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ABSTRACT 

 

 

The objective of this dissertation was to evaluate the impact of environmental and 

nutritional enrichments on the behavior, bone health, and welfare of Hy-line brown and 

Hy-line W-36 laying hens. Laying hens are prone to experiencing a progressive increase 

in bone fragility due to the ongoing mobilization of calcium from the bones for eggshell 

formation. Over time, this increases their susceptibility for bone fracture, which is a welfare 

concern. Prior research suggests that exercise, especially during the developmental stage, 

can aid in minimizing bone fractures by strengthening muscles and increasing bone mass. 

Furthermore, nutrition plays an integral role in laying hen skeletal health. We investigated 

two interventions to prevent or reduce the negative effects observed on laying hen skeletal 

health: 1) environmental enrichment, which included the provision of multi-tier perches at 

various time points within the lifespan of laying hens and 2) nutritional enrichment, which 

involved supplementing the diet with boron. The first aim of this dissertation (described in 

Chapter 2) was to determine the effect of perch provision during the rearing phase on the 

activity and musculoskeletal health of pullets. Pullets (n=810) were either housed with or 

without multi-tier perches from 0 to 17 weeks of age (15 pens/treatment, 29 birds/pen). We 

expected pullets with perches to show improved musculoskeletal characteristics compared 

to pullets reared without perches. At 5, 11, and 17 weeks, birds were individually 

monitored for activity level over 3 consecutive days. At 11 and 17 weeks, 60 birds were 

euthanized for computed tomography (CT) scans to quantify tibiotarsal bone mineral 

density (BMD) and cross-sectional area (CSA). After CT scanning, birds were dissected 

for measurement of muscle size, tibiotarsal breaking strength, and tibiotarsal ash 
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percentage. Novel markers of bone mineralization (bone-specific alkaline phosphatase 

[BALP] and pro-collagen type 1 n-terminal propeptide [P1NP]) were measured from serum 

samples of 60 birds/week. Results indicated that pullets reared with perches from 0-17 

weeks of age exhibited increased levels of vertical activity, with no significant effect on 

overall activity level. Pullets with perches had greater total and cortical BMD at week 11, 

with increased cortical bone CSA and higher total and cortical BMD at week 17 compared 

to pullets without perches. At week 11, pullets with perches had heavier leg muscles, with 

heavier triceps, biceps, pectoralis major and minor, and leg muscles at week 17 than pullets 

without perches. At both weeks, pullets with perches had greater tibiotarsal breaking 

strengths, higher ash percentages, and greater concentrations of BALP and P1NP than 

pullets without perches. These results indicate that activity resulting from perching elicits 

a beneficial impact on measures of pullet musculoskeletal health at both 11 and 17 weeks 

of age.  

The second objective (described in Chapter 3) was to determine whether there were 

enduring impacts of perch provision timing on the musculoskeletal health of laying hens. 

Pullets (n=812) were housed under different conditions (7 pens/treatment, 29 birds/pen) 

with either continuous access to multi-tier perches from 0 to 40 weeks of age (CP), no 

access to perches (NP), early access to perches during the rearing phase from 0 to 17 weeks 

of age (EP), or solely during the laying phase from 17 to 40 weeks of age (LP). We expected 

hens from the CP group to exhibit improved musculoskeletal health as a result of perch-

related activity compared to hens from the NP group, with hens from the EP group having 

improved musculoskeletal health compared to hens from the LP group due to increased 
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activity during the developmental stage. At weeks 24, 36, and 40 of age, birds were 

individually monitored for activity level over 3 consecutive days, and blood samples were 

collected from a separate set of 3 birds per pen to analyze serum concentrations of tartrate-

resistant acid phosphatase 5b (TRACP-5b) and C-terminal telopeptide of type I collagen 

(CTX-I) as novel markers of bone demineralization. At 40 weeks of age, 3 birds per pen 

were euthanized for CT scans with further analysis including muscle weights, tibiotarsal 

breaking strength, and tibiotarsal ash percent. During week 24, hens from CP, EP, and LP 

pens had the highest overall activity compared to hens from NP pens, with no differences 

at week 36 or 40. During all weeks, hens from CP and LP pens had greater vertical and less 

horizontal activity compared to those from EP and NP pens. TRACP-5b and CTX-I 

concentrations did not differ at week 24 of age, with hens from CP pens having the lowest 

TRACP-5b and CTX-I concentrations compared to NP pens at 40 weeks of age. Total bone 

CSA did not differ between treatments, but CP had greater total BMD than NP with no 

differences between EP and LP pens. CP and LP hens had heavier biceps, pectoralis major, 

and leg muscle groups, as well as greater tibiotarsal breaking strengths than EP and NP 

pens. CP hens had higher tibiotarsal ash percentages compared to all other treatment 

groups. The results from this chapter indicate that the continuous provision of perches 

throughout the rearing and lay phase beneficially impacts activity level and measures of 

hen musculoskeletal health at 40 weeks of age, contributing to an overall improvement in 

laying hen welfare compared to no access to perches. Perch access during the early lay 

phase (17-40 weeks of age) had a positive impact on activity, muscle weight, and bone 

strength, but these benefits were not as great as those observed with continuous perch 
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access. Perch access during the rearing phase (0-17 weeks of age) was associated with a 

decline in measures of bone demineralization, but did not have an overarching beneficial 

impact on other measures of hen musculoskeletal health or activity at 40 weeks of age, 

suggesting there was not a long-term benefit of perch access during the developmental 

stage.  

The third objective (within Chapter 4) was to determine the influence of perch 

provision timing on laying hen behavior, specifically anxiety and fearfulness. While 

providing perches may enhance biological functioning and animal welfare, their 

effectiveness could be age-dependent. This chapter investigated the effects of early and 

late perch access on anxiety and fear in hens through attention bias (AB) and tonic 

immobility tests (TI). Pullets (n=728) were raised with or without multi-tier perches either 

continuously (CP; 0-37 weeks), during only the rearing phase (EP; 0-17 weeks), during 

only the laying phase (LP; 17-37 weeks), or not at all (NP; no perch access). We expected 

hens from the CP group to show responses consistent with reduced anxiety and fear 

compared to hens from the NP group, with intermediate responses from hens in the EP and 

LP groups. AB was conducted in weeks 21 and 37 (n=84 birds/week) and TI was performed 

in weeks 20, 25, and 37 (n=112/week). CP hens fed quicker in the AB test than EP, LP, 

and NP hens at weeks 21 and 37. CP and NP feeding latencies were stable, while EP and 

LP fed faster at week 37 compared to 21. CP had the shortest TI duration at week 20, while 

both CP and LP had the shortest TI durations in weeks 25 and 37. Hens from LP pens 

showed increased anxiety levels at week 21 of age, which they adapted to by week 37, 

indicating that adaptation to a new adult environment requires at least 16 weeks. Also, LP 
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hens exhibited reduced fearfulness by 20 weeks of age compared to hens that lost their 

perch access (EP) or never had perch access (NP). At 25 and 37 weeks of age, LP hens 

showed similar fear levels as hens from CP pens, indicating that current perch access 

reduces fearfulness. Removing perches at 17 weeks of age (EP) increased fear at weeks 20 

and 25 and anxiety at week 21, effects that disappeared by week 37 of age. Furthermore, 

birds from EP pens showed decreased anxiety at 37 weeks of age compared to NP birds, 

suggesting that perch access, even when removed at 17 weeks of age, is more beneficial to 

anxiousness at 37 weeks of age than not having access to perches at all. Our findings 

indicated that providing hens with multi-tier perches throughout their lifetime improved 

affective state by reducing anxiety and fearfulness, while no access to perches negatively 

impacted measures of emotion and affective state.  

The last objective (described in Chapter 5) was to determine the effects of boron 

supplementation on pullet musculoskeletal health and performance parameters. Boron 

plays a role in the metabolism of calcium, which may help improve bone strength and 

prevent fracture. A total of 529 Hy-Line W-36 pullets were distributed across 24 pens and 

fed basal diets containing varying amounts of boron (C: (C: 0mg/kg; L: 50mg/kg; M: 

100mg/kg; H: 150mg/kg) for 17 weeks. We expected pullets from the M group to show 

improved musculoskeletal health compared to the other treatment groups. Performance 

parameters (body weight, average daily weight gain/bird, and average daily feed 

intake/bird) were measured at weeks 4, 7, 10, 13, and 16, while all other measures were 

recorded at 11 and 17 weeks of age. Performance measures did not differ between treatment 

groups. Pectoralis major weights were higher in H pullets at 11 weeks of age, and we also 
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observed higher pectoralis major, minor, and leg muscle weights in H pullets at 17 weeks 

of age. Pullets fed the H diet had larger cortical CSA than the other treatment groups at 11 

weeks of age. At 17 weeks of age, both H and M groups had larger cortical CSA than L 

and C groups, but the M group had slightly smaller cortical CSA. Pullets fed the H diet had 

higher BMD values than other treatment groups at 11 weeks of age. At 17 weeks of age, 

pullets fed the H diet had the highest total BMD values compared to the other treatment 

groups, and cortical BMD increased with increasing boron inclusion. Pullets fed the H diet 

had the highest tibia ash percentages and concentrations of BALP and P1NP. Pullets fed 

the M and H diets had greater failure load and maximum bending moment than pullets fed 

the L or C diet at 11 weeks of age, with H pullets having greater stiffness values than other 

groups. At 17 weeks of age, pullets fed the H diet had greater failure load and maximum 

bending moment compared to all other treatment groups. Our results imply that providing 

boron within the diet at 150mg/kg improves musculoskeletal characteristics of Hy-Line W-

36 pullets up to 17 weeks of age, without impacting performance parameters. 
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Chapter 1  

REVIEW OF LITERATURE 

Animal Welfare 

There is not a single definitive definition of animal welfare, however there is a consensus 

that it should encompass the animal’s individual experiences and their perception of the 

environment [1]. Broom (1986) described welfare as “an individual’s state as regards to its 

attempts to cope with its environment” [2], where coping refers to physiological and psychological 

stability through various coping mechanisms (behavioral, physiological, immunological, etc.) [3]. 

From this definition’s standpoint, poor welfare occurs when an individual fails to cope with its 

environment and good welfare occurs when an individual succeeds to cope with its environment. 

Later on, animal welfare scientists felt as though Broom’s definition was quite functional and some 

other scientists (i.e., Ian Duncan) argued that welfare should be about an individual’s feelings [4]. 

Dawkins attempted to incorporate both aspects of Broom and Duncan’s viewpoints, stating that 

“the feelings of the individual are the central issue in welfare, but other aspects such as the health 

of the individual are also important” [5,6].  

Although consideration of feelings is important, welfare is comprised of more than just 

what an individual feels and is often quite difficult to measure alone. For example, distinguishing 

between an animal resting because it is satiated and content and an animal that is resting due to 

boredom. The three concepts of adaptation, stress, and biological needs may help further our 

understanding of welfare from an agricultural animal standpoint. Adaptation refers to how well an 

individual adapts to its environmental conditions through the use of regulatory systems [4]. An 

animal will better adapt to its environmental conditions when its needs are met. However, 
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adaptation does not necessarily equate to good welfare. An animal that adapts to its environment, 

but has difficulty doing so, would experience poor welfare. For example, a herd animal that 

requires social interaction with conspecifics that is housed alone for extended periods of time may 

adapt to this condition, but will likely experience depression and reduced biological function. 

Stress refers to “an environmental effect on an individual which overtaxes control systems and 

results in adverse consequences, eventually reduced fitness” [2,3]. When an individual is stressed, 

their welfare may be poor or temporarily poor without any long-lasting impacts on welfare [4]. 

Biological needs refer to an animal’s need “to obtain a particular resource or respond to a particular 

environmental or bodily stimulus” [3]. Needs may be for resources (i.e., food, water, shelter) or 

for carrying out behaviors with an ultimate objective (i.e., perching at night to avoid predation) 

[4]. Meeting biological needs of an animal allows for effective functioning and good welfare. 

Biological needs of animals has led to the incorporation of the Five Freedoms, which provides a 

general guideline for review of animal welfare. The Five Freedoms are widely used in legislation, 

policy, and standards for humanely raising farm animals (Table 1.1) [7–9]. However, this concept 

is criticized for emphasizing preventing negative states rather than ensuring positive ones. For 

example, four of the five freedoms are freedoms from negative states. Furthermore, the Five 

Freedoms serve as a framework for caretakers to implement management practices aimed at 

sustaining an animal’s life, rather than fostering an environment where animals flourish and 

experience a quality life [9,10].  
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Table 1.1. The Five Freedoms and Provisions. Adapted from Brambell (1965) and Farm Animal Welfare Council 

(1993) [11,12]. 

Freedom Ensured by providing 

From hunger, thirst, and malnutrition 
Ready access to fresh water and a diet to 

maintain full health and vigor 

From discomfort and exposure 
An appropriate environment, including shelter 

and a comfortable resting area 

From pain, injury, and disease Prevention or rapid diagnosis and treatment 

From fear and distress 
Ensuring conditions and treatment which 

avoid mental suffering 

To express normal behavior 
Sufficient space, proper facilities, and 

company of the animal’s own kind 

 

Animal welfare research continues to progress, focusing on ensuring positive welfare 

rather than preventing negative welfare. A more comprehensive conceptualization of animal 

welfare is comprised of an interconnecting framework of three major components: affective states, 

biological functioning, and natural living (Figure 1.1) [11]. Each component overlaps with the 

others to provide a comprehensive approach to evaluating animal welfare. The affective state 

viewpoint refers to the animal’s feelings and emotions, ranging from positive to negative. Within 

this viewpoint, animals that experience positive emotions, such as play, and are free from negative 

emotions, like pain, are thought to have good welfare. The concept of affective state relates to 

Duncan’s viewpoint, where subjective positive feelings (pleasure) accompanied with the absence 

of negative feelings (or suffering) indicates good welfare [12]. Biological functioning pertains to 

aspects contributing to optimal health, which might include reproductive ability, nutritional status, 

and growth, alongside the animal’s capacity to adapt to its surroundings. Focusing on this view, 

good welfare ensures that there are adequate nutrients within the animal’s diet or that the animal 
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is developing normally. Poor biological functioning would still necessitate a concern for welfare 

even if there is no impact on affective state [12]. Lastly, natural living underscores an animal’s 

ability to thrive in an environment conducive to expressing innate behavior. Some welfare 

scientists argue that providing natural living conditions that allows for expression of natural 

behaviors promotes biological functioning and elicits pleasurable feelings, resulting in positive 

affective states [13]. From this view, laying hens with access to structures within their environment 

that provide opportunities for perching, foraging, and dustbathing would have good welfare. This 

framework proposes that all three factors should be considered and animals should be kept in 

environmental conditions that allow them to “feel well, function well, and express species-specific 

behaviors” [12]. Furthermore, applying this framework in the real world requires guidance from 

experts to ensure animal welfare solutions are biologically relevant and optimized for that species 

needs. Ultimately, incorporating all three perspectives is essential for a comprehensive assessment 

of animal welfare.  
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Figure 1.1. The three conceptions of animal welfare. Adapted from Fraser (2008) [13]. 

Laying Hen Behavior 

Behavior itself evolves through natural selection and is strongly impacted by genes. 

Individuals whose behavior best equips them to survive will leave the most offspring who then 

inherit their parents’ behavior. There are a few behavioral differences between domesticated 

poultry and their ancestors, the red jungle fowl, which are likely due to deliberate selection (for 

behaviors such as rapid growth, increased egg production, etc… and against others, such as 

broodiness), however others remain unchanged [14]. Those behaviors that withstand genetic 

selection likely did so because they are widespread and stable in the genotype and there has been 

no selection against them [14,15]. Modern domestic hens have retained many natural behaviors 

from their ancestors and are highly motivated to perform a variety of them. Some important 

behaviors to laying hens include: perching, nesting, dustbathing, and foraging. 

Perching on elevated surfaces is a natural behavior observed in the red jungle fowl, serving 

as an anti-predatory measure and offering protection while resting (i.e., communal roosting) 

Affective state

Biological 
functioning

Natural 
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[16,17]. Communal roosting likely evolved due to the reduced cost for thermoregulation and 

decreased risk for predation (dilution effect), where the presence of nearby birds reduces energy 

demands and increases predator detection and dilutes individual predation risk [18]. Hens have 

retained the motivation to perch even throughout persistent genetic selection for productivity and 

are highly motivated to do so, especially at night [19,20]. Pullets have been observed perching 

within the first week of life [21] and preventing hens from access to preferred perches can lead to 

frustration and reduced welfare [20]. Nesting behavior likely provided a selective advantage in the 

wild, as female birds typically search for safe areas to nest and lay eggs while protected [22]. Hens 

place great importance on enclosed nesting areas and their behavioral priority to have access to 

one increases as they get closer to laying an egg [23]. Dustbathing is a sequence of behaviors 

typically performed in areas with litter substrate, where birds first peck and scratch at a potential 

dustbathing area. Then, the bird will sit and pull substrate closer to their body, performing vertical 

wing shakes which causes particles of the substrate to land on the feathers. The bird will lay on 

their side and use their wings to push substrate along their body, usually accompanied with a 

rubbing motion of the legs. Lastly, the bird will stand and conclude the dustbathing sequence with 

a ruffle-shake that shakes off the substrate particles [24]. This behavior is thought to maintain 

feather condition by distributing lipids across the feathers and removing parasites [23]. Hens show 

a strong motivation for dustbathing, and will perform sham dustbathing (the sequence of 

dustbathing activity that is similar to dustbathing) on wire cage floors [25–27] and will work to 

gain access to litter in order to dustbathe [28]. After preventing access to suitable dustbathing 

substrates, hens will dustbathe for very long periods of time when finally provided with a substrate, 

indicating a build-up of motivation [26,27]. Furthermore, hens show preferences for dustbathing 

materials, such as peat and sand over sawdust or straw [24]. Foraging behavior is innate and 
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involves scratching and pecking at the ground [29]. Foraging behavior has been observed in 60% 

of active daylight in semi-wild red junglefowl [30]. This behavior persists even when an 

appropriate substrate is unavailable, suggesting a high motivation to exhibit foraging behavior 

[31,32]. Hens exhibit “contra free-loading”, which means that they will work for food rather than 

receive “free” food from a feeder (i.e., peck and scratch within substrate to obtain feed rather than 

obtain feed from a trough) [23,33]. Perching, nesting, dustbathing, and foraging behaviors are 

important to consider when attempting to optimize laying hen welfare, as they are retained in the 

behavioral repertoire even throughout years of genetic selection and hens show high motivation to 

perform them. 

 

Dynamics of Bone Biology in Laying Hens 

Bone growth during the rearing phase 

Immature laying hens (pullets) experience general growth and development during the rearing 

phase, which typically occurs from hatch until 15 to 18 weeks of age [34]. During this period, the 

skeleton is developed through a process called endochondral ossification, which refers to the 

longitudinal growth of the long bones [35]. Bones are comprised of a collagen matrix that 

surrounds a cellular component containing osteoblasts, osteoclasts, and osteocytes (Figure 1.2). 

Osteoblasts cells form the hydroxyapatite crystals within the bone matrix (the basis of bone itself), 

while osteoclasts are bone-resorbing cells involved in bone demineralization [35]. Osteoblasts 

produce bone spicules that combine to form a network of bone cavities that become filled with 

layers of cortical (structural) bone, resulting in a pneumatic bone (i.e., bone filled with air; Figure 

1.3) [35]. This adaptation results in a lightweight skeleton that is well-adapted for flight. Some 
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osteoblasts remain within the bone matrix and differentiate into osteocytes, which are cells that 

maintain the bone matrix itself [36]. The activity of both osteoblasts and osteoclasts results in the 

production of trabecular bone (also known as cancellous or spongy bone) at the end of long bones 

[35,37]. During this period of growth, there is minimal bone remodeling, which refers to removing 

old bone and replacing it with new bone material [38]. 
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Figure 1.1. Four types of cells within the bone and their function. Adapted from 

Office of the Surgeon General (2004) and Wittkowske et al. (2016) [41,42]. 
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Figure 1.2. Schematic of the three bone types found in laying hens. Adapted from Soriano (2021) [43]. 

 

Bone growth during the laying phase 

When pullets reach a sexually mature age (around 18 weeks of age), osteoblasts cease 

making cortical bone due to a surge in estrogen and begin producing medullary bone that is laid 

down within the cortical bone, specifically in the leg bones (Figure 1.3) [35]. Medullary bone is 

only found in female birds and crocodilians. Its purpose is to serve as a dependable calcium source 

for eggshell formation, rather than offering a structural support to the skeleton [35]. Medullary 

bone accumulates quickly during the initial stages of the laying phase and will amass continually 

throughout the laying phase [35]. Hens can only remodel cortical bone when estrogen 

concentrations are low, such as during breaks from the production cycle [35]. Genetic selection 

for high egg production means laying hens remain in a reproductively active state for an extended 

period (i.e., little to no interruptions in the production cycle), with some strains producing about 

300 eggs per year [39,40]. Egg production can be biologically demanding, requiring copious 

amounts of calcium within the diet to sustain the high number of eggs laid by a single hen. Laying 
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hens require approximately 2.2 grams of calcium to form one eggshell [41]. About two-thirds of 

the required calcium is absorbed intestinally from the hen’s diet, and the other one-third is resorbed 

by osteoclasts from the medullary and some cortical bone [41–43]. The calcium demand is highest 

when the egg is within the shell gland, which typically occurs at night when there is little calcium 

supplied from the digestive system [35,41]. The lack of calcium absorbed from the digestive 

system at night means that a much higher amount of calcium is resorbed from the medullary bone 

to form the eggshell [35,41]. Because osteoclasts are non-discriminative, some calcium is resorbed 

from the cortical bone alongside the medullary bone [35]. While medullary bone is metabolically 

active and has a high turnover rate, cortical bone has a much slower turnover rate [44]. Over time, 

the progressive decrease in cortical bone can increase hens’ susceptibility to developing 

osteoporosis (i.e., a net resorption of cortical bone) [44]. Osteoporosis is a condition in which there 

is a progressive loss of mineralized cortical bone, which can cause bone fragility and susceptibility 

to fracture [44]. At the end of the production cycle, hens’ have a very thin and fragile cortical bone, 

leading to several welfare concerns. 

Factors Affecting Osteoporosis in Laying Hens  

Modern housing for laying hens 

Prior to streamlining housing, production, and genetics, laying hens were traditionally kept 

in small, free-range flocks. Over time, there was a movement towards intensive caged systems 

with birds in larger flocks in order to reduce disease and mortality. Mainly, this change occurred 

due to the demand for cheaper food after World War II because intensive housing was more 

economic and productive than the traditional free-range flocks. In recent years, with the rise in 

wealth and health among Europeans, there has been a heightened concern for the welfare of 
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agricultural animals, prompting a reassessment of our production systems to transition away from 

caged egg production. After 2012, producers in the United Kingdom were no longer able to house 

laying hens in conventional cages, but instead use alternative housing systems [45]. In the United 

States, conventional cages are still legal and many large companies still purchase their eggs from 

producers that utilize caged housing systems, but much of this is being phased out due to a 

consumer push for improved animal welfare standards (i.e., McDonalds moved to 100% cage-free 

eggs as of 2024 [46]). At the beginning of 2023, approximately 34.6% of U.S. table egg-laying 

flocks were cage free, with many states phasing out conventional cage systems (i.e., California, 

Oregon, Washington, Michigan, Massachusetts, Ohio, Rhode Island) [47].  

 There are five main types of housing systems for laying hens, which can be divided into 

two systems, cage and cage-free. Cage systems include conventional cages and furnished cages, 

while cage-free systems include barn management, aviaries, and conventional free-range or 

organic housing systems. Conventional cages (also known as battery cages) are comprised of a 

wire mesh sloped floor, automated feeders, drinkers, and egg collection, and houses around 6-7 

hens per cage. Furnished cages (also referred to as enriched colony cages) share similarities with 

conventional cages, but with the addition of furniture to fulfill some motivations to perform natural 

behaviors, such as perches, nest boxes, and an area for various loose material to allow for foraging 

and dustbathing behavior [48]. Furnished cages typically allot more space than conventional cages 

[48]. Barns are usually one level, either with or without outdoor access, with litter or perforated 

floors and nest boxes. Aviaries are large buildings that house hundreds of thousands of hens that 

can move about freely within a tiered structure, increasing the amount of available vertical space 

[48]. Hens in this system also have access to perches, nest boxes, and wood shavings for bedding, 

which facilitates foraging and dustbathing behavior [48]. Conventional free-range and organic 
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housing systems differ in terms of stocking density in the European Union, where conventional 

allows 9 birds/m2, but organic systems allow only 6 birds/m2 [45]. Organic systems typically are 

awarded the label through a voluntary certification program, for example, eggs labelled with the 

USDA National Organic Program come from cage-free housing systems that have outdoor access, 

where hens are fed an organic diet of feed produced without pesticides or fertilizers [49]. 

 

Housing and exercise 

The effects of exercise and type of housing system on the musculoskeletal system of laying 

hens are well established. As of December 2022, 65.9% of laying hens were housed in 

conventional cages in the U.S. [50]. Conventional housing systems have received criticism from 

consumers because they do not provide an environment that allows for the performance of natural 

behaviors, subsequently compromising hen welfare [51]. The low activity levels due to reduced 

freedom of movement results in weaker bones that are more susceptible to fracture than hens kept 

in larger housing systems with more freedom of movement [34,35,44,52,53]. For these reasons, 

the European Union banned the use of conventional cages for housing laying hens in 2012 [45]. 

Although conventional cages are not banned in the U.S., investigation into alternative systems is 

well underway as another option for housing laying hens. Alternative housing systems may 

provide a potential solution to improve bone health through increased freedom of movement. 

Often, including opportunities to exercise is accomplished through the provision of perches or 

multiple tiers. Furnished cages and non-cage aviaries are two leading alternative housing system 

types that include perch access or are multi-tiered [48]. These housing systems aim to increase 

complexity, encourage activity, and provide areas to express natural behaviors [54]. Opportunities 

for exercise, such as jumping on and off perches, within complex alternative housing systems can 
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actually help strengthen the skeletal system through increased load-bearing exercise [54]. By 

providing space for exercise and subsequently stimulating the formation of structural bone, the 

integrity of the skeleton may be improved [55]. However, the freedom of movement offered in 

alternative systems can lead to increased collisions with other birds or structures within the housing 

environment [34,44,54]. As a byproduct of genetic selection, hens have a much smaller wing size 

to body ratio than their flight-adept ancestors, resulting in a more “clumsy” bird when navigating 

large and complex housing systems [54,56]. This uncovers a double-edged sword, where increased 

freedom of movement provides opportunities for exercise, performing natural behaviors, and 

strengthening bones, but also can increase the risk for trauma-related injuries. Therefore, the 

investigation of management strategies that improve bone development, but minimize the risk of 

physical damage is necessary. 

