 0.3±0.2 0.2±0.2 0.5±0.2 1.3±0.4 

11 0.4b±0.2 0.2b±0.3 0.2b±0.3 2.0a±0.4 

12 0.1±0.2 0.4±0.2 0.2±0.2 0.7±0.2 

13 0.4±0.1 0.2±0.2 0.3±0.2 0.5±0.3 

14 0.2±0.2 0±0 0.3±0.2 0.7±0.3 

15 0.2±0.2 0±0 0.3±0.2 0.7±0.3 

16 2.1±0.6 0.4±0.7 0±0 0±0 

17 8.2a±0.8 0b±0 0.4b±1.0 0.5b±1.2 

18 0±0 0.3±0.2 0.2±0.2 1.0±0.3 

19 0±0 0.3±0.2 0.3±0.2 0.5±0.3 
a,bMean values within a row with different letter superscripts are significantly different (P<.05) 
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Table D.8: The effect of housing environment on proportion of small eggs of white egg layers by 

period 

S Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free 

1 63.5a±2.8 63.1a±3.3 60.3a±3.3 42.3b±5.4 

2 3.7b±0.8 9.2a±1.0 8.1a±1.0 2.2b±1.6 

3 0.2±0.1 0.1±0.2 0.3±0.2 0.2±0.3 

4 0.1±0.1 0.2±0.1 0±0 0±0.1 

5 0±0 0±0 0±0 0±0 

6 0.1±0.1 0±0 0.1±0.1 0±0 

7 0±0 0.7±0.1 0±0 0±0 

8 0±0 0.1±0.1 0±0 0±0 

9 0±0 0.1±0.1 0±0 0±0 

10 0±0 0±0 0±0 0±0 

11 0±0 0±0 0±0 0±0 

12 0.1±0.1 0±0 0±0 0±0 

13 0±0 0±0 0±0 0±0 

14 0±0 0±0 0±0 0±0 

15 0±0 0±0 0±0 0±0 

16 0±0 0±0 0±00 0±0 

17 0.2±0.1 0±0 0±0 0±0 

18 0±0 0±0 0±0 0.3±0.1 

19 0±0 0±0 0±0 0±0 
a,bMean values within a row with different letter superscripts are significantly different (P<.05) 
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Table D.9: The effect of housing environment on proportion of Peewee eggs of white egg layers 

by period 

PW Housing Environment 

Period Cage Enrichable Colony Enriched Colony Cage Free 

1 0.5±0.3 0.8±0.3 0.3±0.3 0±0 

2 0±0 0±0 0±0 0±0 

3 0±0 0±0 0±0 0±0 

4 0±0 0±0 0±0 0±0 

5 0±0 0±0 0±0 0±0 

6 0±0 0±0 0±0 0±0 

7 0±0 0±0 0±0 0±0 

8 0±0 0±0 0±0 0±0 

9 0±0 0±0 0±0 0±0 

10 0±0 0±0 0±0 0±0 

11 0.1±0.03 0±0 0±0 0±0 

12 0±0 0±0 0±0 0±0 

13 0±0 0±0 0±0 0±0 

14 0±0 0±0 0±0 0±0 

15 0±0 0±0 0±0 0±0 

16 0±0 0±0 0±0 0±0 

17 0±0 0±0 0±0 0±0 

18 0±0 0±0 0±0 0±0 

19 0±0 0±0 0±0 0±0 

 