Genetic selection 

Modern laying hens (Gallus gallus domesticus) were domesticated from the red jungle fowl 

(Gallus gallus) that are native to south and southeast Asia around 9000 years ago [57,58]. Since 

then, there have been tremendous advancements in genetic improvement of the domestic chicken 

into a highly specialized laying hen. The junglefowl lays approximately 12 eggs per year and 

begins laying eggs around 42 weeks of age, while modern strains of laying hens produce more 

than 300 eggs per year and begin laying eggs around 16 weeks of age [59,60]. This results in a 

production output increase of 2400% over many years of genetic selection. But, this selection for 

productivity traits can lead to adverse side effects on behavior and physiology due to the 

reallocation of energy towards one or a few specific systems [61]. For example, hens are 

intensively selected for egg production, allocating most available resources towards reproduction. 
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However, we observe an undesirable impact on their adaptive immune response and genetic 

diversity [62,63]. 

Furthermore, modern laying hens have trouble adapting to new environments and coping 

with stressors, which could impact health and biological functioning [64]. Researchers believe that 

intense genetic selection for high egg production can contribute to skeletal issues, such as keel 

bone damage. However, specific strain, age, sex, nutrition, and physical exercise can all play a role 

in the development of bone fragility over time (Figure 1.4)  [65,66]. Keel bone damage can 

manifest as either keel bone deviations (KBD) or keel bone fractures (KBF). KBD is characterized 

by a morphological change to the bone itself, such as an abnormally shaped keel not due to fracture, 

but due to pressure on the keel from perching on hard surfaces [67]. KBF are characterized as 

sharp, fragmented portions of the keel bone, affecting up to 97% of end-of-lay hens in alternative 

housing systems [68–70]. Strong genetic selection for high egg production may be linked to keel 

bone damage due to the early onset of lay and underdeveloped keel bone that is more susceptible 

to damage or fracture than a completely developed (ossified) keel bone [69,71,72]. Intense egg 

production may disrupt normal bone biology, leading to bone weakness in other areas of the 

skeleton, especially for birds at the end of the laying cycle. 
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Compounding welfare concerns 

Osteoporosis is a significant animal welfare concern, as it can cause acute and chronic pain, as 

well as reduced mobility and production [35,44,73,74]. Old or healing bone fractures have been 

reported in 0 to 25% of birds, with nearly 100% having at least one fracture at the end of 

processing, reducing meat quality [75–78]. Therefore, osteoporosis is not just an animal welfare 

concern, but also an economic concern. The higher risk for bone fracture due to increased freedom 

of movement in alternative housing systems poses a major welfare concern. Furthermore, because 

hens have been so highly genetically selected for egg production, the resulting skeleton towards 

the end of lay is already weak, compounding the threat of bone fracture and other welfare issues. 

Given these health and welfare issues, it is imperative to delve deeper into management strategies 

to ease the physiological stressors placed on laying hens due to genetic selection for high egg 

production. 
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Figure 1.3. Factors affecting laying hen bone health. 
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Interventions to Improve Laying Hen Bone Health 

Environmental enrichment 

Alongside the movement towards alternative housing systems for laying hens to increase 

behavioral expression and improve skeletal health comes some issues such as feather pecking, 

increased occurrence of keel bone damage, and mortality [79,80]. These undesirable behaviors and 

effects suggest that the biological needs of those laying hens are not met by current housing 

conditions or that the environment is not adequately designed for hens’ locomotor or spatial 

navigation skills [81]. Providing environmental enrichments may ameliorate some of these 

behavioral issues and improve health as long as they are properly designed and biologically 

relevant. Newberry (1995) defined environmental enrichment as “an improvement in the 

biological functioning of captive animals resulting from modifications to their environment” [82]. 

Environmental enrichment aims to: “1) promote natural, species-specific behaviors, 2) minimize 

negative or abnormal behaviors, 3) improve the animal’s ability to use their environment, and 4) 

improve the animal’s ability to cope with stressors or challenges” [83]. van de Weerd and Day 

(2009) proposed that environmental enrichment should also encompass aspects of economics, 

stating that it should: “1) increase species-specific behavior, 2) maintain or improve health, 3) 

improve the economics of the production system, and 4) be practical to employ” [84]. There is 

ongoing investigation of practical enrichments for laying hens that increase complexity of the 

environment and improve their quality of life, health, and productivity. A few environmental 

enrichments evaluated for laying hens are ramps [85–87], swinging or flexible perches to improve 

balance and strength [88], brightly colored, stimulating novel objects to reduce fearfulness [89,90], 

and foraging substrates to promote species-specific ground pecking and foraging behavior [91,92]. 

Relevant to the present dissertation, perch provision has been suggested as an environmental 
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enrichment aimed to stimulate skeletal development and provide opportunity to express highly 

motivated perching behavior. 

 

Provision of perches 

The provision of perches within alternative housing systems is suggested as a solution to 

improve bone health of laying hens. Although perches are not required in housing systems within 

the United States, there are many recommendations for perch space per bird and height. For 

example, Certified Humane (a voluntary humane farm animal care certification program) requires 

15cm of perch space per hen, and perches must be higher than 16cm and lower than 1m [93]. 

Perching involves load-bearing exercise, increasing the biomechanical load on the skeleton, 

thereby improving bone health [44,94]. In other words, the strength of a bone is dependent upon 

the load-bearing activity it experiences, and perching increases the amount of load-bearing activity 

performed by laying hens [95]. Aviary systems offer increased opportunity for exercise and can 

result in improved muscle and bone growth compared to pullets reared in conventional cages at 16 

weeks of age [96,97]. Furthermore, pullets reared in cages with access to perches had higher 

mineral content of the tibia, humerus, and sternum and heavier leg muscle weights than caged 

pullets without perch access at 12 weeks of age, suggesting that providing access to perches 

positively affects pullet health by promoting the development of leg muscles and enhancing the 

mineral content of specific bones, all without compromising bone density [98]. Hens housed in an 

aviary system from 0-77 weeks of age had greater cortical thickness and density and stronger bones 

than hens reared in an aviary and moved to a conventional cage at 19 weeks of age, suggesting 

that movement limitation after the rearing phase causes a loss of bone mass and density [99].  
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The provision of perches during bone development (i.e., the rearing phase) may work as a 

proactive solution to slow or prevent the loss of structural bone later in life. By increasing bone 

mass before egg production, the skeletal system may better respond to calcium withdrawal during 

the lay phase and minimize the risk of future bone fractures. Metatarsal bones of 71-week-old hens 

with perch provision only during the rearing phase (0-17 weeks of age) were wider than hens 

without pullet perch access, possibly because of a higher activity level and load-bearing exercise 

during the crucial developmental stage when the skeleton undergoes rapid growth [100]. Aviary-

reared hens had greater tibia and radius bone cross-sectional areas and mineral content compared 

to conventional hens at 73 weeks of age, implying that the aviary system provided enhanced 

exercise opportunities and led to better bone quality attributes by the end of the laying period [101].  

Some researchers propose that the beneficial impact of perch provision to increase activity 

levels and improve bone health is not enough to prevent keel bone damage at the end of the lay 

period. For example, bone mineralization of 71-week-old hens improved when they had access to 

perches as adults (17-71 weeks of age). Nevertheless, the researchers observed a greater 

occurrence of keel bone deviations and fractures towards the end of the laying period. This 

suggests that while perch provision throughout the lay phase increased keel bone mineralization,  

this intervention was not sufficient to counteract the number of fractures in the keel at the end of 

the laying period [102]. Additionally, although cage-free environments improved tibia and keel 

bone integrity compared to conventional cages at 78 weeks of age, both housing types were 

associated with a high prevalence of keel deformities (>90%), suggesting that this positive impact 

is insufficient to prevent keel bone damage [103]. 

The beneficial impact of perches on the musculoskeletal health of birds can be strain-specific. 

For example, white-feathered strains exhibited heavier muscle weights and performed more 
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vertical transitions than brown-feathered strains in the same housing environment [104]. 

Additionally, white-feathered pullets exercised more in the rearing and laying phases and had 

higher odds of perching in the rearing phase than brown-feathered birds [105]. This indicates that 

strain can affect the types of locomotion that birds perform and could impact musculoskeletal 

development. In fact, tibia cortical thickness was greater in Barred Plymouth Rock hens compared 

to Hy-Line brown hens at 78 weeks of age [103]. A summary of previous studies investigating the 

impact of perch access on the musculoskeletal health of laying hens is provided in Table 1.2. 

 

 

Table 1.2. Summary of studies evaluating the effect of perch provision on laying hen musculoskeletal health. WOA 

= weeks of age, BS = breaking strength, BMD = bone mineral density, BMC = bone mineral content, CSA = cross-

sectional area, CT = computed tomography. 

Aim/hypothesis Treatment Variables Results Reference 

Find out if supplying 

perches for caged brown 

hens would enhance bone 

strength and/or volume 

16 hens housed in cages 

with or without perches 

from 18-72 weeks of age 

At 72 WOA: 

Tibiotarsi BS 

Tarsometatarsi 

bone volume 

No effect of perches on tibiotarsal BS 

Both groups of hens exhibited signs of 

osteoporosis, though it was more pronounced 

in birds housed in conventional cages lacking 

perches → tarsometatarsal trabecular bone 

volume was larger in hens with perches 

Hughes et al. 

(1993) [106] 

Investigate the impact of 

perch availability on the 

health, bone mineralization, 

muscle development, and 

stress levels of caged White 

Leghorn pullets 

From 0-17 WOA 

P: cages with 2 round 

metal perches 

C: no perches in cage 

3, 6, and 12 WOA: 

Bone 

mineralization and 

size of the tibia, 

femur, sternum, 

humerus, ulna, 

radius, and 

phalange using 

DEXA 

Breast and left leg 

muscle weights 

Foot health 

Body weight 

Right adrenal 

weight 

Packed cell volume 

Perch access did not impact breast muscle 

weight, % breast or leg muscle, bone length or 

width, BMD, packed cell volume,  adrenal 

weight, or hyperkeratosis of footpad/toes 

No difference in body weight, BMC, and leg 

muscle weight at 3 and 6 WOA, but at 12 

WOA: body weight, BMC of tibia, sternum, 

and humerus, and left leg muscle weight 

increased in P pullets  

Access to perches positively affected health of 

pullets by promoting deposition of leg muscle 

and enhancing mineral content of specific 

bones, without reducing bone density 

Enneking et 

al. (2012) 

[98] 

Investigate whether the use 

of metal perches throughout 

or during certain stages of 

the White Leghorn’s 

lifespan influences 

T1: no perch access 

T2: perch access during 

lay phase (17-71 WOA) 

71 WOA: 

Muscle weight 

Bone 

mineralization 

T3: Heavier muscle dep. Of 71 WOA hens 

T2: increased bone mineralization of 71 WOA 

hens; higher incidence of keel deviation and 

keel fractures at end of lay 

Hester et al. 

(2013) [102] 
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musculoskeletal health at 

the end of their laying 

period 

T3: perch access during 

pullet phase (0-17 

WOA) 

T4: continuous perch 

access (0-71 WOA) 

Bone fracture 

incidence 

Keel bone 

deviation 

Increase in keel bone mineralization as a result 

of pullet and lay phase perch access was not 

beneficial enough to stop a greater incidence of 

keel bone fractures at end of lay 

Investigate the impact of 

perch availability 

throughout or during 

specific life stages on 

physiological balance in 

caged White Leghorn hens 

T1: no perch access 

T2: access to perches 

during lay phase (17-71 

WOA) 

T3: access to perches 

during pullet phase (0-

17 WOA) 

T4: continuous perch 

access 

71 WOA: 

Plasma 

catecholamines and 

corticosterone 

Blood serotonin 

and Trp 

Fluctuating 

symmetry of shank 

length and width 

Adrenal weight 

T3 hens had wider shanks than T1 

Early perch access improved skeletal 

development 

No stress response observed in 71 WOA hens in 

T4 compared to hens in other groups 

Yan et al. 

(2014) [100] 

Investigate how different 

housing systems affect the 

bone quality of pullets 

White leghorns from 0-

16 WOA: 

Cage free aviary (AV) 

Conventional cages 

(CC) 

At 16 WOA: 

Cortical bone 

density and 

thickness 

Periosteal and 

endosteal 

dimensions 

Serum osteocalcin 

and hydroxylysyl 

pyridinoline 

measured as 

markers of bone 

formation (at 4, 8, 

12, 16 WOA) 

Cortical bone density was higher in AV humeri  

and tibiae were denser in AV in the distal 

section compared to CC 

Greater humeri ash content in AV, no 

difference in tibae ash 

Denser cortex of tibiae and humeri in AV than 

CC 

Greater second moment area of tibiae and 

humeri in AV than CC 

Osteocalcin concentrations not different, but 

hydroxylsyl pyridinoline was higher in CC at 

12 WOA than AV → effect switched for 16 

WOA 

The tibiae and humeri exhibit varied responses 

to weight-bearing activities during growth 

Enhanced weight bearing capability and 

stiffness in AV pullets are linked to augmented 

cross-sectional geometry 

Regmi et al. 

(2015) [97] 

Determine the housing and 

strain effects on bone 

properties 

Hy-line brown 

Hy-line silver brown 

Barred Plymouth rock 

hens in: 

Conventional cages 

(CC) 

Cage-free (CF) 

Cage-free with range 

access (R) 

At 78 WOA: 

Dry weight 

% ash content 

Cortical density 

Cortical thickness 

Keel deformities 

Tibiae cortical thickness was greater in barred 

Plymouth rock compared to Hy-line brown and 

silver 

No effect of housing on femur cortical density, 

but it was greater for middle and distal tibia of 

birds in R than CC 

Keel cortical density greater in CF and R than  

CC 

Housing system is linked with a high 

prevalence (over 90%) of keel deformities, and 

both housing conditions and genetics play a 

role in the specific type of deformity observed 

Range and cage-free systems might have a 

positive effect on integrity of the tibia and keel 

bone compared to conventional cages, but the 

improvement might not be adequate to entirely 

prevent fractures or deformities of the keel 

bone 

Regmi et al. 

(2016) [103] 

Investigate how housing 

systems affect the tibiae 

and humeri of Lohmann 

white hens 

Pullets reared in aviary 

or conventional cages 

and transferred at 19 

weeks to: 

Aviary (AV) 

At 77 WOA: 

Cortical thickness 

Cortical density 

geometric 

properties 

Greater cortical thickness and density in AV, 

but not different outer dimensions to AC 

EN had similar humeri cortical thickness and 

density, but wider outer dimensions than CC 

Regmi et al. 

(2016) [99] 
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Aviary reared- 

conventional cage adult 

(AC) 

Conventional (CC) 

Conventional cage 

reared-enriched colony 

cage adult (EN) 

Tibial cortical geometry was same for EN and 

CC, but EN had denser tibial cortex 

Increased second moment of area in  humeri of 

AV and EN than AC and CC 

AV hens had greater failure moment and 

stiffness than AC, same difference between EN 

and CC 

Restricting movement leads to a decline in bone 

mass and density, whereas allowing moderate 

movement enhances certain bone quality 

parameters during adults hood 

Investigate if various 

exercise opportunities 

during pullet rearing affect 

long-term bone quality 

characteristics in hens at the 

end of their laying period 

Lohmann selected 

leghorn-lite pullets 

reared in: 

conventional or aviary 

system then transferred 

at 16 WOA to: 

Conventional (CC) 

Aviary (AV) 

FC-L (large furnished 

cage) 

FC-S (small furnished 

cage) 

Conventional cages 

(CC) 

At 73 WOA: 

Wing and leg bones 

collected for CT 

and BS measures 

AV hens exhibited larger total and cortical 

CSA for radius and tibia, higher total BMC of 

the radius, and greater cortical BMC of the tibia 

than CC hens 

Total and cortical BMD of the radius and tibia 

were greater in CC hens 

FC-L hens had greater total BMD for radius 

and tibia, and greater trabecular BMD for the 

radius than FC-S and CC 

Total BMC of tibia and cortical BMC of radius 

and tibia were greater in FC-L than CC 

Humerus of CC hens had greater BS than AV 

hens 

Tibia of FC-L and FC-S hens had greater BS 

than CC hens 

The increased opportunities for exercise 

provided by the aviary rearing system resulted 

in improved bone quality characteristics 

throughout the laying period 

Casey-Trott 

et al. (2017) 

[101] 

Determine whether 

differing chances for 

exercise during rearing 

influences pullet 

musculoskeletal 

characteristics 

Lohmann Selected 

Leghorn-lite pullets 

were reared in either 

conventional cages or 

aviary system from 0-16 

WOA 

At 16 WOA: 

Keel bone and its 

muscles, radius, 

humerus, and tibia 

were dissected for 

CT and BS 

measures 

Aviary pullets had greater keel metasternum 

and caudal tip cartilage lengths, and higher % 

of cartilage present than control 

Wing and breast muscle weights were greater 

in aviary vs control, but leg muscle weights 

were greater in the control 

Aviary had greater total bone density, total 

CSA, cortical CSA, total BMC, and cortical 

BMC than control pullets for the radius, 

humerus, and tibia 

Aviary pullets had greater BS compared to 

control for all bones 

Enhanced chances for physical activity 

provided by the aviary rearing system led to 

increased muscle and bone development in 

pullets at 16 WOA 

Casey-Trott 

et l. (2017) 

[96] 

White-feathered strains and 

pullets raised in the most 

intricate system were 

expected to demonstrate 

enhanced locomotion and 

musculoskeletal traits in 

comparison to brown-

feathered strains and those 

reared in simpler systems 

S1 (simplest) 3-tiered 

wire-floored brooding 

compartment with litter 

floors, terraces, ramps, 

and perches available at 

37 days of age 

S2: wire-floored 

brooding compartment 

with three round metal 

25, 68, and 112 

days of age: 

Locomotion 

Muscle weights 

Breaking strength 

of tibia, femurs, 

radius, humerus 

S3: most time spent locomoting during rearing, 

white strains in S3 performed highest rate of 

vertical transitions 

No difference in muscle weight between style 

White strains had heavier pectoralis major, 

minor, and lighter leg muscles than brown 

strains 

White strains and pullets in S3 had stronger 

tibiae and femurs than brown strains and pullets 

in S1 

Pufall et al. 

(2021) [104] 
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perches and a raised 

platform 

S3 (most complex): 

open-concept system 

with 6 perches and 

vertical panels that could 

become additional 

ramps or platforms 

No differences in radius or humerus BS  

Breed and variations in design of rearing 

aviaries influences the types of movements that 

pullets engage in, which could potentially 

affect their skeletal development 

Investigate how 

environmental complexity 

during early life and genetic 

strain influence space 

utilization and exercise 

patterns: 1) chicks raised in 

highly complex brooding 

compartments expected to 

engage in more exercise, 

particularly activities 

involving wing-bearing 

loads, and utilize perches 

more frequently in the 

brooding phase, 2) pullets 

reared in aviaries with high 

complexity are anticipated 

to engage in more exercise 

and perching during the 

laying phase, 3) level of 

exercise and perching was 

expected to be higher in 

white strains compared to 

brown 

Four brown- and white-

strained flocks raised in 

3 styles of aviaries with 

low, intermediate, or 

high complexity 

Behavioral 

observations 

(weeks 1, 3, 5, 7, 

11, 17): aerial 

locomotion, 

perching, dynamic 

load-bearing 

behavior, and 

wing-involved 

load-bearing 

behavior 

 

During rearing, chicks in high complexity 

exercised most frequently → effect remained 

for white strains, but not brown, during the lay 

phase 

White pullets exercised more than brown 

pullets in rearing and laying phases 

White pullets had higher odds of perching than 

brown throughout rearing 

Design of rearing aviaries can influence 

behavior during the rearing phase, but housing 

distinctions primarily impacted white pullets 

during the laying phase 

Rentsch et 

al. (2023) 

[105] 

A review detailing the 

effects of cage and cage-

free housing systems on 

critical welfare aspects for 

laying hens, including 

musculoskeletal health, 

disease susceptibility, 

feather pecking, and 

behavioral expression 

   

Hartcher et 

al. (2017) 

[114] 

A review detailing 

prevalent and successful 

strategies for enhancing 

farm environments to 

alleviate stress, enhance 

welfare, and boost 

productivity in laying hens 

   
Xu et al. 

(2022) [108] 

A review summarizing the 

skeletal health of laying 

hens across various housing 

systems 

   
Campbell 

(2022) [54] 

A review detailing studies 

on poultry perching and 

exploring the connection 

between perch design, 

   
Bist et al. 

(2023) [112] 
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animal welfare, and 

production efficiency 

 

Nutritional enrichment 

Although bone health is influenced by genetics and environment, nutrition can play a role 

in alleviating the welfare concerns observed in laying hens. If a nutritional intervention is not 

implemented until the laying phase, the effects will only be observed on medullary bone formation 

(13). This may not be ideal since the progressive loss of cortical bone ultimately leads to bone 

fragility and osteoporosis. Therefore, it is essential to provide nutritional interventions during the 

rearing phase when the skeleton is developing to observe a beneficial impact [110]. Chicks require 

at least 38 nutrients alongside appropriate metabolizable energy and water [111]. Macrominerals, 

such as calcium, phosphorus, sodium, potassium, manganese, chlorine, and sulfur, are required in 

the diet in large amounts [111]. Microminerals are required in small amounts in the diet and consist 

of copper, iodine, iron, manganese, selenium, and zinc [111]. Vitamins are required in small 

amounts within the diet because poultry cannot synthesize them [111]. Fat-soluble vitamins, such 

as vitamins A, D, E, and K, are kept within the body for extended durations, meaning they are 

needed intermittently within the diet, but raise concerns for toxicity due to their long storage time 

[111]. Water-soluble vitamins (thiamin, riboflavin, niacin, pantothenic acid, pyridoxine, biotin, 

folic acid, cobalamin, and choline) are not stored in the body for very long, thus need to be supplied 

within the diet frequently for normal energy and nutrient metabolism, health, and productivity 

[111].  

During the rearing phase, appropriate inclusion rates of calcium, vitamin D, and 

phosphorus is essential for ensuring high bone quality [112]. Calcium is required at approximately 

9g/kg of feed during the early rearing period and should be increased in the diet as the pullets reach 
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sexual maturity [112]. Calcium inclusion may help minimize cortical bone loss during the 

developmental stage. Vitamin D’s active metabolite, 25-hydroxyvitamin D3, is commercially 

available and has been studied to improve skeletal characteristics during the rearing phase due to 

its involvement in calcium and phosphorus absorption. One study discovered that 25-

hydroxyvitamin D3 supplementation during the rearing phase improved bone growth, increased 

bone size, and allowed for more mineral deposition within the cortical bone during the laying phase 

[113]. The ratio between calcium and phosphorus in poultry diets is quintessential, ensuring a 2:1 

ratio of calcium to phosphorus [112]. Aside from these macrominerals and vitamins, some 

microminerals have been investigated to improve bone health. Zinc plays a vital role in the growth 

and development, bone health, egg quality, and immune function of laying hens. For example, 

zinc-methionine supplementation has shown to improve tibia cortical thickness in laying hens 

[114]. Copper plays a role in a multitude of physiological functions, including bone metabolism. 

In fact, a copper-dependent enzyme is responsible for initiating the process of covalent cross-

linkage formation in elastin and collagen, crucial components of bones and other connective 

tissues [115]. A copper deficiency can cause bone loss, demineralization, and failure of bone to 

ossify due to reduced osteoblast function [116,117]. Manganese is essential and contributes 

significantly to growth, bone development, prevention of perosis, eggshell quality, and the 

maintenance of good performance [118]. Zinc, copper, and manganese are all constituents of 

proteins involved in intermediary metabolism, hormone secretions, and the immune system, which 

would have a beneficial effect on poultry health and biological functioning [119].  

Aside from the required nutrients, some non-nutrient feed additives can be added to the 

diet for specific purposes or functions. For example, antioxidants can protect vitamin integrity and 

unsaturated fatty acid oxidation [111]. Other exogenous enzymes can increase nutrient availability 
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(e.g., phytase) or decrease the antinutritional effects of certain ingredients [111]. Probiotics have 

been shown to improve bone quality in broilers [120] and laying hens [121]. Essential fatty acids 

might have a significant role in sustaining a robust skeletal system and could enhance the ash 

content of laying  hen tibiae [122]. Ultimately, there is ongoing investigation of many nutritional 

solutions to improve poultry bone health aside from the required nutrients found within a typical 

poultry diet.  

 

Boron 

Boron is a trace element and has been studied as a feed additive in broilers, but not recently 

in laying hens to determine its effects on bone health. Functions of boron may include increased 

growth rate, retention of calcium and phosphorus, and decreased vitamin D deficiency in broiler 

chickens [123]. The most recent study conducted in laying hens (in 2012) discovered that boron 

supplementation had a beneficial impact on bone resistance and copper supplementation improved 

eggshell quality [124]. In that study, boron supplementation at 60, 120, or 240mg/kg promoted 

some trace element (B, Cu, and Zn) deposition in the bones without impacting the amounts of Ca, 

P, and Mg, which may have led to the increased cortex thickness, shear force, stress, and fracture 

energy of the bones [124]. Furthermore, other older studies suggest that boron plays a role in the 

metabolism of calcium, which improves bone strength and subsequently reduce the incidence of 

fractures [125,126]. In laying hens, adding boron to the basal diet has been shown to improve bone 

characteristics, such as tibia calcium levels [127,128], calcium retention [129], shear stress of the 

tibia, shear fracture energy of the femur, tibia ash content [128,130], and even some egg quality 

parameters [128,129]. Given results from previous studies, it is imperative to gain a better 

understanding of how boron supplementation may play a role in skeletal health of the modern 
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pullet and laying hen. Previous studies investigating the effects of boron supplementation on 

various parameters, including bone health, of pullets or laying hens are summarized in Table 1.3. 

 

 

Table 1.3. Summary of studies evaluating boron as a feed additive in pullets or laying hens. WOA = weeks of age, B 

= boron, CSA = cross-sectional area, FCR = feed conversion ratio. 

Aim/hypothesis Treatments Variables measured Results Citation 

Effect of boron on 

White Leghorn tibia, 

humerus, and radius 

bone strength 

characteristics 

White Leghorns (last 

28 days of production): 

B supplemented at 3.5, 

7,14, 28, and 56mg/kg 

Shear force, stress, fracture 

energy, CSA of tibia, radius, 

and humerus 

B levels in tissue samples 

Egg production 

No significant effects on shear force, 

stress, fracture energy, CSAand body 

weight 

B found in breast, liver, and thigh 

Wilson & 

Ruszler (1995) 

[138] 

 

Effect of boron 

supplementation on 

laying hen egg 

production and tiba, 
femur, humerus, and 

radius qualities  

White Leghorns (last 

84 days of production): 

B supplemented at 0, 
100, 200, and 

400mg/kg 

Shear force, stress, and 

fracture energy of the tibia, 

femur, radius, and humerus 

Body weight and feed 

consumption 

Egg characteristics 
Bone ash content 

B, calcium, and phosphorus 

concentrations in tissue 

samples 

No effects on shear force, stress, and 

fracture energy  

Egg production, feed consumption, 

and body weight decreased at 
400mg/kg B 

B increased in tissue samples in birds 

fed 400mg/kg B 

Wilson & 

Ruszler (1996) 
[139] 

Effect of boron on 

growing pullets 

White Leghorn pullets: 

50mg/kg B 

100mg/kg B 

200mg/kg B 

Ash content 

Ultimate shear force, stress, 

and fracture energy of the 

tibia, femur, humerus, and 

radius 

Tibia shear stress increased at 50 and 

100mg/kg B 

Femur fracture energy increased at 50 

and 100mg/kg B 

Tibia bone ash content increased at 50, 

100, and 200mg/kg B, with the 

greatest at 50mg/kg B 

Wilson et al. 

(1997) [130] 

Long-term impact of 

boron on egg 

production and tibia 

and radius 

characteristics 

White Leghorn (16 or 

32-72 WOA): 

B supplemented at 50, 

100, 200, and 

400mg/kg 

72 WOA: 

Body weight 

Feed consumption 

Ca, P, and B content of 

tissues 

Egg characteristics 

Tibia ash percent 

Tibia and radius qualities 

Tibia shear force and stress increased 

with B supplementation at 32 WOA 

Tibia and radius shear fracture 

increased for birds fed 200mg/kg B 

starting at 32 WOA 

Decrease in body weight at 400mg B 

B concentration in the breast, liver, 

and thigh increased with increasing B 

Egg production and weight negatively 

impacted by 400mg/kg B 

Wilson & 

Ruszler (1998) 

[137] 

Effect of boron on 

performance of laying 

hens 

Hysex-Brown layer 

hybrids (40 WOA): 

0, 50, 100, 150, 200, 

250 ppm B 

Feed consumption 

FCR 

Egg production 

Body weight 

Egg weight 

Specific gravity 

Damaged egg ratio 

Biochemical characters 

B supplementation did not impact egg 

production, egg weight, specific 

gravity, feed consumption, body 

weight 

Serum Ca increased at 250mg/kg B 

No difference between control and B 

in serum Mg and P values 

Kurtoglu et al. 

(2006) [136] 
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Effect of boron on 

laying hen egg 

production, egg 

quality, performance, 

and bone 

characteristics 

Barred Rock (4-64 

WOA): 

B supplemented at 0, 

25, 50, 100, and 

200mg/kg feed 

Egg production 

Egg weight 

Cracked eggs 

Body weight 

Egg quality parameters 

Tibia and femur strength 

Ash and calcium content of 

tibia and femur 

50, 100, and 200mg/kg B showed 

decreased body weight than 0mg/kg at 

64 WOA 

Albumen height and Haugh unit 

benefitted at 25 or 50mg/kg B 

Femur strength, tibia and femur ash 

and calcium content increased at 25 

and 50mg/kg B 

Mizrak et al. 

(2010) [128] 

Determine effects of 

boron and copper on 

laying hen bone 

biomechanical 

properties, eggshell, 

qualities, and mineral 

concentrations in bone 

and plasma 

Lohmann laying hens 

(26 WOA): 

B (0, 60, 120, 

240mg/kg) 

Copper (0, 75, 150, 

300mg/kg) 

For 16 weeks 

Eggshell quality parameters 

Bone biomechanical 

properties 

Tibia and plasma mineral 

concentrations 

B reduced eggshell thickness and 

improved trace element (B, Cu, Zn) 

distribution without negatively 

affecting bone Ca, P, and Mg 

B increased bone resistance (increased 

cortex thickness, shear force, shear 

stress, and fracture energy) 

Olgun et al. 

(2012) [124] 

Impact of dietary boric 

acid and boric and 

ascorbic acid together 

on laying  hen egg 

traits, performance, 

blood serum, and egg 

yolk cholesterol 

concentrations and 

bone characteristics  

Hy-Line white hens 

(59-65 WOA): 

Basal control diet 

Ascorbic acid (AA) 

supplement at 

200mg/kg 

Boric acid (BA) 

supplement 120mg/kg 

AABA- supplement 

200mg/kg 

AA + 120mg/kg BA 

 

Body weight 

Feed efficiency 

Egg weight 

Eggshell index 

Egg breaking strength 

Eggshell thickness 

Egg albumen index 

Egg yolk index 

Egg Haugh unit 

Egg yolk weight 

Tibiae crude ash and 

phosphorus 

 

Serum cholesterol concentration was 

reduced with ascorbic and boric acid 

supplementation either alone or 

combined 

Ascorbic and boric acid increased tibia 

calcium levels 

Sizmaz et al. 

(2016) [127] 

Determine the effect of 

boron as a feed 

additive to a diet 

deficient in calcium 

under standard 

management 

guidelines 

White Leghorns (25 

WOA): 

NC: Normal calcium 

LC: Low calcium 

NCB: Normal calcium 

with 40ppm B 

LCB: Low calcium 

with 40 ppm B 

FCR 

Eggshell thickness 

Cracked egg production 

FCR positively influenced by LCB 

Eggshell thickness was higher in B 

supplemented groups regardless of Ca 

Cracked egg production decreased 

with B than Ca inadequate groups 

B benefitted Ca retention regardless of 

Ca in diet 

LC had decreased retention of 

magnesium and B 

Adarsh et al. 

(2021) [129] 

 

Laying Hen Welfare Assessment 

In order to accurately evaluate laying hen welfare, the three conceptions of animal welfare 

should be applied. The present dissertation aimed to measure all three: affective state, natural 

living, and biological functioning. Affective state, referring to an individual animal’s long-term 

mood state, was evaluated through an attention bias test, which will be discussed in depth within 
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the following section. Natural living discusses the ability of a captive animal to express natural 

behaviors and live in an environment similar to which it would in the wild. This conception was 

achieved through the provision of perches to elicit opportunities to express highly motivated, 

species-specific perching behavior. Biological functioning focuses on measures of health and 

physiological function, which was investigated in pullets and laying hens through various bone 

health and development parameters. 

 

Affective state 

Affective states are characterized as enduring emotional states that persist without being 

triggered by a specific stimulus, event, or object [135]. More specifically, affective states are “the 

outcome of the accumulation of short-term emotional experiences, resulting in a ‘running mean’ 

of positions occupied across scales of valence and arousal over time” [136–138]. The overall 

positivity or negativity of temporary emotions experienced by an animal over its lifetime shapes 

its affective state. However, an animal in a positive affective state may still temporarily experience 

negative states due to punishment (e.g., loss of prey, hunger) [136]. Cognition is defined as the 

“mechanism by which animals acquire, process, store, and act on information from their 

environment” [139]. Affective states and cognitive processing often influence one another through 

overlapping brain regions [140–143]. Negative affective states will cause individuals to perceive 

ambiguous stimuli negatively [144], exhibit a greater tendency to concentrate on threatening 

stimuli, and recall negative memories more rapidly compared to those in positive affective states 

[145,146]. For example, an animal experiencing a negative affective state due to living in a 

threatening environment will interpret an ambiguous stimulus, such as a rustle in the grass, as a 

potential danger (like a predator). It will recall past experiences and react to seek safety [136,147]. 
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In a similar scenario, an animal experiencing a positive affective state due to living in  a 

comfortable environment may perceive the same ambiguous stimulus as a positive opportunity, 

such as finding food or encountering a potential mate. It will recall past experiences in similar 

situations and take action to obtain the food reward or attract a potential mate. When an animal’s 

affective state influences cognitive functions, like judgement or attention, it is termed as a 

“cognitive bias” [143,148–150]. These biases serve as indicators of an animal’s affective state and 

welfare, offering insights into how the animal perceives its environment [136,139,143,151–154].   

Attention biases are described as “the differential allocation of attentional resources towards 

one stimulus compared to another” [149]. Anxiety is classified as an affective state disorder in 

humans, leading to heightened focus on adverse information [149]. For example, subjects with 

anxiety tend to direct their attention more towards threatening stimuli compared to subjects without 

anxiety [146,155]. Increased anxiety levels can be assessed by observing vigilance behaviors such 

as scanning, alertness, and posture, with vigilance being more evident in threatening situations 

than in non-threatening ones. For instance, cattle exhibit increased vigilance, indicated by spending 

more time with their heads upright, when subjected to threatening situations (aversive handling) 

compared to neutral situations (gentle handling) [156]. Thus, attentional biases can serve as 

indicators of how animals perceive and are able to cope with their housing environment and, 

consequently, their welfare [149]. 

A common method of attention bias testing is known as the “attentional probe or “dot probe” 

task [157]. In this test, two stimuli are simultaneously given to the animal: one positive (like high-

value feed) and one negative (like a conspecific alarm call signaling a potential threat)  [157]. By 

observing the animal’s behavior afterwards, we can determine whether its attention is skewed 

towards either stimulus. For instance, if the animal takes longer to start feeding and exhibits 
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heightened vigilance behavior, this may indicate an attention bias towards the negative stimulus 

(potential threat) rather than the positive stimulus (feed), suggesting a negative affective state. In 

laying hens, attention bias testing was pharmaceutically validated, where hens receiving an 

anxiogenic drug exhibited responses consistent with increased anxiety compared to control hens 

receiving saline injections [158]. Similarly, hens that preferred to stay indoors showed higher 

attentional biases towards a conspecific alarm call than hens that preferred to range outdoors [159]. 

A table summarizing studies that evaluate laying hen affective state through an attention bias test 

are included in Table 1.4. 

The provision of perches may improve laying hen affective state, as they are highly motivated 

to perform this behavior. Hens have exhibited a strong desire to access perches, as they have been 

observed pushing through weighted doors to access perches [20]. Providing housing systems that 

meet hens’ motivational needs and induce positive experiences could prevent negative affective 

states. Hence, the capacity to engage in highly motivated, species-specific behaviors could 

promote positive affective states and consequently, good animal welfare. Furthermore, the 

inability to perform highly motivated behaviors early on in life may have long-term negative 

effects on the psychological well-being of laying hens. The early rearing environment is essential 

for a pullet’s adaptation to their adult environment, which can impact how they cope with stressors 

and the ability to navigate a potentially complex environment [160]. Pullets are often reared with 

little to no complexity or enrichments within their environment and are transferred from these 

simple rearing environments to a complex adult aviary. This transition may impact their 

physiological well-being differently compared to pullets who are housed in the same environment 

for their entire life.  
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Table 1.4. Summary of studies evaluating laying hen affective state through an attention bias test. 

Stimuli Treatment 
Measures of 

attention bias 
Result Reference 

Conspecific 

alarm call 

(negative) 

and feed 

(positive) 

N: anxiogenic 

drug 

C: saline  

Latency to first step, 

vocalize, and feed 

following first and 

second playback of an 

alarm call 

# of steps and 

vocalizations 

Time spent eating 

N had longer latencies to feed after 

both alarm calls than C 

No impact on first step and 

vocalizations after first call or 

latency to step after second call 

N had longer latencies to vocalize 

after second call than C 

Greater number of steps and 

vocalizations in N group than C  

C spent a longer time feeding  than 

N 

Campbell et 

al. (2019) 

[158] 

Conspecific 

alarm call 

(negative) 

and mixed 

grain 

(positive) 

N: hens that 

prefer to stay 

indoors 

P: hens that 

prefer to range 

outdoors 

Latency to first step, 

vocalize, and feed 

following playback of 

an alarm call (hens 

must eat prior to 

playing the alarm call) 

N had longer latency to step than P 

P had longer latency to vocalize 

than N  

Fewer P hens did not eat at all 

compared to N hens 

Of the N group that did eat, only 

7% resumed eating after the alarm 

call playback compared to 36% of 

P hens 

Campbell et 

al. (2019) 

[159] 

Conspecific 

alarm call 

(negative) 

and feed, 

mealworms, 

and oats 

(positive) 

N: conventional 

cages 

P: enriched floor 

pens 

Number and latency to 

begin feeding 

following first alarm 

call, vigilant 

behaviors, Number 

and latency to resume 

feeding following 

second alarm call 

Latency to begin feeding P > N 

Number of birds resume feeding N 

> P 

Campbell et 

al. (2022) 

[161] 
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Bone health 

There are a multitude of ways to quantitatively measure bone health in poultry. 

Traditionally, poultry bone health is measured ex vivo, as these techniques are invasive. For 

example, biomechanical strength testing to determine bone breaking strength and bone ashing to 

elucidate percent ash content require dissection of the bone of interest for further postmortem 

testing. Computed tomography (CT) is a technology used more widely within the poultry research 

field to measure bone health, as the technique is non-invasive. It is possible to perform CT scanning 

in vivo as long as the subject remains motionless for a short period, typically by physical restraint 

or an anesthetic. A summary of previous studies evaluating the impact of perch provision on laying 

hen bone health measured by CT, breaking strength, and ash percent is provided in Table 2. 

Ultimately, these measures of bone health are important to further our understanding of avian bone 

biology, especially for laying hens to help determine nutritional or management interventions to 

prevent bone loss. 

 

Computed tomography 

Traditional radiography is based on attenuation, which refers to the difference between x-

ray energy emitted from its source and the energy received at the detector [37]. A radiographic 

image is 2-dimensional, based on the amount of X-ray energy that passes through an area of 

interest, and dependent upon tissue physical density and atomic composition. The X-ray 

attenuation is responsible for determining the coloration observed in radiographic and CT images. 

Low density tissues appear black (radiolucent, i.e., air or gas), high density tissues or materials 

with a high atomic mass appear white (radiopaque, i.e., bone, contrast agents such as barium or 

iodine), and intermediate density tissues appear grey. Because traditional radiography uses 2-
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dimensional film, the resulting image per pixel is a weighted attenuation of all tissues the x-ray 

energy passes through [37]. This problem, where structures of interest overlap with other 

structures, is called superimposition and can be solved by determining X-ray attenuation from 

multiple angles through the use of computed tomography [37]. 

Computed tomography is also based on the attenuation of x-ray energy based on tissue 

density or atomic mass and provides information on the distribution of radiographic densities 

within an object of interest. The CT machine includes an X-ray tube, patient table, gantry with a 

ring of X-ray sensitive detectors, and a computer. The x-ray tube rotates around an opening through 

which the area of interest moves using a motorized table. The X-ray tube emits a beam of X-ray 

energy that passes through the area of interest at each table position using multiple rotations. The 

degree of X-ray absorption is recorded for each rotation by an array of X-ray energy detectors 

positioned opposite the X-ray tube. The CT operator creates a scout image and selects the 

beginning and end locations for the scan, as well as technical parameters such as slice thickness, 

field of view, and filter/algorithm [37]. A CT slice is created at each angle based on X-ray energy 

absorbed in each detector. Each slice is divided into voxels, and each voxel is converted into a 2-

dimensional pixel for display. Modern CT software can create 3-dimensional models of the 

skeleton or area of interest [162]. In order to do this, the detectors convert the recorded X-ray 

energy into CT numbers for each voxel. CT uses Hounsfield units, a measure relative to the density 

of water, and provides a quantitative scale for describing the radiodensity of a certain object. A 

phantom with a known hydroxyapatite density value is included with the subject of interest to 

convert densities to CT values [162]. Low density tissues appear black (hypoattenuating), high 

density tissues appear white (hyperattenuating), and intermediate density tissues appear grey. 

Software processing allows scientists to view structures of interest within different anatomical 
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planes. Because CT involves acquiring scans in a single axial section from multiple angles, the 

pixel is not impacted by the density of neighboring tissues. The X-ray beam used to measure an 

area of interest has a beam width, which allows software processing to calculate volumetric bone 

density [37]. Furthermore, CT scanning allows for cortical and medullary bone width or cross-

sectional area measurements [162]. A summary of studies evaluating laying hen bone health by 

computed tomography as a result of perch provision is included in Table 1.2. 

 When performing diagnostic imaging, a variety of artifacts may manifest causing issues 

with the interpretation of the image due to an abnormality (77, 78). A few of the common artifacts 

encountered are: motion, ring, metal, beam hardening, and partial volume averaging. Motion 

artifacts occur when the subject moves during image acquisition (i.e., breathing, swallowing, 

moving body part, heart pulsing) and can cause blurring and double contour [163]. A faster gantry 

rotation or more x-ray sources may reduce the effect of motion artifacts. Ring artifacts occur due 

to a miscalibration of one of the detectors within the CT machine, causing a bright ring to appear 

within the center of the image [164]. Ring artifacts can be minimized by recalibrating or replacing 

the detector [165]. Metal artifacts typically occur due to the presence of metals with a high atomic 

number (i.e., iron or platinum) and are caused by beam hardening, scatter effects, and poisson 

noise [165]. Beam hardening and scatter effects result in dark streaks appearing between two high 

attenuation objects (i.e., metal and bone), surrounded by bright streaks [165]. Beam hardening 

typically happens as a polychromatic x-ray beam passes through an object, where low-energy 

photons are selectively absorbed more than high-energy photons, resulting in predominately high-

energy photons remaining. This results in “hardening” of the beam and results in dark streaks 

between high attenuating tissues or objects within the CT image [165]. Scatter effects occur 

because x-ray photons change direction and are absorbed by a detector other than the one originally 
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intended to receive them [165]. To minimize the effects observed by beam hardening and scatter, 

a filter can be applied so that the beam is hardened before it reaches the area of interest. 

Furthermore, increasing the energy of the x-ray beam or using iterative reconstruction algorithms 

may also help minimize the effects of these artifacts [165,166]. Poisson noise is the result of a 

statistical error resulting in low photon counts, and causes bright and dark streaks to appear towards 

the direction of greatest attenuation [165]. Effects from poisson noise can be reduced by using 

iterative reconstruction techniques or combining data from multiple scans [165]. Partial volume 

averaging artifacts occur when tissues of different absorption energy are on the same CT voxel, 

producing an average attenuation of the CT volumes [167]. This can cause blurring of the edges 

and reduced contrast within the image. To minimize this artifact, use a smaller CT slice thickness, 

as this improves the ability to distinguish between structures within the CT image [167]. 

 

Bone biomechanical testing by three-point bending test 

Bones are anisotropic (having different properties in different directions) and viscoelastic 

(exhibiting both viscous and elastic characteristics). Its properties vary with direction for both 

cortical and trabecular bone and are time (rate) dependent. Therefore, the type of load applied 

during biomechanical testing influences the mechanical behavior of bone. The mechanical test 

frame is composed of a moving crosshead, load cell, machine base, and motor (Figure 1.5). The 

specimen is placed upon fulcra attached to the machine base. Once the test has begun, the load cell 

attached to the crosshead moves downwards at a preset speed toward the test specimen. The motor 

controls the rate at which the crosshead moves up or down. During the test, load and displacement 

values are recorded and stored in a data file. Long bones are tested under three-point bending or 

four-point bending scenarios. Three-point bending tests are typically used for homogenous 
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materials and will apply load at the midpoint of the specimen, which is supported by two fulcra 

(Figure 1.5). Because the load is placed in the middle of the specimen, the length to sample 

diameter ratio is important (10 is recommended) [168]. Four-point bending tests apply equal load 

at two points on the bone [169].  
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Figure 1.4. Schematic of mechanical test frame setup for a three-

point bending test. Adapted from Awoyera et al. (2021) [172]. 
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The resulting load vs. displacement plot provides the basic structural parameters of 

stiffness, yield load, ultimate load, post-yield displacement, and work to fracture (Figure 1.6). 

Stiffness refers to the amount a specimen will deform for a given applied force and corresponds to 

the slope of the linear portion of the load-displacement curve. Stiffness indicates the bone’s 

resistance to displacement during the elastic region [170]. Elastic deformation disappears upon the 

removal of external force (i.e., the curve area to the left of the yield point in Figure 1.6), whereas 

plastic deformation remains even after the removal of external forces (i.e., the curve area to the 

right of the yield point in Figure 1.6). Yield load refers to the stress level at the yield point, marking 

the onset of plastic deformation of the material [171]. In other words, yield load measures how 

much force the specimen can withstand before it breaks [170]. A common characteristic of 

breaking strength is failure (ultimate) load, which refers to the amount of force required to break 

the bone [172]. Post-yield displacement refers to the displacement occurring from the yield point 

to the fracture point and serves as a measure of ductility [170]. Ductility is the ability of a material 

to deform plastically before fracture (i.e., the material can absorb great amounts of energy before 

fracturing). Work to fracture is the total area beneath the load-displacement curve and signifies the 

amount of work required to induce fracture [170]. Bone ash has been correlated with CT measures 

of bone mineral content in laying hens, therefore could be a useful tool in assessing mineral content 

in individual birds over a long period of time [162]. 
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Ash percentage 

Bone is composed of the matrix and cells, such as osteoblasts, osteoclasts, and osteocytes. 

Organic and inorganic phases make up the bone matrix, with the organic bone matrix being 90% 

collagen and 10% amorphous ground substances (i.e., extracellular fluid). The inorganic phase 

makes up approximately 65% of the matrix’s mass and is composed of hydroxyapatite 

(Ca10[PO4]6[OH]2) [173]. Hydroxyapatite is mainly composed of calcium and phosphate [173]. 

The process of ashing bones leaves behind inorganic compounds (calcium and phosphate) and can 

be used as an indicator of bone mineralization [174]. Bones with a higher ash percent or content 
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Figure 1.5. Load-displacement plot produced by biomechanical strength testing. Adapted from Silva 

(2016) [173]. 
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contain more inorganic materials and thus have a higher rate of mineralization compared to bones 

with a low ash percent [175]. Bones with higher mineralization are stronger and healthier, and 

poor bone mineralization is associated with an increased fracture risk [175]. Therefore, ash 

percentage can be used to indicate overall bone health.  

 Aside from being a postmortem evaluation, there are some disadvantages to using ash 

percent as a measure of bone health. The type of bone used for ashing can impact results, as 

different bones are comprised of varying mineral amounts and may be more or less sensitive to 

changes in diet [176]. Furthermore, the method of sample preparation can influence ash 

determination data. The flesh and connective tissue must be removed prior to ashing. This can be 

performed in a variety of ways (i.e., enzymatic maceration [177], autoclaving [178], or boiling 

[179]) and is subject to variability between researchers performing the tissue removal. There are 

also an array of methods to extract the fat from the bone prior to ashing, such as soaking in diethyl 

alcohol for 48 hours [180], a two phase extraction process with ethanol for 48 hours followed by 

ethel for 48 hours [181], or a Soxhlet method for 16 hours [182], among other methodologies. 

These variations in methods for bone processing can impact results obtained from ashing and make 

it difficult to compare results between studies [183]. 
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Chapter 2  
 

INFLUENCE OF PERCH PROVISION DURING REARING ON ACTIVITY AND 

MUSCULOSKELETAL HEALTH OF PULLETS1 
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Abstract 

Prior research suggests exercise during pullet rearing can mitigate lay-phase bone fractures 

by strengthening muscles, enhancing balance, and increasing bone mass. This study aimed to 

confirm that Hy-Line brown pullets with multi-tier perches show increased activity and improved 

musculoskeletal health. Pullets (n=810) were randomly allocated to housing systems, either with 

multi-tier perches (P; n=15 pens) or without (NP; n=15 pens), spanning from 0-17 weeks of age. 

At 5, 11, and 17 weeks, individual birds were meticulously monitored for activity using 

accelerometers over three consecutive days (n=90 randomly selected birds/week). At 11 and 17 

weeks, 60 birds underwent euthanasia and computed tomography (CT) scans to ascertain 

tibiotarsal bone mineral density and cross-sectional area measurements. Post-CT scanning, birds 

were dissected for muscle size, tibiotarsal breaking strength, and tibiotarsal ash percentage 

measurements. Additionally, serum concentrations of bone-specific alkaline phosphatase and 

procollagen type 1 N-terminal propeptide were assessed as novel markers of bone mineralization 

(n=90 birds/week). Pullet group P exhibited heightened vertical activity (P<0.05), with no 

discernible differences in overall activity (P>0.05) during weeks 5, 11, and 17 compared to group 

NP. Tibiotarsal bones of P pullets demonstrated superior total and cortical bone mineral density at 

week 11, alongside increased cortical bone cross-sectional areas and heightened total and cortical 

bone mineral densities at week 17 (P<0.05) compared to NP pullets. At week 11, P pullets 

displayed larger leg muscles, including triceps, pectoralis major and minor, and leg muscles at 

week 17 (P<0.05) compared to NP pullets. Notably, at both weeks, P pullets' tibiae exhibited 

greater breaking strengths, higher ash percentages, and elevated concentrations of bone-specific 

alkaline phosphatase and procollagen type 1 N-terminal propeptide compared to NP pullets 

(P<0.05). The study findings underscore the benefits of providing multi-tier perches for pullets, 
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serving as a valuable tool for enhancing bird activity and musculoskeletal health preceding the lay 

phase. 

 

Keywords: pullet, musculoskeletal health, perch, activity, bone health 
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Introduction 

Laying hens experience pronounced biological stress to meet the calcium requirements for 

eggshell formation. To prepare for this impending calcium demand, the function of osteoblasts 

changes from forming cortical (structural) bone to depositing medullary bone within the cortical 

bone (mainly in the long bones, such as the femur and tibia) in pullets nearing sexual maturity, due 

to a surge in estrogen hormone (1,2). Medullary bone is intended as a reliable source of calcium 

for eggshell formation, and the amount of medullary bone builds up rapidly during the early stages 

of lay (1). The supply of medullary bone can be replenished by dietary calcium whereas cortical 

bone cannot, except if the amount of estrogen decreases and egg production ceases (3–5). 

Osteoclasts mobilize calcium for eggshell formation mainly from medullary bone, but will take 

calcium from cortical bone where medullary bone is thin (6,7). Over time, mobilization of the 

medullary and unreplenishable cortical bone can cause osteoporosis, a major welfare problem in 

the laying hen industry (8–10).  

Housing systems with perches and greater freedom of movement may offer a potential 

solution to the negative effects of osteoporosis by providing opportunities for exercise during 

rearing. Pullets that frequently perform exercise-related activities may be better prepared for the 

strenuous requirements of the lay phase through improved musculoskeletal health at an earlier age. 

Bone is typically strengthened when weight-bearing load is applied or when the bone is strained 

by muscle contractions to induce bone remodeling (11,12). Perches can increase activity and load-

bearing exercise, as pullets are highly motivated to perch on elevated surfaces (13,14). A few 

previous studies document the beneficial effect of perches on pullet musculoskeletal health. For 

example, bone mineral content and leg muscle weights were greater in 12-week-old White 

Leghorn pullets reared with perches compared to those without, indicating exercise via perch use 
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had a beneficial impact on bone mineralization and muscle deposition (15). Aviary-reared LSL-

Lite pullets with access to perches had improved muscle weights and better bone quality than 

conventional cage-reared pullets at 16 weeks of age (16). Furthermore, structural bone density of 

the humeri and tibiae of aviary-reared pullets were greater than for conventional cage-reared White 

Leghorn pullets, with the former having stronger humeri (17). Conversely, inactivity has shown to 

increase the incidence of osteoporosis (8). However, the literature lacks information on how multi-

tier perches may affect the musculoskeletal health of brown-feathered pullet strains. By providing 

a structure for perching that contained three levels, birds would be able to perform behaviors such 

as wing-flapping, walking, running, and jumping which would strengthen their musculoskeletal 

system. The incorporation of a multi-tier perch particularly in earlier age may encourage birds to 

perch, practice their balance, and jump up from one rung to reach the next, undergoing more 

strenuous exercise compared to a single-level perch. In addition, by increasing activity from 

loading and unloading exercises associated with perching, we hypothesized that pullets would 

experience improved bone density, mineralization, and muscle deposition at the start of the lay 

period, possibly reducing the incidence of osteoporosis or bone fracture later in life. The primary 

objectives encompassed the comparative analysis of musculoskeletal health metrics in brown-

feathered pullets accommodated with or without multi-tier perches. Additionally, we endeavored 

to assess pullet activity levels utilizing a body-worn accelerometer and explore novel biomarkers 

of bone mineralization. These biomarkers, not previously examined, afford a distinctive 

perspective, contributing to a comprehensive understanding of the musculoskeletal health and 

activity profile of Hy-Line brown pullets.  
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Materials and Methods 

Ethics 

This experiment was approved by and conducted in accordance with requirements of the 

Clemson University Institutional Animal Care and Use Committee (protocol #: AUP2021-0068). 

 

Animals and housing 

This experiment was conducted in a ventilation- and temperature-controlled poultry house 

at the Morgan Poultry Center, Clemson, South Carolina, USA, from December 2021 to March 

2022. Day-old Hy-Line brown chicks (n = 810) were randomly allocated across 30 pens (27 

birds/pen) until 17 weeks of age. Pens (5.2m2) contained 7.6cm of clean pine wood shavings as 

bedding. From 0 to 3 weeks of age, feed was provided in tube feeders and water in gallon drinkers, 

and for the first week of life, supplementary feed trays were provided. After 3 weeks, feed was 

provided in circular adjustable hanging feeders, and water was available in automatic cup drinkers. 

Feed and water were provided ad libitum. For the first 3 weeks of age, heat was provided by one 

focal electric brooder per pen and a gas-fired brooder for the entire house. The temperature was 

initially set at 35-36C at day 0, then reduced by 2-3C every week until 3 weeks of age when 

brooders were removed. Temperature was reduced weekly until 6 weeks of age to 21C, then 

maintained until the end of the study, following the standard breed guidelines (Hy-Line, 2022). 

The light was provided by one 60-watt incandescent overhead lightbulb per pen and each pen was 

kept on a decreasing light schedule starting at 20L:4D during the first week and was decreased by 

increments of either 1.5 or 3 hours until 10L:14D from 7 weeks of age until the end of the study 

when birds were 17 weeks old (18).  
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Treatments 

From 0 to 17 weeks of age, 15 pens were provided with perches while the remaining 15 

pens were without perches. This resulted in two treatment groups: perch (P) and no perch (NP). 

The perch structure was constructed to be adjustable with perch rungs made of 5×5cm pressure-

treated wooden lumber. Each perch structure contained 3 rungs of varying height, each 165.1cm 

in length, resulting in 495.3cm of total perch space and approximately 19cm of perch space per 

bird. In the P group, rung heights and distance between rungs were gradually increased 

concurrently with the growth of the birds to ensure they were easily accessible. For the first 11 

days of age, the 3 rungs were 15.2cm, 22.8cm, and 30.4cm high off the ground (Fig 2.1A). For the 

next 8 days, the 3 rungs were 22.8cm, 38.1cm, and 54.6cm high off the ground (Fig 2.1B). The 

perch rungs were altered once more on day 19 of age to 38.1cm, 62.2cm, and 88.4cm high, with a 

12.7cm distance between each perch rung (Fig 2.1C). 

 

 

 

 

A) 
B) C) 

Figure 2.1. Perch and adjustable rung heights in the perch (P) treatment groups during days A) 0-11, B) 11-19, 

and C) 19+ days of age. 
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Activity 

Bird activity was monitored over 3 consecutive days during weeks 5, 11, and 17 of age (n 

= 90 birds/week). At each time point, 3 birds per pen were caught after the lights went off. Birds 

were selected from among different resources and perch levels in an attempt to sample hens that 

were representative of the flock in that pen. Birds were fitted with a harness that was used to secure 

the accelerometer. An acceleration data logger (Onset HOBO PendantG acceleration data loggers, 

Onset Computer Corporation, Bourne, MA, USA) was inserted inside each harness. The loggers 

used in the current study were 58 ×33×23mm in size and 16g in weight, with a ±3g; 29.4m/s² 

measuring range, and ± 0.105g; 1.03m/s² accuracy level when operating between –20°C and 70°C. 

Loggers were oriented on the hens, so the X-axis captured forward and backward movement 

(craniocaudal movement), the Y-axis captured sideways movement (mediolateral movement), and 

the Z-axis captured vertical movement (dorsoventral movement) of the hens. Loggers were firmly 

secured inside the harness to reduce noise in the data due to the movement of the loggers 

themselves and to prevent changes in logger orientation. After fitting focal birds with harnesses 

and accelerometers, hens were given 1 day to habituate to wearing the equipment. During this 

period, hens were monitored to ensure that vests were not impacting behavior and locomotion 

abilities. After acclimation, loggers recorded hens' movement across 3 consecutive days (72 hours) 

at each time point, with a scanning frequency of 20 Hz (−3g to +3g) in 3 axes. 

Computed tomography (CT) image acquisition 

At 11 and 17 weeks of age, 2 birds per pen per week (n = 60) were euthanized on-farm by 

CO2 inhalation, placed in a cooler of ice, and immediately transported to Godley-Snell Research 

Center on Clemson University's campus. Upon arrival, birds were individually placed inside a V-

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/acclimation
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shaped foam cradle in a dorsal recumbent position atop a hydroxyapatite calibration phantom 

(QRM Quality Assurance in Radiology and Medicine, Möhrendorf Germany). The head and the 

legs of the bird were extended in opposite directions and were taped to maintain this positioning 

in the foam cradle during image acquisition (Fig 2.2). CT images were acquired using a helical 

mode, head 0-10kg protocol, 0.5mm slice thickness, and bone and soft tissue reconstruction 

algorithms. CT images were acquired using a Toshiba Aquilion TSX-101A, 16-slice scanner (GE 

Healthcare, Chicago IL, USA). Birds were dissected immediately after CT scanning and frozen 

at -29C for further testing. 

 

 

Figure 2.2. Dorsal recumbent positioning of the birds on the hydroxyapatite phantom inside the V-shaped foam 

cradle for computed tomography image acquisition. 

Tibiotarsal CT image analysis 

For each CT study, measurements of the right tibiotarsal bone and muscle were made 

using a standardized CT image analysis protocol previously published by (19). Cross-sectional 

density (HU) and area (mm) of the total and medullary components of the tibiotarsal bone were 

recorded at predefined proximal, middle, and distal transverse slice locations using hand-traced 
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regions of interest (Figs 2.3A and B). The cross-sectional area (CSA) of the muscle group 

surrounding the tibiotarsus at each of the predefined proximal, middle, and distal locations was 

also measured. The CT densities for each of the rods in the bone calibration phantom were 

recorded using the oval ROI tool (Fig 2.3C). The CT densities in HU were then converted to 

hydroxyapatite values using graphical analysis techniques described in Harrison et al. (19). 

 

 

Muscle deposition 

Birds were removed from a –29C freezer and allowed to thaw at refrigerated 

temperature for approximately 48 hours before dissection. The separation of muscles followed 

procedures described by Casey-Trott et al. (16) and with the assistance of a veterinarian (A.A.) to 

ensure consistent muscle specimen collection. Birds were opened by cutting the skin below the 

bottom of the keel bone and peeling it back to expose the interior of the bird. To remove the right 

bicep and triceps brachii, the skin of the wing was peeled back, and a blunt dissection was made 

along the line of demarcation between the biceps and triceps. The bicep and triceps were gently 

A) B) C) 

Figure 2.3. Steps of tibiotarsal image analysis. A) Division of the tibiotarsus into 4 segments to 

set proximal, middle, and distal locations, B) region of interest tracings for the tibiotarsus of a 17-

week-old bird in the proximal location, and C) region of interest. 
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freed from the bone, and the proximal and distal tendons were cut at the bone level. To separate 

the pectoralis muscles, fascia was cut along the line of demarcation, separating the fats from the 

pectoralis muscles and severing all the attachment at the origin (Crania sternum, furcula, and 

sternal ribs), and at the insertion of the major (proximal ventral surface of the humerus) and of 

the minor (proximal dorsal surface of the humerus). The left leg muscles, tendons, and ligaments 

were detached from the bone, the Achilles tendon was severed, and the fascia along the 

synsacrum was detached. All muscles were immediately weighed upon removal. The left tibiae 

were frozen at -29C for ash percentage, and the right tibiae were frozen at -20C for breaking 

strength measures. 

Breaking strength 

Mechanical properties of the right tibiotarsi were assessed using a three-point bending 

test as specified by the American National Standards Institute (ANSI) standards for the 

application of 3 point bending on animal bones (20). Testing was performed using an Instron 

Dynamic and Static Material Test system (Model 5944, Instron Corp., Canton, MA, USA) 

equipped with a 500N load cell and Automated Material Test System software. Prior to testing, 

previously frozen legs were thawed at refrigerator temperature. Muscles surrounding the 

tibiotarsus were carefully dissected, tibiotarsal length and diameter at the midpoint were 

recorded, and the bones were wrapped in saline-soaked paper towels until testing. 

Rounded support pins and breaking blades were manufactured based on ANSI/ASAE S459 

MAR1992 (R2017) standards for the application of 3-point bending on animal bones (20). A 

furculum width of 4cm was used (Fig 2.4). This width did not adhere to the ANSI standards, but 

was decided upon based on a consensus among coauthors. Due to the anatomy of the laying hen 

tibiotarsus, a 4cm width ensured that the tibiotarsus was able to rest on the furculum in a manner 
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in which the load would be applied to the midpoint of the bone evenly in the craniocaudal plane. 

The crosshead speed used was 3mm/min, and the test was carried out to failure. Load and 

displacement data were collected and were used to obtain the breaking strength (N), stiffness 

(N/mm), and maximum bending moment (N/m).  

 

 

Figure 2.4. Instron configuration with rounded supports and breaking blade machined according to ANSI standards. 

 

Tibia ash percentage 

Left tibiotarsi of euthanized birds were thawed approximately 24 hours prior to data 

collection. The bones were cleaned from any surrounding muscles and soft tissues, and tibiae 

were separated from the fibula and were cut into 3 pieces to fit into a Soxhlet chamber for ether 

extraction. Ceramic crucibles were air-dried for one hour and then placed in a desiccator for 

another hour. The weight of the dried crucibles was recorded. Left tibiae were dried at 100°C for 

one hour, placed in a desiccator for another hour, and their weight was recorded. Tibiae were 
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then placed inside the dried ceramic crucibles and ashed (ashing oven: Thermolyne 30400, 

Barnstead International, Dubuque, IA, USA) for 6 hours at 600°C. The ash was placed in a 

desiccator for one hour, and then the ash weight was recorded. The percentage of tibia ash was 

calculated by dividing the tibia ash weight by the tibia dry weight and multiplying by 100.  

 

Bone mineralization 

During weeks 11 and 17 of age, blood samples were collected from the brachial wing 

vein of 3 birds per pen per week (n = 90). Whole blood samples were transferred to 1.5mL 

Eppendorf tubes, and serum was separated at 6000 rpm for 10 minutes at 4˚C. Serum samples 

were analyzed for levels of bone-specific alkaline phosphatase (BALP) and procollagen type 1 

N-terminal propeptide (P1NP) using commercial ELISA kits Nanjing Jiancheng Institute of 

Bioengineering (Nanjing, China) and MyBioSource (San Diego, CA, USA), respectively. 

 

Data processing and statistical analysis 

The raw accelerometer data, consisting of the date, time, and the related impulse in the X, 

Y, and Z dimensions, were downloaded from the devices (HOBOware Graphing & Analysis 

Software, Bourne, MA, USA) at the end of each 3 day observation period. Data on hens’ vertical 

(az: dorsoventral movement across vertical levels), horizontal (ax: craniocaudal movement within 

the same vertical level), and lateral movement (ay: mediolateral movement within the same vertical 

level) during light hours were obtained directly from loggers. Hens’ triaxial movement (As) was 

calculated by summing and averaging raw movement data as follows.  
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𝐴𝑠 = √𝑎𝑥
2 + 𝑎𝑦

2 + 𝑎𝑧
2 

Acceleration data were post-processed using MATLAB (MATLAB and Statistics Toolbox 

Release 2012, The MathWorks, Inc., Natick, MA, USA). In order to accurately calculate the 

incidence of massive acceleration shifts on the vertical (z) axis that represents perching, data were 

smoothed from noisy components by removing all minor acceleration fluctuations using a loop 

function.  

𝐴𝑖 =
1

3
∑ 𝐴𝑗𝐴𝑖

′
𝑖+1

𝑗=𝑖−1
= {

𝜇, 𝑖𝑓 |𝐴𝑖 − 𝜇| < 𝑡

𝜇, 𝑖𝑓 |𝐴𝑖 − 𝜇| ≥ 𝑡
 

Data smoothing included the passing of the raw acceleration values (Aj) through an 

asymmetrical 3-point-moving average low-pass filter (I = the middle point in the 3-point-moving 

average low-pass filter) and through a step function to define thresholds used to remove minor 

fluctuations (t = threshold values of minor fluctuations, i.e., between 0.001 and 0.043g). After 

processing data, perching events were recognized by detecting massive shifts in acceleration in the 

z-axis of activity. In order to precisely detect acceleration shifts due to perching and define 

thresholds for minor fluctuations in the z-axis, timestamped videos of birds while perching were 

obtained and compared with the corresponding activity data. Using the approach enabled us to 

locate shifts in z-axis acceleration mainly caused by perching and define the threshold cutoff points 

to remove minor fluctuation.  

Data were analyzed using the R software (version 3.3.1) with the package “stats” (R Core 

Team, 2013). To test for the main effects of treatment (P and NP) and the age of the birds (activity; 

weeks 5, 11, and 17, bone demineralization, and tibiotarsal BMD and CSA: weeks 11, and 17) on 

each variable, generalized linear mixed-effects models (GLMMs) were conducted using the 

“lme4” package (21). In each GLMM, the interaction term between main effects was also tested 
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as a fixed effect, and bird ID, pen, and day for activity were tested as random effects, with the 

family set to “Quasibinomial” for proportion data (ash %) and “Poisson” for the other data. 

Tukey’s HSD multiple comparison procedure was used for post hoc comparisons using the 

“multcomp” package (22) The “DHARMa” package was used for proportion data (ash %) to test 

residual distribution and assumptions for GLMM, while the Shapiro–Wilk test was utilized (i.e., 

activity (g), breaking strength (N), stiffness (N/mm)) for the normality analysis of the model 

residuals. Statistical significance was set at p < 0.05. Descriptive statistics were calculated using 

the “psych package”, and data are presented as mean ± standard error of the mean (SEM). 

 

Results 

Activity 

At weeks 5, 11, and 17 of age, pullets housed with perches showed increased vertical 

activity and average daily vertical displacement per bird compared to pullets housed without 

perches (Table 2.1). Furthermore, pullets housed with perches had decreased horizontal activity 

compared to pullets housed without perches at weeks 5, 11, and 17 of age (Table 2.1). Overall 

activity levels did not differ between treatment groups at any week of age (p > 0.05; Table 2.1).  
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Table 2.1. Activity of pullets housed with perches (P) or no perches (NP) for 3 consecutive days at weeks 5, 11, and 

17 of age (n = 90 birds/week; g = gravitational force; f = frequency). 

Parameter  

 

Week/Treatment  

Overall 

Activity  

(g) 

Vertical 

Activity 

 (g) 

Horizontal 

Activity 

 (g) 

Daily Vertical 

Displacement 

(f) 

 

Week 5 

Perch (P) 1.720.36 0.730.15* 0.990.12 26.886.85* 

No Perch (NP) 1.650.33 0.150.11 1.500.22* 5.361.66 

P-value 0.423 0.024 0.032 0.001 

 

Week 

11 

Perch (P) 1.430.32 0.610.16* 0.820.18 15.965.85* 

No Perch (NP) 1.380.41 0.160.12 1.220.32* 3.221.96 

P-value 0.355 0.019 0.035 0.001 

 

Week 

17 

Perch (P) 1.360.35 0.520.13* 0.840.11 13.854.52* 

No Perch (NP) 1.290.38 0.110.09 1.180.19* 2.521.01 

P-value 0.256 0.011 0.021 0.001 

P-value Week  0.219 0.153 0.185 0.287 

 Treatment 0.426 0.003 0.001 0.002 

 Week × 

Treatment 

0.328 0.001 0.001 0.001 

*Means within the same column (parameter), week of age, and across rows (treatments) 

indicate statistically significant differences (P < 0.05). 

 

Musculoskeletal health 

Muscle deposition 

At week 11 of age, pullets housed with perches had greater leg muscle group weights 

compared to pullets without perches (p = 0.041; Fig 2.5). There were no differences between 

treatments for biceps brachii, triceps brachii, pectoralis major, or pectoralis minor weights at 

week 11 of age (p > 0.05).  
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At week 17 of age, pullets housed in P pens had greater triceps brachii (p = 0.041), 

pectoralis major (p = 0.032), pectoralis minor (p = 0.039), and leg muscle group (p = 0.021) 

weights compared to pullets from NP pens (Fig 2.6). There were no differences between 

treatments for bicep brachii weights at week 17 of age (p > 0.05).  

 

 

Figure 2.5. Weight (grams) of biceps brachii, triceps brachii, pectoralis major, pectoralis minor, and leg 

muscle group of 11-week-old pullets (n = 60 birds) housed with perches (P) or no perches (NP). Results are 

presented as mean weight (grams)  SEM. *Across bars indicates significant statistical differences at p < 0.05. 

Figure 2.6. Weight (grams) of bicep brachii, triceps brachii, pectoralis major, pectoralis minor, and leg muscle 

group of 17-week-old pullets (n = 60 birds) housed with perches (P) or no perches (NP). Results are presented 

as mean weight (grams)  SEM. *Across bars indicates significant statistical differences at p < 0.05. 
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Bone mineral density (BMD) and bone cross-sectional area (BCSA) 

At week 11 of age, pullets housed with perches had greater cortical BCSA at the 

proximal section of the tibia and greater total and cortical BMD at all regions, with a tendency 

for a larger cortical BMD at the proximal section compared to pullets housed without perches 

(Table 2.2). At week 17 of age, pullets housed with perches had greater cortical BCSA, and total 

and cortical BMD at all sections of the tibia compared to pullets housed without perches (Table 

2.2). 
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Table 2.2. Bone mineral density (BMD; mg/cm3) and bone cross-sectional area (BCSA; mm2)  SEM for the total 

and cortical regions of the right tibiotarsus of pullets housed with perches (P) or no perches (NP) at 11 (n = 60 birds) 

and 17 (n = 60 birds) weeks of age. 

Parameter Bone Cross Sectional Area (mm2) 

Week/Treatment 

Total Cortical 

Proximal Middle Distal Proximal Middle Distal 

Week 11 

Perch (P) 59.690.96 45.861.03 47.851.15 40.301.03 29.461.15 30.761.16 

No Perch (NP) 58.951.02 45.361.12 47.031.16 37.961.55 28.191.12 29.061.03 

P-value 0.351 0.152 0.216 0.043 0.253 0.152 

Week 17 

Perch (P) 62.691.06 47.990.79 49.580.88 44.641.58 35.981.23 36.071.03 

No Perch (NP) 61.520.75 46.130.88 48.631.01 40.991.16 33.691.03 34.261.81 

P-value 0.152 0.143 0.215 0.036 0.041 0.039 

P-value 

Week 0.096 0.263 0.199 0.423 0.039 0.096 

Treatment 0.185 0.258 0.452 0.023 0.046 0.036 

Week×Treatment 0.253 0.326 0.235 0.044 0.044 0.043 

Parameter Bone Mineral Density (mg/cm3) 

Week/Treatment 
Total Cortical 

Proximal Middle Distal Proximal Middle Distal 

Week 11 

Perch (P) 340.8419.17 420.6327.76 304.9223.10 372.1020.93 449.7029.68 352.8526.73 

No Perch (NP) 276.2519.89 321.8224.86 243.1320.97 324.7315.83 383.3121.92 308.6520.26 

P-value 0.002 0.012 0.031 0.093 0.039 0.044 

Week 17 

Perch (P) 599.6840.34 859.5567.00 938.1971.47 1196.28134.58 2055.04271.27 1651.45250.19 

No Perch (NP) 537.8821.07 761.3520.04 707.6624.17 953.69107.29 1324.22174.80 1103.99167.25 

P-value 0.011 0.012 0.021 0.013 0.011 0.011 

P-value 

Week 0.013 0.014 0.036 0.026 0.023 0.034 

Treatment 0.011 0.021 0.021 0.018 0.012 0.021 

Week×Treatment 0.021 0.011 0.011 0.016 0.011 0.013 
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Breaking strength 

At week 11 of age, pullets housed with perches had greater breaking strength and 

maximum bending moment compared to pullets housed without perches (Table 2.3). At week 17 

of age, pullets housed with perches had greater breaking strength and stiffness compared to 

pullets housed without perches (Table 2.3). There were no differences between stiffness at week 

11 of age (p > 0.05) or maximum bending moment at week 17 of age (p > 0.05; Table 2.3).   

 

Table 2.3. Breaking strength (N), stiffness (N/mm), and maximum bending moment (N/m) of pullets housed with 

perches (P) or no perches (NP) at weeks 11 (n = 60 birds) and 17 (n = 60 birds) of age. 

Parameter  

 

Week/Treatment  

Breaking 

strength (N) 

Stiffness (N/mm) Max. bending 

moment (N/m) 

 

Week 

11 

Perch (P) 171.719.89 184.988.67 502.3722.63 

No Perch (NP) 153.053.78 178.1613.26 437.0816.59 

P-value 0.021 0.103 0.013 

 

Week 

17 

Perch (P) 276.6310.31 289.9612.45 681.5132.47 

No Perch (NP) 220.028.14 240.5918.95 660.1425.22 

P-value 0.031 0.029 0.135 

P-value Week  0.523 0.031 0.043 

 Treatment 0.029 0.041 0.029 

 Week × 

Treatment 

0.017 0.038 0.046 

*Means within the same column (parameter), week of age, and across rows (treatments) 

indicate statistically significant differences (P < 0.05). 

 

Tibia ash percentage 

At week 11 of age, pullets housed with perches had higher ash percent compared to 

pullets without perches (Table 2.4). Similarly, at week 17 of age, pullets housed with perches 

had higher ash percent compared to pullets without perches (Table 2.4). 
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Table 2.4. Tibia ash percent (%) of pullets housed with perches (P) or no perches (NP) at weeks 11 (n = 30 birds) 

and 17 (n = 60 birds) of age. 

 

 

 

 

 

 

 

Bone mineralization 

During week 11, birds housed in P pens had higher levels of BALP (p = 0.032) and P1NP 

(p = 0.026) compared to birds housed in NP pens (Figs 2.7 and 2.8). Similarly, during week 17, 

birds housed in P pens had higher levels of BALP (p = 0.011) and P1NP (p = 0.016) than birds 

housed in NP pens (Figs 2.7 and 2.8). There were no differences in treatments between weeks 11 

and 17 (p = 0.542; Figs 2.7 and 2.8).  

 

Parameter 

Week/Treatment  

Bone Ash (%) 

 

Week 11 

Perch (P) 54.360.12 

No Perch (NP) 53.980.17 

P-value 0.039 

 

Week 17 

Perch (P) 54.960.21 

No Perch (NP) 54.190.19 

P-value 0.023 

P-value Week  0.089 

 Treatment 0.031 

 Week × Treatment 0.022 
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Figure 2.7. Concentrations of bone-specific alkaline phosphatase (BALP) for 

pullets housed in perch (P) and no perch (NP) housing environments during 

weeks 11 and 17 (n = 90 birds/week). Results are presented as mean  SEM. 

*Across bars indicates significant statistical differences at p < 0.05. 

Figure 2.8. Concentrations of pro-collagen type 1 n-terminal propeptide 

(P1NP) for pullets housed in perch (P) and no perch (NP) housing 

environments during weeks 11 and 17 (n = 90 birds/week). Results are 

presented as mean  SEM. *Across bars indicates significant statistical 

differences at p < 0.05. 
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Discussion 

The objective of this study was to investigate the effects of access to a multi-tier perch 

during rearing on Hy-Line brown pullet activity and musculoskeletal health. Our results suggest 

that access to perches during rearing increases vertical activity levels and improves aspects of 

musculoskeletal health, which may benefit pullets as they enter the lay phase.  

 

Activity  

The addition of multi-tier perches to a floor pen environment increased the vertical activity 

of pullets, as well as the average daily vertical displacement per bird at weeks 5, 11, and 17 of age. 

The increase in vertical activity level stimulated by the addition of perches is in agreement with 

previous studies, especially considering that pullets are highly motivated to perch on elevated 

surfaces (15,23,24). The vertical movement of perching behavior is performed by wing-assisted 

jumping, which is a form of load-bearing exercise that can strengthen the musculoskeletal system 

(16,17). Although overall activity levels did not differ between treatment groups, the increase in 

vertical activity seen in pullets reared with perches suggests they were reaching higher areas of the 

pen and performing load-bearing exercises more often compared to pullets without perches, which 

could improve their musculoskeletal health.  
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Muscle deposition 

We observed greater leg muscle group weights of pullets reared with perches at 11 weeks 

of age with no differences in the weights of other muscles, suggesting they were engaging the leg 

muscles more than the breast or wing muscles. In agreement, previous research found that when 

averaging muscle weights between 3, 6, and 12 week old pullets, the only observed difference 

between pullets reared in conventional cages with perches and those without was between thigh, 

not breast muscle weights (15). At 17 weeks of age, we observed greater triceps brachii, pectoralis 

major and minor, and leg muscle group weights in pullets housed with perches than those without. 

By 17 weeks of age, pullets were likely using their wings to assist in jumping on and off perches, 

whereas pullets without perches had no such opportunity to engage the wing and breast muscles. 

Previous research reports that wing, breast, and leg muscle weights differ between aviary-reared 

and conventional cage-reared pullets at 16 weeks of age (16). However, one previous study did 

not find a difference in pectoralis major or minor, bicep, or leg muscle group weights between 

pullets housed in an open-concept barn with platforms, ramps, and at least six perches and those 

housed in a single level wire-floor brooding compartment with only two perches at 10 and 16 

weeks of age (25). Interestingly, this previous study found that brown-feathered strains had lower 

pectoralis major weights, but higher leg muscle group weights compared to white-feathered strains 

regardless of housing type (25). The brown-feathered birds used their leg muscles more, resulting 

in increased leg muscle weights, whereas the white-feathered birds performed more wing-

associated behaviors, using their pectoral muscles more than brown-feathered strains, resulting in 

the increased pectoral weights (25). This is in line with our study, where brown-feathered pullets 

had heavier leg muscles than those without perches due to increased load-bearing exercise 

involving the legs. Ultimately, muscle development does seem to take time and depend on genetic 
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makeup, where first the leg muscles are mostly engaged theoretically to jump on perches at 11 

weeks of age, and second, the wing and breast muscles are also engaged to assist in load bearing 

exercise associated with jumping on and off the elevated perch rungs.   

 

Bone mineral density (BMD) and bone cross-sectional area (BCSA) 

At week 11 of age, pullets housed with perches had greater cortical BCSA at the proximal 

section of the tibia, and a greater total and cortical BMD compared to pullets housed without 

perches. Furthermore, at week 17 of age, pullets housed with perches had greater cortical BCSA 

at all regions of the tibia, and greater total and cortical BMD compared to pullets housed without 

perches. These results indicate that at 11 and 17 weeks of age, pullets reared with perches showed 

improved bone mass compared to those without. In our study, pullets with access to perches also 

exhibited more vertical activity and vertical displacement (i.e., jumping) behavior at 5, 11, and 17 

weeks of age compared to pullets without access to perches, likely resulting in the beneficial effect 

observed on BMD and BCSA. This is because load bearing exercise associated with perching can 

positively impact bone development (26,27). Our findings in brown-feathered pullets support 

previous literature, where white-feathered pullets housed in furnished cages with platforms and 

terraces had higher bone mineral densities than pullets in conventional cages at 4, 12, and 16 weeks 

of age (28). Furthermore, pullets provided opportunities for load bearing exercise in the form of 

wing-assisted jumping and increased vertical activity showed higher bone mineral density 

compared to pullets without opportunity to perform such exercise (16,17,29–31). Furthermore, 16-

week-old pullets reared in an aviary system showed thicker cortices in the tibia and humerus 

compared to those reared in conventional cages (17). Our findings indicate a higher amount of 

structural bone in pullets housed with perches. This greater amount of total and cortical bone 
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density and area resulting from the perch treatment will likely benefit pullets as they reach the lay 

phase compared to pullets reared without perches. As pullets enter the lay phase, osteoclasts 

mobilize calcium from the cortical and medullary bone to be used for eggshell formation. Over 

time, this prolonged loss of nutrients from the bones results in weakness and susceptibility to 

fracture. By having a large cortical bone density and area (indicating strong bones) before the start 

of the lay phase, pullets may be less prone to fracture later on in their adult life. Indeed, it has been 

indicated that providing perches to pullets can have a long-term beneficial impact on 

musculoskeletal health of adult laying hens (32–34). 

 

Breaking strength 

Pullets housed with perches showed greater breaking strength at 11 and 17 weeks of age, 

greater maximum bending moment at 11 weeks of age, and greater stiffness at 17 weeks of age 

compared to pullets housed without perches. The greater breaking strength observed at both testing 

weeks indicates that pullets reared with perches had stronger bones as early as 11 weeks of age 

compared to those without perches, which is in line with our activity, muscle deposition, BMD, 

and BCSA findings. Also in agreement, previous studies demonstrate that the force required to 

fracture the humerus and tibia of aviary-reared pullets is higher than for conventional cage-reared 

pullets (16,35). Additionally, pullets reared in an open-concept barn with platforms, ramps, and at 

least six perches had stronger tibiae and femurs compared to pullets in in a single level wire-floor 

brooding compartment with only two perches at 10 and 16 weeks of age (25). Considering that 

pullets housed with multi-tier perches were performing more vertical activity and vertical 

displacement per day, it follows that their tibiae would be stronger than pullets without access to 

multi-tier perches. In pullets reared with perches, we observed a greater maximum bending 
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moment (elasticity) at 11 weeks of age and a greater stiffness (rigidity) at 17 weeks of age 

compared to pullets reared without perches. Previous research discovered similar results, where 

16-week-old pullets reared in aviaries had higher stiffness values compared to pullets reared in 

conventional cages (17). Bone is a complex material, and its strength and health stems from the 

delicate balance between rigidity and elasticity (36). The bone must be stiff (rigid) enough to 

withstand applied force and allow for load-bearing exercise, but also elastic and flexible enough 

to absorb energy (36–38). Therefore, these interplaying variables indicate a tibia that is more 

resistant to fracture, strong enough to facilitate complex locomotion (i.e., jumping to and from 

perch rungs of varying heigh and distance), and flexible enough to absorb shock without failing. 

Ultimately, the bone breaking strength, maximum bending moment and stiffness measures indicate 

that rearing pullets with perches beneficially alters bone composition so that the overall bone is 

stronger, more flexible, and the force required to fracture increases.  

 

Tibia ash percentage 

At weeks 11 and 17 of age, pullets housed with perches had a higher ash percent compared 

to pullets without perches, suggesting improved bone quality which is also in agreement with and 

reflected by our previous measures of musculoskeletal health. Ash percent is used to measure the 

amount of minerals in the bone, translating to overall bone health, and has been highly correlated 

to quantitative computed tomography calculated tibial bone mineral content in laying hens (39). 

One previous study found no difference in tibia ash percent between 16-week-old White Leghorn 

pullets housed in aviary or conventional cage systems, but they did find differences in humerus 

ash percent, indicating the tibia and humerus respond differently to load-bearing exercise during 

development (17). As previously discussed, our brown-feathered pullets reared with perches had 
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heavier leg muscle weights than those without access to perches, so it does track that the tibia ash 

percent would be greater in the group of pullets with access to perches than those without due to 

increased activity levels. Although we did not analyze humerus ash percent, the significant 

difference in tibia ash percent suggests that providing multi-tier perches during development does 

improve tibiotarsal bone mineral content through increased vertical activity. 

 

Bone mineralization 

We observed higher levels of BALP and P1NP in birds reared with perches compared to 

those without perches at weeks 11 and 17 of age. Although a novel measure of bone mineralization 

in poultry, higher concentrations of BALP and P1NP can indicate greater rates of bone 

mineralization, as they are both markers of bone formation (40,41). BALP is produced by 

osteoblasts and is a specific marker of bone formation and osteoblast activity (40,42,43). During 

the secretion of collagen, which forms the basis of the bone matrix, the N-terminal propeptide 

(P1NP) is cleaved off and indicates bone formation activity (41,44,45). However, abnormally high 

levels of BALP and P1NP may suggest underlying problems such as bone disease (46). But, most 

other measures of bone health and quality were improved in pullets reared with perches, supporting 

this was not the case. Based on our review of the literature, this is the first study to evaluate the 

effect of perches on biomarkers of bone formation in pullets and indicates a positive effect of 

activity associated with perch use on bone mineralization.  
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Conclusions 

In the current study, we observed significantly elevated levels of vertical locomotor 

activity, enhanced muscular tissue deposition, increased bone mineral density, improved bone 

biomechanical characteristics, elevated tibia ash content, and heightened bone mineralization in 

Hy-Line brown pullets provided with multi-tier perches compared to those deprived of access to 

perches. These discernible enhancements in pullets suggest that weight-bearing physical activity 

resulting from interaction with perches exerts a beneficial influence on the musculoskeletal 

properties of pullets at both 11 and 17 weeks of age. Providing pullets with multi-tier perches from 

0 to 17 weeks of age promotes exercise, improves musculoskeletal health, and stimulates vertical 

activity, subsequently better preparing them for the lay phase and potentially reducing the risk of 

bone fractures in the future. These findings are in agreement with previous studies in white-

feathered strains (16,17). Subsequent studies should aim to enhance our understanding of the long-

term impacts of perching interventions on pullet welfare and bone health.  
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Chapter 3  
 

 

INFLUENCE OF PERCH PROVISION DURING REARING ON ACTIVITY AND 

MUSCULOSKELETAL HEALTH OF PULLETS2 

 

 

 

 

 

 

 

  

 
2 Anderson MG, Johnson, AM, Harrison C, Arguelles-Ramos M, Ali A. Impact of Perch Provision Timing on Activity 

and Musculoskeletal Health of Laying Hens. Animals. 2024; 14(2):265. https://doi.org/10.3390/ani4020265 
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Simple Summary 

In this study, we investigated the enduring impacts of perch provision timing on the 

musculoskeletal health of laying hens. A total of 810 pullets experienced different housing 

conditions: continuous access to multi-tier perches from 0 to 40 weeks (CP), no perch access (NP), 

early access during the rearing phase from 0 to 17 weeks (EP), or solely during the laying phase 

from 17 to 40 weeks (LP). Monitoring from week 24 to 40 included individual activity levels, 

blood sample collection for bone demineralization markers, and euthanasia for computed 

tomography scans at 40 weeks. Results showed that hens with continuous perch access 

demonstrated higher overall activity at 24 weeks and improved musculoskeletal health at 40 weeks 

compared to those with no access. Late perch access also positively affected activity, muscle 

deposition, and bone strength. Conversely, early access did not yield long-term impacts on activity 

or musculoskeletal health except for intermediate responses in bone demineralization. These 

findings highlight the importance of timing in perch provision, emphasizing that continuous or late 

access enhances the well-being and musculoskeletal health of laying hens in comparison to no 

access at all. Early access to perches did not have a long-term beneficial effect on the activity or 

musculoskeletal health of laying hens. The study suggests that optimizing perch exposure timing 

can contribute to sustained improvements in the physical condition of laying hens throughout their 

reproductive lifespan. 

 

Abstract 

Laying hens can experience a progressive increase in bone fragility due to the ongoing 

mobilization of calcium from bones for eggshell formation. Over time, this escalates their 
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susceptibility to bone fracture, which can reduce their mobility and cause pain. The provision of 

perches as an exercise opportunity could potentially enhance bone strength, but the timing of 

exposure to perches during the birds’ development may modulate its impact. The objective of this 

study was to investigate the enduring impacts of perch provision timing on the musculoskeletal 

health of laying hens. A total of 812 pullets were kept in different housing conditions (seven 

pens/treatment, 29 birds/pen) with either continuous access to multi-tier perches from 0 to 40 

weeks of age (CP), no access to perches (NP), early access to perches during the rearing phase 

from 0 to 17 weeks of age (EP), or solely during the laying phase from 17 to 40 weeks of age (LP). 

At weeks 24, 36, and 40 of age (n = 84 birds/week), three birds per pen were monitored for 

individual activity level, and blood samples were collected from a separate set of three birds per 

pen to analyze serum levels of tartrate-resistant acid phosphatase 5b (TRACP-5b) and C-terminal 

telopeptide of type I collagen (CTX-I) as markers of bone demineralization. At 40 weeks of age, 

three birds per pen (n = 84) were euthanized for computed tomography scans to obtain tibial bone 

mineral density (BMD) and cross-sectional area (CSA) with further analysis including muscle 

deposition, tibial breaking strength, and tibial ash percent. During week 24, hens from CP, EP, and 

LP pens had the highest overall activity compared to hens from NP pens (p < 0.05) with no 

differences between treatments for overall activity level during weeks 36 or 40 (p > 0.05). During 

weeks 24, 36, and 40, hens from CP and LP pens showed greater vertical and less horizontal 

activity compared to hens from EP and NP pens (p < 0.05). TRACP-5b and CTX-I concentrations 

did not differ between treatments at week 24 of age (p > 0.05). Hens from CP pens had the lowest 

TRACP-5b and CTX-I concentrations at 36 weeks of age with EP and LP hens showing 

intermediate responses and NP hens having the highest concentration (p < 0.05). At 40 weeks of 

age, CP hens had the lowest TRACP-5b and CTX-I concentrations compared to NP hens (p < 
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0.05). Total bone CSA did not differ between treatments (p > 0.05), but CP had greater total BMD 

than NP (p < 0.05) with no differences between EP and LP treatments. CP and LP hens had larger 

biceps brachii, pectoralis major, and leg muscle groups as well as greater tibial breaking strengths 

than EP and NP treatments (p < 0.05). CP hens had higher tibial ash percentages compared to EP, 

LP, and NP (p < 0.05). Our results indicate that providing continuous perch access improves the 

musculoskeletal health and activity of laying hens at 40 weeks of age compared to no access and 

that late access to perches has a beneficial impact on activity, muscle deposition, and bone strength. 

 

Keywords: laying hen; perch provision; musculoskeletal health; activity level 
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Introduction 

A major welfare concern in the laying hen industry is osteoporosis, which refers to the 

progressive decrease in structural bone, leading to increased susceptibility to bone fractures [1,2]. 

As pullets reach sexual maturity, osteoblasts begin forming medullary bone, which is intended as 

a reliable source of calcium for eggshell formation [1]. During calcium mobilization, osteoclasts 

resorb both medullary and structural bone so that over time, the hen remains reproductively active; 

there is a progressive decrease in structural bone, resulting in bone fragility [1,2]. The increase in 

bone fragility increases the susceptibility of the bones to fracture [2]. Fractures can reduce hen 

mobility and cause acute or chronic pain [3,4]. Solutions to reduce the occurrence of osteoporosis 

by improving bone strength in laying hens include dietary interventions [5,6,7,8,9], genetic 

selection for bone quality [10,11,12,13] and providing perches as an opportunity for exercise to 

increase activity levels [14,15,16,17,18,19]. 

The type of housing system can impact the activity level and musculoskeletal health of laying 

hens. For example, hens housed in conventional cages lack the opportunity for exercise and may 

be more susceptible to osteoporosis compared to hens housed in alternative systems [2,12,16]. In 

the United States, while the inclusion of perches within poultry housing is not compulsory, it is 

noteworthy that their incorporation is recommended according to guidelines provided by the 

United Egg Producers, contrasting with the regulatory framework in the European Union, where 

the provision of perches is obligatory. Providing more opportunities for load-bearing exercise, 

such as incorporating multi-tier perches into alternative housing systems, can increase hen activity 

and improve musculoskeletal health [12,15]. Laying hens are highly motivated to perch, mainly as 

a means of defense from predators or to avoid aggression from conspecifics [20]. Hens showed 

frustration-related behaviors when deprived of access to perches [19,20]. Moreover, the ability to 
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perch is important in laying hens reared in aviary systems, where resources (such as food, water, 

and nest boxes) can be provided in different vertical levels of the system. Perching is a highly 

motivated behavior that can be used to stimulate activity, improve musculoskeletal health, and 

reduce the occurrence of osteoporosis in laying hens [19,21,22]. 

With an increased freedom for movement and exercise comes an increased risk for keel bone 

injuries, which up to 80% of laying hens may experience [23,24]. Keel bone injuries are a complex 

welfare problem with a multitude of interplaying risk factors such as genetics, nutrition, and 

environment [25,26]. Keel bone fractures can frequently occur due to falls or collisions with 

furniture within complex housing environments or also due to other short-duration traumatic 

events [27,28]. In contrast, keel bone deformities typically occur from prolonged mechanical 

pressure load during perching [29]. The exact factors influencing keel bone injuries in laying hens 

are complex, and the extent to which physical activity at certain ages plays a role in susceptibility 

to keel bone damage is unknown [24,25]. 

A major contributing factor influencing a hen’s ability to perch is the age during which they 

are exposed to perches. Without prior experience with perches, young chicks show a poor ability 

to use perches later in life [17,27]. Early access to perches may provide pullets with proper 

exposure to and practice perching, increasing muscle mass and bone strength. Perch access during 

rearing may improve the birds’ ability to use perches better later in life and also result in stronger 

musculoskeletal systems at the start of lay, reducing the risk of osteoporosis as an adult. For 

example, some previous studies found the benefits of rearing pullets in alternative housing systems 

on bone composition and strength at 16 weeks of age [18,28], where the beneficial impact on pullet 

bone composition observed at 16 weeks of age continued during the laying phase [29]. 

Furthermore, rearing pullets in conventional cages with perches resulted in some benefits to bone 
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health in 71-week-old hens [15]. Rearing in alternative housing systems has also been shown to 

reduce keel bone damage during the laying phase [30,31]. By focusing on strengthening bones 

during development, we may observe hen bones that are better equipped to handle the mobilization 

of calcium in a proactive approach to prevent osteoporosis. 

This study aimed to observe the long-term effects of perch provision timing, either during only 

the rearing phase, only the laying phase, both phases, or neither on the musculoskeletal health and 

activity of adult laying hens. Pullets were reared either with or without access to multi-tier perches 

until 17 weeks of age, at which point half of the pullets with perches transitioned to pens without 

perches, and half of the pullets without perches transitioned to pens with perches. We hypothesized 

that pullets with continuous access to perches would show improved musculoskeletal health and 

increased activity compared to pullets without access to perches, and pullets with perch access 

during only the rearing or only the laying phase showing intermediate responses. 

Materials and Methods 

Ethics 

This experiment was approved by Clemson University’s Institutional Animal Care and Use 

Committee (protocol #AUP2021-0068). 

Animals and housing 

This experiment was conducted at Clemson University’s poultry facility in South Carolina, 

USA. Day-old Hy-Line brown chicks (n = 840) were randomly allocated across 30 pens (28 

birds/pen) until 17 weeks of age. Pens (5.2 m2) contained 7.6 cm of clean pine wood shavings as 

bedding. Trough feeders were provided for the first 3 weeks of age at which point hanging feeders 
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were used. Birds had ad libitum access to water and feed. From 0 to 3 weeks of age, feed was 

provided in tube feeders and water in gallon drinkers. For the first week of life, supplementary 

feed trays were provided. After 3 weeks, feed was provided in circular hanging feeders and water 

was available in automatic cup drinkers. For the first 3 weeks of age, heat was provided by one 

focal electric brooder per pen and a gas-fired brooder for the entire house. The temperature was 

initially set at 35–36 °C at day 0; then, it progressively reduced by 2–4 °C every week until 3 

weeks of age when brooders were removed. Temperature was reduced weekly until 6 weeks of 

age to 21 °C, and then they were maintained until the end of the study, following the standard 

breed guidelines [32]. Light was provided by one 60-watt incandescent overhead lightbulb per pen, 

and each pen was kept on a decreasing light schedule starting at 20 L:4D during the first week and 

was decreased by increments of either 1.5 or 3 h until 10 L:14D from 7 weeks of age until the end 

of the study when birds were 40 weeks old [32]. 

Treatments 

From 0 to 17 weeks of age, 15 pens (420 birds) were provided with perches while the 

remaining 15 pens (420 birds) were without perches. At 17 weeks of age, half of the birds with 

perches transitioned to pens without perches, and half of the birds without perches transitioned to 

pens with perches until 40 weeks of age. This resulted in four treatment groups (7 pens/treatment 

and 28 birds/pen after accounting for mortality during weeks 0–17): continuous perch (CP; perch 

access from 0–40 weeks of age), no perch (NP; no perch access from 0–40 weeks of age), early 

perch (EP; perch access from 0–17 weeks of age), and late perch (LP; perch access from 17–40 

weeks of age). The perch structure was constructed to be adjustable with perch rungs made of 5 × 

5 cm pressure-treated wooden lumber. Each perch structure contained 3 rungs of varying height, 

each 165.1 cm in length, resulting in 495.3 cm of total perch space and approximately 19 cm of 

https://www.mdpi.com/2076-2615/14/2/265#B32-animals-14-00265
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perch space per bird. In the CP group, rung heights and distance between rungs were gradually 

increased concurrently with the growth of the birds to ensure they were easily accessible. For the 

first 11 days of age, the 3 rungs were 15.2 cm, 22.8 cm, and 30.4 cm high off the ground (Figure 

3.1a). For the next 8 days, the 3 rungs were 22.8 cm, 38.1 cm, and 54.6 cm high off the ground 

(Figure 3.1b). The perch rungs were altered once more on day 20 of age to 38.1 cm, 62.2 cm, and 

88.4 cm high with a 12.7 cm distance between each perch rung (Figure 3.1c). 

 

Figure 3.1. Perch and adjustable rung heights in continuous perch (CP) treatment groups during days (a) 0–11, (b) 

12–19, and (c) 20+ days of age. Perches were placed in late perch (LP) treatment groups beginning at 18 weeks of 

age with rungs at heights pictured in (c). 

Activity 

Bird activity was monitored using an accelerometer over 3 consecutive days during weeks 

24, 36, and 40 of age (n = 84 birds/week). At each time point, 3 birds/pen were caught after the 

lights went off. Birds were selected from among different resources and perch levels in an attempt 

to sample hens that were representative of the flock in that pen. Birds were fitted with a harness 

that was used to secure the accelerometer. An acceleration data logger (Onset HOBO PendantG 

acceleration data loggers, Onset Computer Corporation, Bourne, MA) was inserted inside each 

harness. The loggers used in the current study were 58 × 33 × 23 mm in size and 16 g in weight 
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with a ±3 g; 29.4 m/s2 measuring range and ±0.105 g; 1.03 m/s2 accuracy level when operating 

between −20 and 70 °C. Loggers were oriented on the hens, so the X-axis captured forward and 

backward movement (craniocaudal movement), the Y-axis captured sideways movement 

(mediolateral movement), and the Z-axis captured vertical movement (dorsoventral movement) of 

the hens. Loggers were firmly secured inside the harness to reduce noise in the data due to the 

movement of the loggers themselves and to prevent changes in logger orientation. After fitting 

focal birds with harnesses and accelerometers, hens were given 1 day to habituate to wearing the 

equipment. During this period, hens were monitored to ensure that vests were not impacting 

behavior and locomotion abilities. After acclimation, loggers recorded hens’ movement across 3 

consecutive days (72 h) at each time point with a scanning frequency of 20 Hz (±3 g to +3 g) in 3 

axes. 

Musculoskeletal health 

Computed tomography (CT) image acquisition 

At 40 weeks of age, 3 birds per pen (n = 84) were euthanized on-farm by CO2 inhalation, 

placed in a cooler of ice, and immediately transported to the Godley-Snell Research Center on 

Clemson University’s campus. Upon arrival, birds were individually placed inside a V-shaped 

foam cradle in a dorsal recumbent position atop a hydroxyapatite calibration phantom (QRM 

Quality Assurance in Radiology and Medicine, Möhrendorf Germany). The head and the legs of 

the bird were extended in opposite directions and were taped to maintain this positioning in the 

foam cradle during image acquisition. CT images were acquired using a helical mode, head 0–10 

kg protocol, 0.5 mm slice thickness, and bone and soft tissue reconstruction algorithms. CT images 

were acquired using a Toshiba Aquilion TSX-101A, 16-slice scanner 

(https://www.gehealthcare.com, accessed on 16 November 2023, GE Healthcare, Chicago IL, 

https://www.gehealthcare.com/
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USA), a single bird scan and image construction required approximately 7 min. Birds were 

dissected immediately after CT scanning and frozen at −20 °F for further testing. 

Tibiotarsal CT image analyses 

For each CT study, measurements of the right tibiotarsal bone and muscle were made using 

a standardized CT image analysis protocol previously published by [33]. Cross-sectional density 

(HU) and area (mm) of the total and medullary components of the tibiotarsal bone were recorded 

at predefined proximal, middle, and distal transverse slice locations using hand-traced regions of 

interest (Figure 3.2a,b). The cross-sectional area (CSA) of the muscle group surrounding the 

tibiotarsus at each of the predefined proximal, middle, and distal locations was also measured. The 

CT densities for each of the rods in the bone calibration phantom were recorded using the oval 

ROI tool (Figure 3.2c). The CT densities in HU were then converted to hydroxyapatite values 

using graphical analysis techniques described in [33]. 

 

 

Figure 3.2. Steps of tibiotarsal image analysis. (a) Division of the tibiotarsus into 4 segments to set proximal, 

middle, and distal locations, (b) region of interest tracings for the tibiotarsus in the proximal location, and (c) region 

of interest placement in the 3 rods of hydroxyapatite phantom using the oval tool. 
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Muscle deposition 

After CT scanning, birds (n = 84) were prepared for dissection, and the separation of 

muscles was conducted following the procedures described by [18] and with the assistance of a 

veterinarian (A.A.) to ensure consistent muscle specimen collection. Birds were opened by cutting 

the skin on the caudal tip of the keel bone and peeling it back to expose the interior of the bird. To 

remove the right bicep and triceps brachii, the skin of the wing was peeled back, and a blunt 

dissection was made along the line of demarcation between the biceps and triceps. The bicep and 

triceps were gently freed from the bone, and the proximal and distal tendons were cut at the bone 

level. To separate the pectoralis muscles, fascia was cut along the line of demarcation, separating 

the fats from the pectoralis muscles and severing all the attachment at the origin (crania sternum, 

furcula, and sternal ribs), and at the insertion of the major (proximal ventral surface of the humerus) 

and of the minor (proximal dorsal surface of the humerus). The left leg muscles, tendons, and 

ligaments were detached from the bone, the Achilles tendon was severed, and the fascia along the 

synsacrum was detached. All muscles were immediately weighed upon removal. The left tibiae 

were frozen at −20 °C for ash percentage, and the right tibiae were frozen at −20 °C for breaking 

strength measures. 

Tibia breaking strength 

Mechanical properties of the right tibiotarsi were assessed using a three-point bending test as 

specified by the American National Standards Institute (ANSI) standards for the application of 3-

point bending on animal bones [34]. Testing was performed using an Instron Dynamic and Static 

Material Test system (Model 5944, Instron Corp., Canton, MA, USA) equipped with a 500 N load 

cell and Automated Material Test System software (8800 MT Controller, Instron Corp., Canton, 

MA, USA). Prior to testing, previously frozen legs were thawed at refrigerator temperature. 

https://www.mdpi.com/2076-2615/14/2/265#B18-animals-14-00265
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Muscles surrounding the tibiotarsus were carefully dissected, tibiotarsal length and diameter at the 

midpoint were recorded, and the bones were wrapped in saline-soaked paper towels until testing 

to prevent the bones from drying out. 

Rounded support pins and breaking blade were manufactured based on ANSI standards for 

the application of 3-point bending on animal bones [34]. A furculum width of 4 cm was used. This 

width did not adhere to the ANSI standards but was decided upon based on a consensus among 

co-authors. Due to the anatomy of the laying hen tibiotarsus, a 4 cm width ensured that the 

tibiotarsus was able to rest on the furculum in a manner in which the load would be applied to the 

midpoint of the bone evenly in the craniocaudal plane. The crosshead speed used was 3 mm/min, 

and the test was carried out to failure. Load and displacement data were collected and were used 

to obtain the breaking strength (N), stiffness (N/mm), and maximum bending moment (N/m). 

Tibia ash percentage 

The left tibiotarsi of euthanized birds was thawed approximately 24 h prior to data 

collection. The bones were cleaned from any surrounding muscles and soft tissues, and tibiae were 

separated from the fibula. The tibiae were cut into 3 pieces to fit into a Soxhlet chamber for ether 

extraction. Ceramic crucibles were air-dried for one hour and then placed in a desiccator for 

another hour. The weight of the dried crucibles was recorded. Left tibiae were dried at 100 °C for 

one hour, placed in a desiccator for another hour, and their weight was recorded. Tibiae were then 

placed inside the dried ceramic crucibles and ashed (ashing oven: Thermolyne 30400, Barnstead 

International, Dubuque, IA, USA) for 6 h at 600 °C. The ash was placed in a desiccator for one 

hour, and then the ash weight was recorded. The percentage of tibia ash was calculated by dividing 

the tibia ash weight by the tibia dry weight and multiplying by 100. 

https://www.mdpi.com/2076-2615/14/2/265#B34-animals-14-00265
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Bone resorption markers 

During weeks 24, 36, and 40 of age, blood samples were collected from the brachial wing 

vein of 3 birds/pen (n = 84/week). Whole blood samples were transferred to 1.5 mL Eppendorf 

tubes, and serum was separated at 6000 rpm for 10 min at 4 °C. In order to test for the occurrence 

of bone resorption, serum samples were analyzed for levels of tartrate-resistant acid phosphatase 

5b (TRACP-5b) and C-terminal telopeptide of type I collagen (CTX-I) using commercial ELISA 

kits Nanjing Jiancheng Institute of Bioengineering (Nanjing, China) and MyBioSource (San 

Diego, CA, USA), and according to manufacturer’s instructions. 

Data processing and statistical analysis 

The raw accelerometer data, consisting of the date, time, and the related impulse in the X, Y, 

and Z dimensions, were downloaded from the devices (HOBOware Graphing & Analysis Software 

001, Onset, Bourne, MA, USA) at the end of each 3D observation period. Data on hens’ vertical 

(az: dorsoventral movement across vertical levels), horizontal (ax: craniocaudal movement within 

the same vertical level), and lateral movement (ay: mediolateral movement within the same vertical 

level) during light hours were obtained directly from loggers. Hens’ triaxial movement (As) was 

calculated by summing and averaging raw movement data as follows. 

𝐴𝑠 = √𝑎𝑥
2 + 𝑎𝑦

2 + 𝑎𝑧
2 

Acceleration data (gravity “g”) were post-processed using MATLAB (MATLAB and 

Statistics Toolbox Release 2012, The MathWorks, Inc., Natick, MA, USA). In order to accurately 

calculate the incidence of massive acceleration shifts on the vertical (z) axis that represents 

perching, data were smoothed from noisy components by removing all minor acceleration 

fluctuations using a loop function. 
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𝐴𝑖 =
1

3
∑ 𝐴𝑗𝐴𝑖

′
𝑖+1

𝑗=𝑖−1
= {

𝜇, 𝑖𝑓 |𝐴𝑖 − 𝜇| < 𝑡

𝜇, 𝑖𝑓 |𝐴𝑖 − 𝜇| ≥ 𝑡
 

Data smoothing included the passing of the raw acceleration values (Aj) through an 

asymmetrical 3-point moving average low-pass filter (i = the middle point in the 3-point-moving 

average low-pass filter) and through a step function to define thresholds used to remove minor 

fluctuations (t = threshold values of minor fluctuations, i.e., between 0.001 and 0.043 g). After 

processing data, perching events were recognized by detecting massive shifts in acceleration in 

the z-axis of activity. which was defined as incidence (frequency “F”) of perching or “vertical 

displacement”. In order to precisely detect acceleration shifts due to perching and define thresholds 

for minor fluctuations in the z-axis, timestamped videos of birds while perching were obtained and 

compared with the corresponding activity data. Using the approach enabled us to locate shifts in z-

axis acceleration mainly caused by perching and define the threshold cutoff points to remove minor 

fluctuation. 

Data were analyzed using the R software (version 3.3.1) with the package “stats” (R Core 

Team, 2013). To test for the main effects of treatment (CP, EP, LP, and NP) and the age of the 

birds (activity and bone demineralization: 24, 36, and 40 weeks) on each variable, generalized 

linear mixed-effects models (GLMMs) were conducted using the “lme4” package [35]. In each 

GLMM, the interaction term between main effects was also tested as a fixed effect, and bird ID, 

pen, and day for activity were tested as random effects, with the family set to “Quasibinomial” for 

proportion data (ash %) and “Poisson” for the other data. Tukey’s HSD multiple comparison 

procedure was used for post hoc comparisons using the “multcomp” package [36]. The 

“DHARMa” package was used for proportion data (ash%) to test residual distribution and 

assumptions for GLMM, while the Shapiro–Wilk test was utilized (i.e., activity (g), breaking 

strength (N), stiffness (N/mm)) for the normality analysis of the model residuals. Statistical 

https://www.mdpi.com/2076-2615/14/2/265#B35-animals-14-00265
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significance was set at p < 0.05. Descriptive statistics were calculated using the “psych package”, 

and data are presented as mean ± standard error of the mean (SEM). 

 

Results 

Activity 

During week 24, hens from CP, EP, and LP exhibited the greatest amount of overall activity 

compared to hens from NP pens (p = 0.021, 0.033, 0.036, respectively; Table 3.1). There were no 

differences between treatments for overall activity levels during weeks 36 or 40 (Table 3.1). 

During all observation weeks, hens from CP and LP pens showed greater vertical activity (week 

24: (CP: p = 0.019, 0.023; LP: p = 0.026, 0.031); week 36: (CP: p = 0.025, 0.0.35; LP: p = 0.038, 

0.029); week 40: (CP: p = 0.028, 0.031; LP: p = 0.032, 0.028); Table 3.1), and less horizontal 

activity (week 24: (CP: p = 0.033, 0.029; LP: p = 0.034, 0.027); week 36: (CP: p = 0.028, 0.0.33; 

LP: p = 0.037, 0.039); week 40: (CP: p = 0.032, 0.027; LP: p = 0.033, 0.037); Table 3.1) compared 

to hens from EP and NP pens. During all observation weeks, hens from CP and LP pens exhibited 

a higher average daily vertical displacement per bird compared to hens from EP and NP pens (week 

24: (CP: p = 0.018, 0.021; LP: p = 0.023, 0.019); week 36: (CP: p = 0.022, 0.027; LP: p = 0.023, 

0.031); week 40: (CP: p = 0.022, 0.023; LP: p = 0.019, 0.027); Table 3.1). There were no 

differences across weeks within the same treatment (p > 0.05). 
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Table 3.1. Overall, vertical, and horizontal activity levels, and average daily vertical displacement per bird (F) of 

laying hens housed in continuous perch (CP), early perch (EP), late perch (LP), and no perch (NP) pens at weeks 24, 

36, and 40 of age (n = 84/week). 

Week Treatment 
Overall 

Activity (g) 

Vertical 

Activity (g) 

Horizontal 

Activity (g) 

Average Daily Vertical 

Displacement/Bird (F) 

24 

CP 1.42 ± 0.11 a 0.59 ± 0.06 a 0.83 ± 0.09 a 24.52 ± 2.96 a 

EP 1.33 ± 0.13 a 0.18 ± 0.01 b 1.15 ± 0.11 b 3.69 ± 0.69 b 

LP 1.39 ± 0.19 a 0.51 ± 0.07 a 0.88 ± 0.07 a 23.58 ± 4.58 a 

NP 
1.29 ± 

0.21 b 
0.11 ± 0.03 b 1.18 ± 0.06 b 1.13 ± 0.96 b 

 p-value 0.034 0.029 0.022 0.031 

36 

CP 1.44 ± 0.16 a 0.56 ± 0.06 a 0.88 ± 0.11 a 33.25 ± 4.21 a 

EP 1.45 ± 0.21 a 0.12 ± 0.03 b 1.33 ± 0.16 b 3.56 ± 1.25 b 

LP 1.41 ± 0.19 a 0.55 ± 0.09 a 0.86 ± 0.09 a 29.87 ± 5.25 a 

NP 1.31 ± 0.21 a 0.11 ± 0.01 b 1.20 ± 0.16 b 2.03 ± 1.03 b 

 p-value 0.096 0.032 0.036 0.028 

40 

CP 1.35 ± 0.22 a 0.53 ± 0.07 a 0.82 ± 0.10 a 28.85 ± 6.69 a 

EP 1.39 ± 0.23 a 0.13 ± 0.06 b 1.26 ± 0.09 b 4.03 ± 2.36 b 

LP 1.36 ± 0.29 a 0.59 ± 0.03 a 0.77 ± 0.06 a 26.85 ± 4.52 a 

NP 1.32 ± 0.27 a 0.09 ± 0.01 b 1.23 ± 0.17 b 1.63 ± 0.85 b 

 p-value 0.325 0.031 0.029 0.035 

Treatments; CP: birds had continuous access to multi-tier perches from 0 to 40 weeks of age; NP: no access to perches 

from 0 to 40 weeks of age; EP: early access to perches during the rearing phase from 0 to 17 weeks of age; LP: Late 

access to perches during the laying phase from 17 to 40 weeks of age. a,b Means with differing superscripts indicate 

statistically significant differences within columns of the same week at p < 0.05. 
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Tibial bone mineral density (BMD) and cross-sectional area (CSA) 

There were no differences between treatments for total CSA (Table 3.2). CP hens had greater 

cortical CSA and cortical BMD at all locations than other treatment groups (cortical CSA: 

proximal (p = 0.022, 0.018, 0.029), middle (p = 0.022, 0.031, 0.024), distal (p = 0.031, 0.028, 

0.021); cortical BMD: proximal (p = 0.022, 0.027, 0.036), middle (p = 0.024, 0.023, 0.025), distal 

(p = 0.031, 0.019, 0.031); Table 3.2). EP and LP hens had greater cortical CSA at the proximal 

(p = 0.021, 0.023, respectively), middle locations (p = 0.032, 0.028, respectively), and greater 

cortical BMD values at all locations than NP hens (proximal (p = 0.019, 0.024), middle (p = 0.023, 

0.025), distal (p = 0.027, 0.035); Table 3.2). However, CP hens had greater total BMD at all 

locations than NP hens (proximal: p = 0.013, middle: p = 0.009, distal: p = 0.012; Table 3.2), and 

at the middle (p = 0.029, 0.036, respectively) and distal (p = 0.035, 0.036, respectively) locations 

than EP and LP, while EP and LP had greater total BMD at all locations than NP (proximal: p = 

0.019, 0.023; middle: p = 0.022, 0.031; distal: p = 0.029, 0.036, respectively; Table 3.2). 
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Table 3.2. Tibial total, medullary, and cortical bone mineral density (BMD; mg/cm3) and cross-sectional area (CSA; 

mm2) ±SEM for the proximal, middle, and distal regions of the right tibiotarsus of laying hens. 

Parameter/ 

Treatment 

Bone Cross-Sectional Area (mm2) 

Total Cortical 

Proximal Middle Distal Proximal Middle Distal 

CP 70.2 ± 1.1 a 53.8 ± 1.3 a 
55.5 ± 

0.7 a 
37.1 ± 2.4 a 29.5 ± 2.1 a 29.2 ± 1.8 a 

EP 70.1 ± 1.3 a 53.9 ± 1.0 a 
55.3 ± 

0.6 a 
30.7 ± 2.1 b 23.9 ± 1.6 b 24.0 ± 1.5 b 

LP 69.9 ± 1.1 a 54.5 ± 0.8 a 
56.0 ± 

0.7 a 
31.5 ± 2.1 b 25.4 ± 1.6 b 24.2 ± 1.5 b 

NP 69.9 ± 1.1 a 54.9 ± 0.7 a 
56.0 ± 

1.1 a 
26.3 ± 1.7 c 21.6 ± 1.4 c 20.9 ± 1.4 b 

p-value 0.235 0.185 0.635 0.021 0.019 0.024 

Parameter/ 

Treatment 

Bone Mineral Density (mg/cm3) 

Total Cortical 

Proximal Middle Distal Proximal Middle Distal 

CP 
515.7 ± 

13.7 a 

730.6 ± 

11.0 a 

806.8 ± 

11.0 a 

1028.8 ± 

23.6 a 

1746.8 ± 

16.9 a 

1370.7 ± 

889.5 a 

EP 
428.1 ± 

15.4 a 

591.8 ± 

22.5 b 

661.6 ± 

14.6 b 

740.7 ± 

20.9 b 

1257.7 ± 

17.9 b 

1000.6 ± 

22.0 b 

LP 
438.4 ± 

14.0 a 

628.3 ± 

18.8 b 

669.7 ± 

17.4 b 

761.3 ± 

21.0 b 

1380.0 ± 

22.6 b 

1165.1 ± 

19.6 b 

NP 
356.3 ± 

11.4 b 

502.6 ± 

13.1 c 

545.8 ± 

20.7 c 

726.9 ± 

23.3 c 

976.5 ± 

19.1 c 

889.5 ± 

23.1 c 

p-value 0.034 0.003 0.021 0.013 0.025 0.022 

Treatments; CP: birds had continuous access to multi-tier perches from 0 to 40 weeks of age; NP: no access to perches 

from 0 to 40 weeks of age; EP: early access to perches during the rearing phase from 0 to 17 weeks of age; LP: Late 

access to perches during the laying phase from 17 to 40 weeks of age. a–c Means with differing superscripts indicate 

statistically significant differences within columns of the same week at p < 0.05. 
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Muscle deposition 

Hens from CP and LP pens had heavier biceps brachii (CP: p = 0.032, 0.025; LP: p = 0.036, 

0.029; Table 3.3), pectoralis majors (CP: p = 0.0.026, 0.026; LP: p = 0.027, 0.037; Table 3.3), and 

leg muscle groups (CP: p = 0.031, 0.036; LP: p = 0.029, 0.027; Table 3.3) compared to hens from 

EP and NP pens. There were no differences between treatments for weights of the triceps brachii 

or pectoralis minor (p > 0.05; Table 3.3). 

 

Table 3.3. Mean weight (g) ±SEM of biceps brachii, triceps brachii, pectoralis major, pectoralis minor, and leg 

muscle group of laying hens. 

Treatment 
Biceps 

Brachii (g) 

Triceps 

Brachii (g) 

Pectoralis 

Major (g) 

Pectoralis 

Minor (g) 

Leg Muscle 

Group (g) 

CP 4.25 ± 0.26 a 3.88 ± 0.31 a 124.58 ± 4.85 a 62.58 ± 5.55 a 141.85 ± 7.98 a 

EP 3.65 ± 0.29 b 3.59 ± 0.22 a 112.55 ± 5.25 b 56.85 ± 1.14 a 124.55 ± 6.52 b 

LP 4.18 ± 0.38 a 3.67 ± 0.29 a 119.93 ± 4.99 a 59.22 ± 3.55 a 138.57 ± 5.88 a 

NP 3.52 ± 0.21 b 3.53 ± 0.25 a 107.58 ± 3.78 b 55.85 ± 5.03 a 120.79 ± 6.85 b 

p-value 0.026 0.259 0.031 0.523 0.028 

Treatments: CP: birds had continuous access to multi-tier perches from 0 to 40 weeks of age; NP: 

no access to perches from 0 to 40 weeks of age; EP: early access to perches during the rearing 

phase from 0 to 17 weeks of age; LP: Late access to perches during the laying phase from 17 to 

40 weeks of age. a,b Means with differing superscripts indicate statistically significant differences 

within columns of the same week at p < 0.05. 
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Tibia breaking strength 

At week 40 of age, housing hens in CP and LP pens resulted in greater tibia-breaking strengths 

(CP: p = 0.019, 0.011; LP: p = 0.017, 0.009, respectively) and stiffness (CP: p = 0.021, 0.013; 

LP: p = 0.006, 0.019, respectively) compared to housing hens in EP and NP pens (Figure 3.3). 

 

 

Figure 3.3. Mean tibia breaking strength (N) and stiffness (N/mm) of laying hens housed in continuous perch (CP), 

early perch (EP), late perch (LP), and no perch (NP) pens at 40 weeks of age (n = 84). a,b Means with differing 

superscripts indicate statistically significant differences between treatments within a parameter at p < 0.05. 

Tibia ash percentage 

At week 40 of age, the tibia of hens housed in CP pens contained a higher ash percentage 

compared to hens housed in EP, LP, and NP pens (p = 0.003, 0.009, 0.012, respectively; Figure 

3.4). 
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Figure 3.4. Mean tibia ash percent (%) of laying hens housed in continuous perch (CP), early perch (EP), late perch 

(LP), and no perch (NP) pens at 40 weeks of age (n = 84). a,b Means with differing superscripts indicate statistically 

significant differences between treatments at p < 0.05. 

Bone demineralization 

There were no differences in TRACP-5b or CTX-I concentrations between treatment 

groups at week 24 of age (p > 0.05; Figure 3.5a,b). At 36 weeks of age, hens from CP pens had 

the lowest TRACP-5b concentration compared to other groups (EP: p = 0.039, LP: p = 0.023, 

NP: p = 0.013), which was followed by hens from EP pens (LP: p = 0.036, NP: p = 0.023), then 

LP pens (NP: p = 0.046), with hens from NP pens having the highest concentration (Figure 3.5a). 

Furthermore, hens from CP and EP pens had the lowest CTX-I concentrations at week 36 of age 

compared to hens from LP and NP pens (CP: p = 0.011, 0.019; EP: p = 0.036, 0.037, 

respectively; Figure 3.5b). At week 40 of age, CP hens had the lowest TRACP-5b (EP: p = 

0.036, LP: p = 0.035, NP: p = 0.026) and CTX-I (EP: p = 0.029, LP: p = 0.031, NP: p = 0.036) 

concentrations compared to EP and LP hens, with NP hens having the highest concentrations 

(CP: p = 0.026, EP: p = 0.023, LP: p = 0.013; Figure 3.5a,b). 
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Figure 3.5. Mean serum concentrations of (a) tartrate-resistant acid phosphatase 5b (TRACP-5b; U/L) and (b) C-

terminal telopeptide of type I collagen (CTX-I; ng/L) of laying hens housed in continuous perch (CP), early perch 

(EP), late perch (LP), and no perch (NP) pens at 24, 36, and 40 weeks of age (n = 84/week). a-dMeans with differing 

superscripts indicate statistically significant differences between treatments within week at p < 0.05. 

 

Discussion 

Activity 

Perch access did impact overall hen activity level at week 24 of age but not at weeks 36 

and 40, with hens from CP, EP, and LP pens showing the greatest amount of overall activity 
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compared to hens from NP pens. Interestingly, access to perches from 0 to 17 weeks of age resulted 

in increased overall activity at 24 weeks of age. However, we did not see an effect of perch access 

on overall activity at 36 and 40 weeks of age. During weeks 24, 36, and 40 of age, hens from CP 

and LP pens performed more vertical activity, less horizontal activity, and had a higher average 

daily vertical displacement per bird compared to hens from EP and NP pens. This is likely due to 

the fact that hens from CP and LP pens had access to an appropriate perching structure and thus 

more opportunities to move vertically compared to EP and NP hens who had no access to perches 

and could not physically move vertically to the same extent. Because hens are highly motivated to 

perch on high areas of their home pen, it follows that the hens with access to multi-tier perches 

showed more vertical activity, as they were likely jumping to reach elevated surfaces within the 

pen [14,15,17,37]. Furthermore, EP hens exhibited a greater proclivity to perch on elevated 

structures, such as feeders and nest boxes, within their surroundings in comparison to NP hens. 

This anecdotal observation suggests an increased inclination to perch among EP hens, which was 

potentially attributed to their early exposure to perching experiences during the rearing phase. 

Tibial bone mineral density (BMD) and cross-sectional area (CSA) 

Perch access influenced the tibial bone mineral density at 40 weeks of age, with birds from 

CP pens having a greater total BMD content compared to hens from NP pens, indicating access to 

perches beneficially impacted tibial bone mineral density. Furthermore, CP hens had greater 

cortical CSA and BMD at all locations than the other treatment groups with EP and LP hens having 

greater CSA and BMD values than NP hens. This finding is in line with previous studies that found 

access to perches increases bone strength in laying hens [16,38,39]. Ours results align with 

previous research and suggest that load-bearing exercise from continual perch use improves bone 

characteristics with early or late perch access having intermediate responses compared to no perch 

https://www.mdpi.com/2076-2615/14/2/265#B14-animals-14-00265
https://www.mdpi.com/2076-2615/14/2/265#B15-animals-14-00265
https://www.mdpi.com/2076-2615/14/2/265#B17-animals-14-00265
https://www.mdpi.com/2076-2615/14/2/265#B37-animals-14-00265
https://www.mdpi.com/2076-2615/14/2/265#B16-animals-14-00265
https://www.mdpi.com/2076-2615/14/2/265#B38-animals-14-00265
https://www.mdpi.com/2076-2615/14/2/265#B39-animals-14-00265
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access at all. However, one previous study found that the addition of perches to conventional cages 

did not increase the tibial BMD of 71-week-old hens [15]. This could be due to differences in the 

design of perches or that White Leghorns were the strain of the birds used in the previous study 

compared to Hy-Line Brown in the current study. The minimal differences noted in tibial BMD 

and (CSA) between EP and LP hens are surprising. This suggests that even in the later stages of 

the laying cycle, hens can derive benefits from perch provisions, thereby enhancing their bone 

health. On the other hand, early provision of perches during the rearing phase appears to have a 

positive impact on bone health throughout the laying phase. However, it is important to note that 

neither scenario is directly compared with the potential benefits of providing perches during both 

rearing and laying phases. 

Muscle deposition 

By the end of the study at 40 weeks of age, hens from CP and LP pens had heavier biceps 

brachii, pectoralis majors, and leg muscle groups compared to hens from EP and NP pens with no 

differences for the weights of triceps brachii or pectoralis minors. Providing continuous access to 

perches resulted in heavier muscles compared to not providing perches at all due to higher activity 

levels during rearing and laying. Perching is considered a form of load-bearing exercise that has 

previously shown to increase muscle deposition in poultry [14,15]. By the end of the study, hens 

with late access to perches had heavier muscles than hens with access to perches during the rearing 

phase. This was contrary to some previous work, as early access to perches has been shown to 

increase muscle deposition in adults due to there being more opportunities for exercise during 

development [15,40]. However, hens with access to perches during the lay phase performed more 

vertical activity and jumped more frequently than hens without access to perches, suggesting these 

activities beneficially impacted muscle growth even after puberty. Access to perches during the 

https://www.mdpi.com/2076-2615/14/2/265#B15-animals-14-00265
https://www.mdpi.com/2076-2615/14/2/265#B14-animals-14-00265
https://www.mdpi.com/2076-2615/14/2/265#B15-animals-14-00265
https://www.mdpi.com/2076-2615/14/2/265#B15-animals-14-00265
https://www.mdpi.com/2076-2615/14/2/265#B40-animals-14-00265
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lay phase ultimately had a more beneficial effect on muscle deposition at 40 weeks of age 

compared to access to perches during the rearing phase. 

Tibia breaking strength 

Timing of perch access impacted tibia strength with CP and LP hens having a higher breaking 

strength and stiffness at 40 weeks of age compared to EP and NP hens. Some previous studies 

found no difference in tibia breaking strength between housing systems with or without perches 

[41,42]. However, other studies found that access to perches as an adult improves tibia strength: 

for example, hens housed with perches from 19 weeks of age had stronger bones and better 

preserved cortical bone than hens housed without perches at 65 weeks of age [16]. Furthermore, 

hens housed with perches from 16 weeks of age had a higher tibia breaking strength than hens in 

conventional cages at 73 weeks of age [21]. In agreement with our results, the previous study found 

no effect of rearing environment on adult bone breaking strength. However, in its companion 

study, they discovered a greater beneficial effect of rearing pullets with perches on breaking 

strength at 16 weeks of age than what was discovered for adult hens, highlighting the importance 

of providing opportunities for exercise during bone development [18]. Although we did not find 

an effect of providing perches during rearing on adult bone breaking strength, numerical 

differences between the CP (breaking strength: 311.02 N; stiffness: 289.88 N/mm) and LP 

(breaking strength: 289.96 N; stiffness: 256.26 N/mm) groups suggest that providing perches 

during the rearing (i.e., bone development) and lay phase may be more beneficial to bone strength 

than providing perches during the lay phase alone. Our results suggest that providing perches either 

continuously or at the beginning of the lay phase permits sufficient opportunity for exercise to 

improve breaking strength by week 40 of age compared to hens not provided perches at all or only 

during the rearing period. 

https://www.mdpi.com/2076-2615/14/2/265#B41-animals-14-00265
https://www.mdpi.com/2076-2615/14/2/265#B42-animals-14-00265
https://www.mdpi.com/2076-2615/14/2/265#B16-animals-14-00265
https://www.mdpi.com/2076-2615/14/2/265#B21-animals-14-00265
https://www.mdpi.com/2076-2615/14/2/265#B18-animals-14-00265
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Tibia ash percentage 

Perch access impacted tibia ash percent at 40 weeks of age, where the tibia of hens housed 

in CP pens contained a higher ash percentage compared to hens housed in EP, LP, and NP pens, 

suggesting that continuous perch access (perch access from 0 to 40 weeks of age) beneficially 

impacted bone mineral content. One prior study found that free range hens with access to perches 

had a greater tibia ash percent at 38 and 45 weeks of age compared to hens in conventional cages 

with or without access to perches, indicating that a greater freedom of movement and more 

opportunities for exercise improve tibia mineral content compared to providing simple perches in 

a caged environment alone [43]. In agreement, hens housed in floor pens with perches had higher 

tibia ash percentages compared to hens housed in conventional cages [44]. However, a couple 

previous studies found no relationship between housing type and tibia ash percent [45,46]. In our 

study, continuous perch access improved tibia mineral content compared to early, late, or no access 

to perches. 

Bone resorption 

In our study at 24 weeks of age, there were no differences in TRACP-5b and CTX-I levels 

between treatment groups, indicating all treatments started at similar levels of bone resorption. We 

observed differences in bone resorption at 36 weeks of age, with the lowest TRACP-5b 

concentrations found in hens from CP pens, which was followed by hens from EP pens, then LP 

pens, with hens from NP pens having the highest concentrations. Furthermore, hens from CP and 

EP pens had the lowest CTX-I concentrations at week 36 of age compared to hens from LP and 

NP pens. Our results indicate that hens from CP pens showed mild bone resorption compared to 

https://www.mdpi.com/2076-2615/14/2/265#B43-animals-14-00265
https://www.mdpi.com/2076-2615/14/2/265#B44-animals-14-00265
https://www.mdpi.com/2076-2615/14/2/265#B45-animals-14-00265
https://www.mdpi.com/2076-2615/14/2/265#B46-animals-14-00265
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hens from NP pens, which showed the highest levels due to an absence of bone reservoirs. The 

lack of activity during rearing and laying does not improve bone characteristics and leaves adult 

laying hens at risk for increased bone resorption and ultimately weakened bones. Hens from EP 

pens showed low levels of bone resorption, which was comparable to hens from CP pens at week 

24 of age. However, at week 36 of age, bone resorption increased to a level slightly higher than 

hens from CP pens, but it was still less than hens from LP and NP pens, which is an effect that can 

be contributed to a higher bone reserve due to increased perching activity during rearing. At week 

40 of age, CP hens had the lowest TRACP-5b and CTX-I concentrations compared to EP and LP 

hens with NP hens having the highest concentrations. Both EP and LP hens showed similar bone 

resorption levels, as the effect of early perch access dissipated and the effect of later perch access 

slowed bone resorption levels compared to hens from NP pens. 

 

Conclusions 

The outcomes derived from our investigation indicate that the continuous provision of multi-

tier perch access throughout the rearing and early lay phase (0–40 weeks of age) exerts a favorable 

influence on activity level and thus the musculoskeletal health of laying hens at 40 weeks, thereby 

contributing to an improvement in overall hen welfare when compared to the absence of perch 

access. Similarly, the availability of perches during the early lay period (17–40 weeks of age) 

demonstrates positive effects on activity, muscle deposition, and bone strength; however, these 

benefits are not as pronounced as those observed with continuous perch access. Moreover, the 

introduction of perches during the rearing phase (0–17 weeks of age) is associated with a 

deceleration in bone demineralization, aligning with the outcomes observed in hens with access to 
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perches during the laying phase. Nevertheless, early perch access does not manifest an overarching 

positive impact on the musculoskeletal health or activity levels of laying hens at 40 weeks of age, 

suggesting that early exposure during developmental stages does not confer long-term benefits in 

these aspects. The findings underscore the need for further research to elucidate the effects of early 

exercise during the rearing phase on bone demineralization in adult laying hens, providing a more 

comprehensive understanding of the nuanced relationships between developmental experiences 

and musculoskeletal health. 
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Chapter 4  
 

INFLUENCE OF PERCH-PROVISION TIMING ON ANXIETY AND FEARFULNESS IN LAYING 

HENS3 

 

 

 

 

 

 

  

 
3 Anderson MG, Johnson AM, Jacobs L, Ali ABA. Influence of Perch-Provision Timing on Anxiety and Fearfulness 

in Laying Hens. Animals. 2023; 13(19):3003. https://doi.org/10.3390/ani13193003 
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Simple Summary 

Perch access and age during access to perches may impact laying hen welfare. Our study 

aimed to determine the effects of early or late access to perches on behavioral measures of anxiety 

(AB: attention bias test) and fearfulness (TI: tonic immobility test) in laying hens. Pullets were 

housed in pens with or without access to perches until 17 weeks of age, at which point perch access 

either continued or was removed until 37 weeks of age, resulting in four treatments: continuous 

perch access (CP: 0–37 weeks), early perch access (EP: 0–17 weeks), late perch access (LP: 17–

37 weeks), no perch access (NP). AB was performed at 21 and 37 weeks of age, and TI was 

performed at 20, 25, and 37 weeks of age. CP hens showed reduced anxiety and fearfulness, 

benefiting animal welfare, while NP hens showed increased anxiety and fearfulness. LP hens 

required around 16 weeks to adapt to the addition of perches in their environment, indicated by 

increased anxiety and fearfulness at 20 weeks of age that dissipated by week 37 of age. Removing 

perches in the EP pens resulted in increased fear and anxiety, which also disappeared by week 37 

of age. Perch access benefits animal welfare, and removing or preventing access should be 

avoided. 

Abstract 

Perches can enhance laying hen welfare, but their effectiveness might be age-dependent. 

We investigated early and late perch access effects on anxiety and fear in pullets through attention 

bias (AB) and tonic immobility (TI) tests. Pullets (n = 728) were raised with or without multi-level 

perches: CP (continuous perch access: 0–37 weeks), EP (early perch access: 0–17 weeks), LP (late 

perch access: 17–37 weeks), and NP (no perch access). AB was conducted in weeks 21 and 37 

(n = 84/week), and TI was performed in weeks 20, 25, and 37 (n = 112/week). CP hens fed quicker 
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than EP, LP, and NP in AB at weeks 21 and 37 (p ≤ 0.05). CP and NP feeding latencies were 

stable, while EP and LP fed faster at week 37 (p ≤ 0.05). CP had the shortest TI at week 20 (p < 

0.05). CP and LP had the shortest TI in weeks 25 and 37 (all p ≤ 0.05). Unlike NP, CP reduced 

anxiety and fear. Adding perches during laying (LP) raised anxiety at week 21, adapting by week 

37, and removing pre-laying perches (EP) worsened fear at weeks 20 and 25 and anxiety at week 

21, recovering by week 37. Adding or removing perches prior to the lay phase increased fear and 

anxiety, an effect that disappeared by week 37 of age. Our study indicates that continuous perch 

access benefits animal welfare compared to no perch access at all. 

 

Keywords: laying hen; behavior; attention bias; tonic immobility; perch 
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Introduction 

The evaluation of affective states can be used to improve animal welfare. Negative affective 

states, such as chronic anxiety and fear, raise major welfare concerns because while adaptive to 

survival, these negative affective states can lead to excessive responses to routine husbandry 

practices and a decreased ability to cope with environmental change in production settings. For 

example, extreme fear can result in panicked behavioral responses in laying hens in response to an 

unusual stockperson behavior, which in turn can lead to piling and suffocation [1]. Furthermore, 

excessive fear can cause increased sensitivity to stress, poor feed intake, low body weight, and 

decreased production [2,3]. Although difficult to distinguish, excessive anxiety may have similar 

negative consequences, as anxiety itself has been defined as a persistent, excessive, and 

inappropriate emotional state that triggers physiological and behavioral responses lacking adaptive 

value [4]. Therefore, it is important for animal welfare and productivity to keep anxiety and fear 

low. 

One approach to limit negative affective states is by providing housing conditions that meet 

motivational needs. For example, laying hens are highly motivated to perch even early in life, and 

fulfilling this motivation likely improves their affective states, although not directly assessed [5,6]. 

Laying hens housed in conventional cages were more fearful and showed lower antibody levels 

early in life compared to hens in enriched, cage-free housing environments [7]. Inducing positive 

experiences during the pullet phase is important, as behaviors become more rigid later in life after 

the ontogenetic period has passed [8]. For instance, pullets reared in complex aviary systems that 

were subsequently transitioned to barren cage environments at a reproductive age were less fearful 

than those reared in barren cage environments throughout, indicating that environmental 

complexity during rearing can reduce fearfulness later in life [9]. In addition, providing 

https://www.mdpi.com/2076-2615/13/19/3003#B1-animals-13-03003
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environmental complexity (i.e., perches) during rearing can improve musculoskeletal health [10], 

which in turn could benefit affective states due to their better physical ability to perch [11,12]. 

Adverse early life experiences, such as the inability to perform highly motivated behaviors, 

could have long-term negative impacts on laying hen cognition and behavior. Rearing pullets 

without perches impaired the spatial cognitive skills of the adult hen in a spatial cognition test 

compared to those reared with perches [13]. Hens refine their spatial skills as young pullets through 

practice, so preventing this could lead to impaired spatial cognition and an inability to successfully 

navigate their environment as they are moved to the laying hen facility [13,14]. Pullets given 

access to perches from 0 to 8 weeks of age jumped to higher perches compared to those not given 

access to perches until 8 weeks of age [13]. Although effects on cognition and behavior are 

determined, it is unknown whether early access to perches impacts pullet and laying hen emotion 

and affect. 

The loss or gain of perches when transitioning from the pullet to the layer phase may impact 

anxiety and fearfulness. The removal of perches after the pullet phase leads to changes in behavior 

related to frustration and boredom because behavioral needs are not met [15,16,17], which could 

increase levels of anxiety and fearfulness. Laying hens show frustration-related behaviors, such as 

increased restlessness and attempted take-offs when access to perches is prevented compared to 

hens allowed access to perches [18]. It is possible that the effects of losing perch access may be 

more detrimental to animal welfare than not having any perches at all, but this has not been 

previously tested. 

Anxiety levels can be assessed through attention bias (AB) testing, with AB referring to the 

differential allocation of attentional resources towards one stimulus compared to others [19]. For 

example, animals in anxious states exhibit increased attentional bias towards a potential threat, 

https://www.mdpi.com/2076-2615/13/19/3003#B10-animals-13-03003
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where more time spent focusing on a perceived threat compared to neutral or positive stimuli 

indicates increased anxiousness [20]. While anxiety is an affect-mediated response to potentially 

dangerous situations influenced by previous life experiences, fear is a short-term response to an 

immediate threat [21]. The behavioral responses of fear and their intensity, either rational or 

irrational, result from gene–environment interactions during the animal’s development and 

provide insight into their ability to cope with presently dangerous stimuli [21]. To measure 

fearfulness in poultry, a tonic immobility (TI) test is often used, which uses the prey species’ 

freezing response [22]. Longer tonic immobility durations positively correlate with increased 

fearfulness [23,24,25,26]. Although anxiety and fear responses can look similar, the two emotions 

can be opposing and are not always aligned [3,7,27]. Therefore, AB and TI tests could provide 

valuable insights into laying hen anxiety and fear levels in response to housing environments, as 

well as giving insight to the distinct emotional states. 

The use of AB and TI tests to evaluate anxiety and fearfulness could provide a better 

understanding of the impacts of perch provision and its timing on laying hen affective state and 

welfare. Our objective was to investigate the effects of early and late access to perches on anxiety 

and fearfulness in laying hens. Pullets were housed either with or without multi-tier perches from 

0–37 weeks of age, and half of them experienced a loss or gain of perches at 17 weeks of age. We 

hypothesized that birds housed without any perch access would have the highest levels of anxiety 

and fearfulness, followed by those reared with perches that were subsequently taken away during 

the laying phase, then birds reared without perches that were later added to the environment, with 

birds housed with perches throughout the entire trial having the lowest levels of anxiety and 

fearfulness. 
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Materials and Methods 

Ethics 

This experiment was approved by Clemson University’s Institutional Animal Care and Use 

Committee (protocol #: AUP2021-0068). 

Animal and housing 

This experiment was conducted in a ventilation- and temperature-controlled poultry house at 

the Morgan Poultry Center, Clemson, South Carolina, USA, from December 2021 to August 2022. 

Day-old Hy-Line® brown chicks (n = 728) were randomly allocated across 28 pens (26 birds/pen). 

Each pen was 5.04 m2 with approximately 7.6 cm deep clean pine wood shavings covering the 

floor. For the first 3 weeks, the heat was provided by a focal electric brooder per pen and a gas-

fired brooder for the entire house. The temperature was initially set at 35–36.1 °C at day 0, then 

progressively reduced by 3–4 °C every week until 3 weeks of age, when brooders were removed. 

The temperature was reduced weekly until 6 weeks of age to 21.1°F, then maintained until the end 

of the study, following the standard breed guidelines [28]. Feed and water were provided ad 

libitum. From 0 to 3 weeks, the feed was provided in tube feeders and water in gallon drinkers. 

For the first week of life, supplementary feed trays were provided. After 3 weeks, feed was 

provided in circular hanging feeders, and water was available in automatic cup drinkers. The light 

was provided by a single 60-watt incandescent overhead lightbulb per pen, and pens were kept on 

a decreasing lighting schedule starting at 20 L:4 D cycle at 1 week old and decreased by increments 

of either 1.5 or 2 h until 10 L:14 D from 7 weeks of age to the end of the study. During week 6 of 

age, all birds were neck tagged (GST15, Ketchum Manufacturing INC. ON, Canada) for individual 

identification. 

https://www.mdpi.com/2076-2615/13/19/3003#B28-animals-13-03003
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Treatments 

During the rearing phase (0–17 weeks of age), pullets were either housed in pens with multi-

tier perches (n = 14 pens) or without perches (n = 14 pens). At 17 weeks of age, birds within a pen 

were moved to a new pen so that their access to perches during the lay phase (17–37 weeks of age) 

was either removed or remained the same. Thus, all birds were exposed to the same level of stress 

from placement into a new setting simulating the pullet transfer from the rearing to the laying 

facility in the industry. This resulted in four treatments: continuous perch access from 0–37 weeks 

of age (CP; n = 7 pens); early perch access only during the rearing phase from 0–17 weeks of age 

(EP; n = 7 pens); late perch access only during lay phase from 17–37 weeks of age (LP; n = 7 

pens); and no perch access from 0–37 weeks of age (NP; n = 7 pens). The adjustable perches were 

built from 5 × 5cm pressure-treated wooden lumber. Each perch structure contained 3 rungs of 

varying height, each 165.1 cm in length, resulting in 495.3cm of total perching space and 

approximately 19 cm of perch space per bird. The rungs were 38.1 cm, 62.2 cm, and 88.4 cm high, 

with a 12.7 cm distance between each perch rung. 

Attention bias test 

The AB test followed a group testing approach described by Campbell et al. and Anderson et 

al. [7,29] on three randomly selected birds per pen at “onset of lay” weeks 21 (n = 84; hen-day% 

= 81.85 ± 4.68%) and “peak-lay” 37 (n = 84; hen-day% = 94.52 ± 1.12%) of age. All 3 birds per 

pen were tested simultaneously. Two observers performed the AB test in a room adjacent to the 

main poultry house in a testing arena constructed of wire fencing (140 L × 132 W × 94 H cm) with 

pine shavings on the floor and a feeder containing poultry feed. Once the three birds were placed 

in the arena, a conspecific alarm call signaling a ground predator was played for 8s. Immediately 

https://www.mdpi.com/2076-2615/13/19/3003#B7-animals-13-03003
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following the alarm call, latencies to begin feeding (s) and the occurrence of vigilance behaviors 

during the first 30 s were recorded. Four vigilance behaviors were recorded (freezing, neck 

stretching, looking around, and erect posture) as either observed (1) or not observed (0) within the 

first 30 s of testing and summed to obtain a vigilance score for each individual bird ranging from 

0 (no vigilance behavior observed) to 4 (all vigilance behaviors observed at least once), as 

previously described by [7,29]. Latencies to begin and resume feeding were recorded following 

the methodologies described by [7]. Birds from the first round of AB testing were identified by 

neck tag number and not tested again during the second round of AB testing. Individual 

identification between the birds during the AB test was possible by marking the birds with 

livestock spray (Quik Shot Livestock Marker, LA-CO Industries Inc., IL, USA). Table 4.1 

summarizes the AB testing method and is adapted from Campbell et al. [7]. For more details on 

the attention bias testing methods, see [7,29]. 

  

https://www.mdpi.com/2076-2615/13/19/3003#B7-animals-13-03003
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Table 4.1. Summary of the attention bias (AB) testing methodology adapted from Campbell et al. [7]. Birds were 

tested in groups of three at 21 and 37 weeks of age. 

Scenario Procedure 
Test 

Duration 
Variables collected 

Test begins Play first alarm call 300 s Not applicable 

No birds begin 

feeding 
Test runs for 300 s 300 s 

All birds receive a maximum 

latency to begin feeding score 

of 300 s 

One bird begins 

feeding 
Test runs for 300 s 300 s 

Latency to begin feeding for 

bird that began feeding 

Other two birds receive a 

maximum latency score of 300 

s 

Two birds begin 

feeding 

Test runs for 300 s. Play second 

alarm call at 300 s and test runs for 

an extra 120 s. 

420 s 

Latencies to begin feeding for 

the two birds that began 

feeding 

Third bird receives a 

maximum latency score of 300 

s 

Latencies to resume feeding 

for two birds that began 

feeding if they resume feeding 

before test ends 

Three birds begin 

feeding before 

270 s 

Test runs until the last bird begins 

feeding. Allow birds 5 s to feed, then 

play second alarm call. Test runs 

until 300 s. 

300 s 

Latencies to begin and resume 

feeding for all three birds if 

they resume feeding before the 

test ends 

Three birds begin 

feeding between 

270–300 s 

Test runs until the last bird begins 

feeding. Allow birds 5 s to feed, then 

play second alarm call. Test runs an 

extra 120 s. 

420 s 

Latencies to begin and resume 

feeding for all three birds if 

they resume feeding before the 

test ends 

 

Tonic immobility test 

Tonic immobility (TI) was performed by two observers in the center area of the poultry house. 

At weeks 20 (onset of lay; hen-day% = 80.23 ± 5.85%), 25 (early-lay; hen-day% = 90.89 ± 3.47%), 

and 37 of age (peak-lay; hen-day% = 94.52 ± 1.12%), four randomly selected birds per pen (n = 

128) were tested for TI as described by [29,30]. The birds selected for the TI test were not the same 

https://www.mdpi.com/2076-2615/13/19/3003#B29-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B30-animals-13-03003


 

 132 

as those selected for the AB test. Similar to AB testing, individual birds were TI tested only once 

during the trial. TI was induced by the handler placing the bird on its back into a V-shaped cradle, 

then placing one hand over the sternum and the other over the head. After 15 s, the handler removed 

their hands from the bird, stepped out of its line of sight, and recorded latency until the righting 

response (TI duration [s]). If the bird attempted to right itself within 10 s of the handler removing 

their hands, the handler attempted to induce TI again by repeating the technique, with a maximum 

of three induction attempts. If TI could not be induced, the bird received a minimum latency score 

of 0 s. If the bird remained in TI for the full testing period (5 min), the bird received a maximum 

latency score of 300 s. Inter-observer reliability was calculated during a 3-day training period when 

the two observers performed AB and TI alternatively on the same 40 birds that were not included 

in the current study. Inter-observer reliability was calculated using Cohen’s kappa agreement 

coefficient (κ), following [31], using the “cohen.kappa” function in the “psych” package, and intra-

observer agreement was considered good when Kappa exceeded 0.90 [Kappa = 0.96 (p < 0.001); 

95% CI (0.90, 0.99)]. 

Statistical analysis 

Data were analyzed using the R software (version 3.3.1) with the package “stats” (R Core 

Team, 2013). To test for the main effects of treatment (CP, EP, LP, and NP) and the age of the 

birds (TI: 20, 25, and 37 weeks; AB: 21 and 37 weeks) on each variable, generalized linear mixed-

effects models (GLMMs) were conducted using the “lme4” package (Bates, et al., 2014). In each 

GLMM, the interaction term between main effects was also tested as fixed effects, and bird ID and 

pen as random effects, with the family set to “Quasibinomial” for proportion data and “Poisson” 

for the other data. Tukey’s HSD multiple comparison procedure was used for post-hoc 

comparisons using the “multcomp” package [32]. The “DHARMa” package was used for 

https://www.mdpi.com/2076-2615/13/19/3003#B31-animals-13-03003
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proportion data (i.e., percentage of birds feeding and resumed feeding) to test residual distribution 

and assumptions for GLMM, while the Shapiro–Wilk test was utilized (i.e., TI duration (s) and 

time to begin and resume feeding (s)) for the normality analysis of the model residuals. Statistical 

significance was set at p < 0.05. Descriptive statistics were calculated using the “psych package”, 

and data are presented as mean ± standard error of the mean (SEM). 

 

Results 

Attention bias test 

Latency to begin feeding 

At the onset of lay (week 21 of age), CP hens began feeding faster than EP, LP, and NP hens 

(F3,80 = 235.23; p = 0.003; Figure 4.1). At peak-lay (week 37 of age; F3,80 = 544.19; p = 0.001), CP 

hens began feeding faster than EP hens (p = 0.021), while the latter fed faster than LP hens (p = 

0.016), and LP hens faster than NP hens (p = 0.017; Figure 4.1). EP and LP hens (F1,40 = 

196.85; p = 0.023) began feeding faster at week 37 compared to week 21 (p = 0.021 and 0.031, 

respectively; Figure 4.1), but no other post-hoc differences within treatment were observed. 



 

 134 

 

Figure 4.1. Latency to begin feeding (0–300 s) for laying hens in CP (continuous perch), EP (early perch), LP (later 

perch), and NP (no perch) housing environments during the attention bias test at onset of lay at week 21 and peak-

lay at 37 of age (n = 112 hens/week). a-cDifferent superscripts indicate statistically significant differences between 

treatments within the same week at p < 0.05. x-zDifferent superscripts indicate statistically significant differences 

between weeks within the same treatment at p < 0.05. 

Latency to resume feeding 

At week 21 of age (onset of lay), CP hens resumed feeding faster than EP and LP hens, with 

the longest latency to resume feeding observed in NP hens (F3,80 = 463.85; p = 0.001; Figure 4.2). 

Peak-lay at week 37 of age (F3,80 = 301.85; p = 0.002; Figure 4.2), CP and LP hens resumed 

feeding faster compared to EP hens (p= 0.021 and 0.032, respectively), with EP hens resuming 

feeding faster than NP hens (p = 0.029; Figure 4.2). Within treatment (F1, 40 = 124.46; p = 

0.031; Figure 4.2), EP hens resumed feeding faster at week 21 compared to week 37 (p = 0.026), 

and LP hens resumed feeding faster at peak-lay compared to during the onset of lay (p = 

0.019; Figure 4.2); however, no differences were observed between weeks 21 and 37 in latency to 

resume feeding for CP and NP hens. 
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Figure 4.2. Latency to resume feeding (0–120 s) expressed as (mean ± SEM) for laying hens in CP (continuous 

perch), EP (early perch), LP (late perch), and NP (no perch) housing environments during the attention bias test at 

the onset of lay at week 21 and peak-lay at week 37 of age (n = 112 hens/week). a–c Different superscripts indicate 

statistically significant differences between treatments within the same week at p < 0.05. x–z Different superscripts 

indicate statistically significant differences between weeks within the same treatment at p < 0.05 

Percentage of birds to begin and resume feeding 

More birds from CP and LP pens began feeding compared to EP (F3,80 = 399.23; p = 

0.021; Figure 4.3) and NP birds the onset of lay at week 21 (p = 0.016, and 0.023, 

respectively; Figure 4.3). While at peak-lay in week 37 (F3,80 = 423.26; p = 0.026; Figure 4.3), 

more CP birds began feeding than EP (p = 0.001), NP (p = 0.001), and LP birds (p= 0.026), more 

LP birds were observed to begin feeding than EP and NP (p = 0.033, and 0.036, 

respectively; Figure 4.3). EP pens had more birds feeding at week 21 compared to week 37 (F1, 

40 = 99.56; p = 0.036; Figure 4.3), with no observed differences between weeks for other 

treatments. 
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Figure 4.3. Percentage (%) of laying hens (expressed as mean ± SEM) observed to begin feeding from CP 

(continuous perch), EP (early perch), LP (late perch), and NP (no perch) housing environments during the attention 

bias test at onset of lay at week 21 and peak-l lay at week 37 of age (n = 112 hens/week). a–c Different superscripts 

indicate statistically significant differences between treatments within the same week at p < 0.05. x–z Different 

superscripts indicate statistically significant differences between weeks within the same treatment at p < 0.05. 

 

More birds from CP pens resumed feeding (F3,80 = 248.52; p = 0.019) compared to birds 

from LP, EP, and NP pens in week 21 (p = 0.026, 0.021, and 0.017, respectively; Figure 4.4). 

Similarly, more CP birds resumed feeding (F3,80 = 301.26; p = 0.023) than EP, NP, and LP pens 

in week 37 (p = 0.013, 0.019, and 0.029, respectively; Figure 4.4), while the LP group showed 

more birds resuming feeding than EP (p= 0.032) and NP (p = 0.029) pens. Within treatment (F1, 

40 = 108.32; p = 0.031), more birds from LP pens resumed feeding at week 37 compared to week 

21 (p = 0.027), with no observed differences between weeks for other treatments (Figure 4.4). 
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Figure 4.4. Percentage (%) of laying hens (expressed as mean ± SEM) observed to resume feeding from CP 

(continuous perch), EP (early perch), LP (late perch), and NP (no perch) housing environments during the attention 

bias test at onset of lay at week 21 and peak-lay at week 37 of age (n = 112 hens/week). The timer was reset to zero 

after the second alarm call was played to record latency to resume feeding. a–c Different superscripts indicate 

statistically significant differences between treatments within the same week at p < 0.05. x–z Different superscripts 

indicate statistically significant differences between weeks within the same treatment at p < 0.05. 

- 

Vigilance behavior 

Vigilance behavior scores differed between treatments at the onset of lay in week 21 (F3,80 = 

98.36; p = 0.033), with NP and EP hens having the highest scores compared to LP hens (p = 0.036 

and 0.032, respectively), with the lowest vigilance score seen in CP hens (p = 0.023 and 0.021, 

respectively; Figure 4.5). At peak-lay in week 37 (F3,80 = 89.58; p = 0.026), NP hens had the 

highest vigilance score compared to the other treatment groups (p = 0.019 (CP), 0.022 (EP), 0.031 

(LP); Figure 4.5). Between weeks (F1, 40 = 112.69; p = 0.029), EP and LP hens had the highest 

vigilance scores at week 21 compared to 37 (p = 0.021 and 0.036, respectively), with no 

differences in vigilance scores between weeks in the other treatment groups (Figure 4.5). 
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Figure 4.5. Vigilance behavior scores (expressed as means ± SEM) for laying hens in CP (continuous perch), EP 

(early perch), LP (late perch), and NP (no perch) housing environments during AB testing at onset of lay at week 21 

and peak-lay at week 37 of age (n = 84 hens/week). a–c Different superscripts indicate statistically significant 

differences between treatments within the same week at p < 0.05. x–z Different superscripts indicate statistically 

significant differences between weeks within the same treatment at p < 0.05. 

 

Tonic immobility test 

Tonic immobility duration 

CP hens had the shortest TI duration compared to EP, LP, and NP hens at the onset of lay in 

week 20 (F3,108 = 385.99; p = 0.026, 0.016, and 0.011, respectively; Figure 4.6). For early-lay at 

week 25, CP and LP hens had the shortest TI durations compared to EP and NP hens (F3,108 = 

246.36; p = 0.011), while at peak-lay in week 37, CP and LP hens had the shortest TI durations 

compared to EP hens (F3,108 = 222.58; p = 0.031), with NP hens having longer TI durations than 

EP hens (p = 0.037; Figure 4.6). By treatment per week, CP and EP hens showed shorter TI 

durations at week 37 compared to 20 and 25 (F2,81 = 126.89; p = 0.031), and LP hens showed 
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shorter TI durations at week 25 and 37 compared to 20 (p = 0.033, and 0.027, 

respectively; Figure 4.6). No differences were found between weeks of testing for NP hens (p > 

0.05; Figure 5.6). 

 

Figure 4.6. Tonic immobility duration (0–300 s) expressed as (mean ± SEM) for laying hens in CP (continuous 

perch), EP (early perch), LP (late perch), and NP (no perch) housing environments at the onset of lay at week 21, 

early-lay at week 25, and peak-lay at 37 w weeks of age (n = 112 hens/week). a–c Different superscripts indicate 

statistically significant differences between treatments within the same week at p < 0.05. x–z Different superscripts 

indicate statistically significant differences between weeks within the same treatment at p < 0.05. 

 

Tonic immobility induction attempts 

At the onset of lay in week 20, attempts to induce TI were higher in CP and LP hens 

compared to EP and NP hens (F3,108 = 97.55; p = 0.029), with the lowest number of attempts to 

induce TI recorded in NP hens at week 20 (p = 0.036 (CP), 0.019 (EP), 0.027 (LP); Figure 4.7). 

At early-lay in week 25 (F3,108 = 88.59; p = 0.022) and peak-lay at week 37 (F3,108 = 102.95; p = 

0.017), induction attempts were lowest in NP hens compared to other treatment groups; however, 
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there were no observed differences in induction attempts between weeks within any treatment 

group (Figure 4.7). 

 

Figure 4.7. Tonic immobility induction attempts (1–3) expressed as (mean ± SEM) for laying hens in CP 

(continuous perch), EP (early perch), LP (late perch), and NP (no perch) housing environments during the onset of 

lay at week 21, early-lay at week 25, and peak- lay at 37 weeks of age (n = 112 hens/week). a–c Different 

superscripts indicate statistically significant differences between treatments within the same week at p < 0.05. x–

z Different superscripts indicate statistically significant differences between weeks within the same treatment at p < 

0.05. 
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General summary of results 

Table 4.2 summarizes the current study’s AB and TI test results. 

 

Table 4.2. Simple summary of attention bias (AB) and tonic immobility (TI) results. Hens were kept in continuous 

perch (CP), early perch (EP), late perch (LP), or no perch (NP) housing environments. 

Attention Bias Test Measure 

Between 

Treatments 

Latency to 

Begin 

Feeding (s) 

Percent of 

Birds to Begin 

Feeding (%) 

Latency to 

Resume 

Feeding (s) 

Percent of 

Birds to 

Resume 

Feeding (%) 

Vigilance 

Behaviors 

Week 21 
CP < EP, LP, 

NP 

NP, EP < CP, 

LP 

CP < EP, LP 

< NP 

EP, LP, NP < 

CP 

CP < LP < 

EP, NP 

Week 37 
CP < EP < 

LP < NP 

NP, EP < LP < 

CP 

CP, LP < EP 

< NP 

NP, EP < LP < 

CP 

CP, EP, LP < 

NP 

Between 

weeks 
     

CP 

Not sig. 

between 

weeks 

Not sig. 

between weeks 

Not sig. 

between 

weeks 

Not sig. 

between weeks 

Not sig. 

between 

weeks 

EP 
Week 37 < 

week 21 

Week 37 < 

week 21 

Week 21 < 

week 37 

Not sig. 

between weeks 

Week 37 < 

week 21 

LP 
Week 37 < 

week 21 

Not sig. 

between weeks 

Week 37 < 

week 21 

Week 21 < 

week 37 

Not sig. 

between 

weeks 

NP 

Not sig. 

between 

weeks 

Not sig. 

between weeks 

Not sig. 

between 

weeks 

Not sig. 

between weeks 

Not sig. 

between 

weeks 

Tonic Immobility Measure 

Between 

treatments 
Duration (s) Induction attempts 

Week 20 CP < EP, LP, NP NP < EP < CP, LP 

Week 25 CP, LP < EP, NP NP < LP, EP, CP 

Week 37 CP, LP < EP < NP NP < LP, EP, CP 

Between 

weeks 
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CP Week 37 < week 20, 25 Not sig. between weeks 

EP Week 37 < week 20, 25 Not sig. between weeks 

LP Week 25, 37 < week 20 Not sig. between weeks 

NP Not sig. between weeks Not sig. between weeks 

 

Discussion 

The objective of this study was to investigate the effects of early and late access to perches on 

anxiety and fearfulness in laying hens. Attention bias tests evaluate an animal’s level of anxiety, 

where shorter latencies to begin and resume feeding coupled with fewer vigilance behaviors 

indicate decreased anxiety compared to longer latencies to begin and resume feeding coupled with 

a greater occurrence of vigilance behaviors [33,34,35]. Tonic immobility tests can be used as a 

tool to measure fearfulness in poultry [25,36,37], where shorter TI durations and more induction 

attempts indicate decreased fearfulness compared to longer TI durations and fewer induction 

attempts. Birds housed with continuous access to perches showed responses consistent with 

decreased anxiousness and fearfulness compared to the other treatment groups. Birds without 

access to perches consistently exhibited responses suggesting increased anxiousness and 

fearfulness compared to birds with access to perches. We observed a negative impact of removing 

perches in the EP pens on fearfulness at the onset of lay in week 20 and the early-lay period in 

week 25 of age and on anxiety at the onset of lay in week 21 of age. Lastly, there was a negative 

impact of adding perches in the LP pens on anxiety at 21 weeks of age and fearfulness at 20 weeks 

of age. 

https://www.mdpi.com/2076-2615/13/19/3003#B33-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B34-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B35-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B25-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B36-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B37-animals-13-03003
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Attention bias 

CP hens showed the shortest latencies to begin and resume feeding regardless of age, showed 

the greatest percentages of birds that began and resumed feeding at weeks 21 (onset of lay) and 37 

(peak-lay), and exhibited the lowest vigilance behavior scores at the onset of lay. This suggests 

that birds from CP pens showed less bias towards the perceived threat and more attention to the 

positive stimulus, indicating a lower anxiety level compared to birds from other treatment groups. 

The exceptions were that at peak-lay, CP and LP hens had similar latencies to resume feeding and 

that at week 21, CP and LP had a similar percentage of birds begin feeding. The NP hens showed 

increased anxiety based on longer latencies to begin feeding at peak-lay and resume feeding at 

weeks 21 and 37 compared to all other treatment groups, a lower percentage of birds to begin 

feeding at week 21, and the highest vigilance behaviors scores at weeks 21 and 37. These longer 

latencies and increased vigilance behaviors indicate greater attention allocated toward the 

perceived threat (conspecific alarm call), suggesting a higher anxiety level than the other treatment 

groups. However, some results do not fully align with this statement. At the onset of lay, EP and 

LP birds had similar latencies to begin feeding and similar percentages of birds to resume feeding, 

and EP birds had a similar vigilance behavior score as birds from NP pens. At peak-lay, EP and 

NP pens had similar percentages of birds to begin and resume feeding. 

Providing laying hens with perches throughout their life offers birds the opportunity to fulfill 

a strong motivation to perch. Laying hens are highly motivated to perch, which is reflected in their 

willingness to push open heavier doors in order to gain access to a perch than to gain access to a 

sham perch that could not be used for perching [38]. Our results align with previous findings that 

providing complex environmental conditions reduces anxiety in laying hens [7], broiler chickens 

https://www.mdpi.com/2076-2615/13/19/3003#B38-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B7-animals-13-03003
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[29], and starlings [39]. Broilers housed in complex pens with perches, dust baths, and temporary 

enrichments showed shorter latencies to begin and resume feeding in an AB test compared to 

broilers housed in monotonous environments, indicating reduced anxiousness in the former [29]. 

In contrast, laying hens housed in conventional cages showed responses indicating reduced anxiety 

compared to laying hens housed in floor pens with perches [7]. Although the methodologies were 

similar, latencies to begin and resume feeding were much lower in the previous study (54-100s for 

conventional cage and 54-146s for enriched floor pen in the previous study compared to 290–297 

s for NP and 190–203 s for CP in the present study). This could be due to strain differences [40], 

test age differences (30 weeks of age compared to 21 and 37 weeks during the present study) [7], 

or inherent differences in husbandry. Ultimately, our results are the first to suggest that Hy-Line 

Brown hens housed with access to multi-tier perches throughout their lifetime are less anxious at 

weeks 21 and 37 of age than those housed without perches. 

During the AB test in week 21 (onset of lay), hens from the EP group showed similar latencies 

to begin feeding to hens from LP and NP pens, similar latencies to resume feeding to hens from 

LP pens, a comparable percentage of birds to resume feeding to those observed in LP and NP pens, 

and a similar vigilance score to hens from NP pens. This could indicate that the removal of perches 

increased anxiousness in hens from EP pens comparable to the addition of a novel object within 

the environment or having no perches at all. Previous research has established hens’ strong 

motivation to perch [18,38,41,42,43]. Chicks begin to perch between 7 and 10 days of age [43] 

and the amount of time spent perching increases with age [41]. By preventing access to perches 

during the lay phase, for which hens have an inelastic demand (they will work for access to perches 

despite increasing costs), hens may suffer and experience elevated levels of anxiety [44]. 

https://www.mdpi.com/2076-2615/13/19/3003#B29-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B39-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B29-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B7-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B40-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B7-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B18-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B38-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B41-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B42-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B43-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B43-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B41-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B44-animals-13-03003


 

 145 

Depriving hens of the opportunity to perch after access to perches during rearing (0–17 weeks of 

age) can increase anxiety at the onset of lay (21 weeks of age). 

At peak-lay, birds from EP pens exhibited greater anxiety (longer latencies to resume feeding 

and fewer birds that began and resumed feeding) compared to birds from LP pens. However, some 

behavioral responses indicate decreased anxiety in the EP group compared to LP birds and NP 

birds (latency to feed), or similar levels of anxiety to LP birds (vigilance) and NP birds (percent 

of birds feeding). We would expect birds from EP pens to show increased anxiety at week 37 of 

age compared to birds from LP pens because they lack access to an appropriate environmental 

structure to exhibit perching behavior. Preventing the expression of this highly motivated behavior 

likely influences anxiety because hens do not have access to appropriate elevated surfaces which 

they perceive as a safe space, increasing the occurrence of negative states [45,46]. Furthermore, 

birds from EP pens showed decreased anxiety at peak-lay compared to birds from NP pens (latency 

to begin and resume feeding, vigilance behavior), suggesting that perch access, even when 

removed at 17 weeks of age, is more beneficial to anxiousness at 37 weeks of age than not having 

access to perches at all. 

Late access to perches (LP) resulted in longer latencies to begin and resume feeding, greater 

vigilance, and fewer birds resuming feeding in week 21 compared to peak-lay. These responses 

indicate greater anxiousness at the onset of lay, when birds recently gained access to perches, 

compared to peak-lay when birds had prolonged perch access. Furthermore, providing late access 

to perches (LP) resulted in almost equally negative affective states compared to hens reared 

without perch access (NP) at week 21 of age (onset of lay), indicated by similar percentages and 

latencies of birds to begin feeding. The LP hens may still be adapting to their new environment, 

https://www.mdpi.com/2076-2615/13/19/3003#B45-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B46-animals-13-03003
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contributing to the responses consistent with increased anxiousness during week 21 (i.e., after the 

perches were added to the pens). Without any prior exposure to multi-tier perches during 

development, the hens may have experienced reduced spatial navigation skills, impairing their 

ability to successfully utilize the perches. For example, pullets reared with perches from 0-8 weeks 

of age were able to jump to higher perches compared to those without access to perches until after 

8 weeks of age [13]. Additionally, there are concerns about transferring cage-reared pullets to 

aviaries due to their lack of navigational practice in a setting with greater vertical space [47]. 

Accidents during take-off to perch or landing are more common in birds reared without perches, 

which could increase the occurrence of keel bone fractures or collisions with pen mates resulting 

in aggressive interactions [47]. Furthermore, hens that did not receive enrichment in floor pens 

during rearing and were moved into an aviary at 25 weeks of age did not occupy the upper tiers of 

the aviary and took 20 weeks to adapt to the system [48]. Ultimately, pullets should be reared in 

conditions similar to their adult environment, likely also because this reduces behavior-related 

problems [47]. Although we did not measure perching behavior in the current study, hen responses 

during the attention bias test following the addition of perches within the environment indicated 

that hens took at least 16 weeks to adapt to their new environment, as they had no prior experience 

with perches. However, as we did not test between 21 and 37 weeks of age, future studies should 

focus on this period to discover the true adaptation period of hens to new objects within their home 

environment. 

Adding perches later in life did not improve affect but rather had a varied result on behavioral 

responses during the AB test. At week 37 of age, birds from LP pens exhibited latencies to resume 

feeding that were comparable to hens from the CP group (LP: 66 s; CP: 48 s). However, LP hens 

began feeding later and had fewer birds begin and resume feeding than the CP treatment group at 

https://www.mdpi.com/2076-2615/13/19/3003#B13-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B47-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B47-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B48-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B47-animals-13-03003
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week 37. This could suggest that the addition of perches did not completely improve the affective 

state to the standard found in hens from the CP group, possibly because hens from LP pens did not 

have access to perches during musculoskeletal development, as did hens from CP pens. In other 

words, the quality of perch use was maybe insufficient as in the CP group because learning to use 

perches after the pullet phase takes longer due to low muscle strength, a lack of motor skills, and 

an inability to keep balance [13]. When looking at the within-treatment differences across weeks 

21 (onset of lay) and 37 (peak-lay) for LP birds, there is a decrease in latencies to begin and resume 

feeding, as well as an increase in the percentage of birds to resume feeding, suggesting that the 

addition of perches did reduce anxiousness within the LP treatment group at peak-lay in week 37 

of age. Another explanation may be based on the affective state as an accumulation of experiences. 

Affective states are the result of cumulative life experiences, ranging from positive to negative, 

and this can impact how animals respond to certain situations, specifically how anxiously an 

animal responds to perceived threats [34,49,50]. Hens from LP pens inherently had fewer positive 

experiences as they had fewer opportunities to express highly-motivated perching behavior than 

hens from CP pens that had perches their entire life. Subsequently, hens from LP hens were likely 

in a more negative affective state compared to hens from CP pens, inducing the bias towards 

potentially threatening stimuli during the AB test [34,50,51]. 

Overall, hens from CP pens showed decreased anxiety compared to other treatment groups at 

weeks 21 and 37 of age. Hens from NP pens consistently showed increased anxiousness at weeks 

21 and 37 of age compared to hens from other treatment groups. Removing perches from the 

environment increased anxiety levels at 21 weeks of age; however, the effect of removing perches 

on anxiety levels at week 37 of age remains unclear. Adding perches to the environment (LP) 

https://www.mdpi.com/2076-2615/13/19/3003#B13-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B34-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B49-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B50-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B34-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B50-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B51-animals-13-03003
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resulted in slightly increased anxiety at 21 weeks of age; however, at week 37 of age, the anxiety 

level had decreased. 

Tonic immobility 

CP hens exhibited the shortest TI durations compared to other treatments across all weeks of 

testing, with the exception of early-lay at week 25 and peak-lay at 37 weeks of age, when durations 

did not differ from LP hens. Additionally, CP hens had the highest number of attempts to induce 

TI at the onset of lay in week 20 compared to EP and NP hens and at weeks 25 and 37 compared 

to NP hens. These results indicate that hens from the CP pens were the least fearful at week 20 of 

age and that hens from CP and LP hens were least fearful at weeks 25 and 37 of age, in alignment 

with some previous studies [7,52]. Laying hens in enriched pens with access to perches exhibited 

reduced TI durations compared to hens housed in conventional cages, suggesting they were less 

fearful [7]. Additionally, hens with access to perches from 16 to 74 weeks of age had a reduced 

flight distance compared to those without perches, indicating reduced fearfulness in the former 

and supporting the idea that access to perches improves the birds’ sense of security [52]. Other 

studies found no relationship between perch access and fearfulness [53,54]. For example, TI 

durations for laying hens housed with or without perches did not differ (232 s vs. 304 s) at 36 

weeks of age [54]. These TI durations were longer than those observed in the current study at week 

37 of age (CP: 31s vs. NP: 86 s), which could be attributed to genetic strain differences, different 

environments, or a different level of human interaction, as the TI methodology was comparable 

between studies. Domestic fowl selected for specific traits typically possess different 

temperaments, which can be shown through their level of fear or flightiness [54,55,56,57]. Our 

results suggest that providing Hy-Line Brown hens with multi-tier perches throughout their 

https://www.mdpi.com/2076-2615/13/19/3003#B7-animals-13-03003
https://www.mdpi.com/2076-2615/13/19/3003#B52-animals-13-03003
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https://www.mdpi.com/2076-2615/13/19/3003#B52-animals-13-03003
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lifetime reduces fearfulness compared to all treatments at the onset of lay and compared to EP and 

NP treatments at early-lay and peak-lay. 

Hens without perch access had longer TI durations and fewer induction attempts than hens 

with continuous or late perch access across all testing weeks, indicating they were more fearful. 

Perching is a natural behavior seen in domestic hens’ wild ancestors to avoid predation and remains 

a highly motivated behavior in laying hens even after years of domestication [38,58]. Allowing 

access to perches can reduce fearfulness, as birds gain a feeling of security from perching because 

they provide an unobstructed view of their surroundings [59,60]. Environments that do not provide 

appropriate perching structures may subject hens to increased fearfulness, as they may feel less 

secure due to their reduced surveillance of the surrounding area [58]. In line, laying hens on a low 

perch were quicker to escape due to an approaching ground predator than laying hens on an 

elevated perch, indicating that hens on higher perches have a better sense of security [46]. Our 

results suggest that hens without access to perches had a reduced sense of security and were more 

fearful than hens from CP and LP groups at weeks 20 and 25 and all treatment groups at peak-lay; 

however, no differences in fearfulness were found between EP and NP groups at the onset of lay 

in week 20 and early-lay at 25 weeks of age. 

After the removal of perches, TI durations for EP hens did not differ from NP hens at weeks 

20 (EP: 91 s; NP: 84 s) or 25 (EP: 83 s; NP: 81 s) of age, suggesting that EP hens had similar levels 

of fear as hens without perches. This result could indicate the negative impact of the removal of 

perches at weeks 20 and 25 of age; however, by week 25, EP hens had a similar number of 

induction attempts as CP and EP hens. The removal of environmental structures important for 

performing highly motivated behaviors can have detrimental effects on animal welfare. For 
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example, removing environmental enrichment resulted in a pessimistic judgment bias in starlings 

[61]. However, by week 37, EP hens had shorter TI durations compared to NP hens (EP: 65 s; NP: 

86 s), indicating that EP hens adapted to the loss of resources by 37 weeks of age. This is further 

supported by the shorter TI durations with increasing age (week 37 vs. 20 and 25) in the EP 

treatment. While we did not observe differences in TI duration between EP and NP treatment 

groups during weeks 20 and 25, hens from the EP groups required a consistently higher number 

of attempts to induce tonic immobility compared to hens from NP groups, and thus it was more 

difficult to generate the anti-predator freezing response in hens from EP pens. This finding could 

indicate that providing perches only during rearing impacts fearfulness slightly less negatively 

than not providing perches at all. 

Hens from LP pens were less fearful than hens from EP and NP pens at 20 (onset of lay), 25 

(early-lay), and 37 (peak-lay) weeks of age but showed comparable fear to CP hens at weeks 25 

and 37, suggesting that current perch access is more important than past access and better than no 

access to perches. Within the LP treatment group, TI durations were longer during week 20 

compared to weeks 25 and 37. This indicates that adding perches early or late in life reduces fear, 

when fear is measured concurrent with perch access. However, this reduction in fear over time 

may also be due to repeated exposure to human presence. Although previous studies recommend 

rearing pullets in the same environment that they are destined for in the lay phase because of the 

influence that perch access during rearing has on adult behavior and spatial navigation skills while 

using perches [13,14], our results suggest that current access to perches reduces fear. We did not 

evaluate perching behavior in the current study, but whether the hens utilized the perches 

successfully or not, we still observed the beneficial effect of adding perches at 17 weeks of age on 

fearfulness at 20, 25, and 37 weeks of age. 
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Fear was greater in CP hens at the onset of lay and early-lay compared to peak-lay at week 37 

of age. We argue that repeated exposure to humans that is inherent with husbandry conditions 

reduces fear as hens aged. While domesticated poultry are inherently afraid of humans [37,62], 

repeated exposure can reduce this fearfulness, especially when the interaction is considered to be 

positive [63,64,65]. Birds in the current study were exposed to human presence on a daily basis, 

and on many occasions, workers were inside the pens multiple times per day. It is possible that as 

the birds aged, they became increasingly habituated to human presence and handling, resulting in 

reduced fearfulness during the TI test. Although all hens were exposed to the same level of human 

interaction, CP, EP, and LP hens showed decreased fear responses as they aged, while NP hens 

did not. Hens from NP pens showed consistently longer TI durations compared to the other 

treatment groups. This could suggest that no access to perches: 1) was so impactful on the level of 

fear that habituation to human exposure made no difference, or 2) the inability to escape to a safe 

area hindered their ability to cope with human interaction. In line, laying hens seek out perches as 

a safe space from predators or aggressive pen mates, especially at night, for resting and to monitor 

their surroundings [18,58]. So, preventing access to perches negatively impacted fear in Hy-Line 

Brown laying hens. Overall, our results indicate that perch provision, either continuous or later in 

life, reduces fear when measured during perch access in Hy-Line Brown laying hens at early-lay 

and peak-lay. 

Some previous work supports that anxiety and fear can be opposing and are different emotional 

experiences [3,7,27]. Where anxiety is a “coherent cognitive-affective structure” ultimately 

centered around the uncontrollability of possible future negative events, fear is an emotional 

response to presently dangerous negative events [66]. However, the behavioral responses to each 

can appear similar [67] and some studies have found anxiety and fear to be positively correlated 
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as they are both coping strategies to escape from threats [40,68] This could be because there is 

overlap within the brain mechanisms controlling fear and anxiety, leading to the idea that anxiety 

is an exaggerated form of fear that allows the animal to prepare for future events [21]. In the current 

study, behavioral responses of anxiety and fearfulness did align with one another, although they 

likely produced different emotional experiences. 

Our study is limited by our solely behavioral measures of affective state. A truly well-rounded 

evaluation of affective state and animal welfare includes not only behavioral but also physiological 

(i.e., heart rate, blood pressure, heterophil lymphocyte ratio) measures. Future research should be 

conducted to confirm our findings that perch access can reduce both fear and anxiety in behavioral 

and physiological measures, including in different genetic strains. 

Conclusions 

The current study implies that providing laying hens with multi-tier perches throughout their 

lifetime can improve emotion and affective state by reducing fearfulness and anxiety, whereas no 

access to perches negatively impacted emotion and affective state. The addition of perches to the 

environment at 17 weeks of age resulted in greater anxiety at 21 weeks of age, but this effect 

decreased by 37 weeks of age, indicating that adaptation to a new adult environment requires at 

least 16 weeks. Furthermore, adding perches reduced fearfulness by week 20 of age compared to 

hens that lost their perch access or never had perch access. At weeks 25 and 37 of age, late access 

to perches resulted in similar fear levels as in hens with perch access their entire life, suggesting 

that current perch access reduces fearfulness. Removing perches from the environment at 17 weeks 

of age resulted in increased anxiety at 21 weeks of age and increased fearfulness at weeks 20 and 
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25 of age, which dissipated by week 37 of age. Furthermore, birds from EP pens showed decreased 

anxiety at week 37 compared to birds from NP pens, suggesting that perch access, even when 

removed at 17 weeks of age, is more beneficial to anxiousness at 37 weeks of age than not having 

access to perches at all. Our results indicate that continuous access to perches or access to perches 

at the time of assessment (for late access) resulted in the best outcomes for fear and anxiety in 

these laying hens. 
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Chapter 5  
 

EVALUATION OF BORON AS A FEED ADDITIVE TO IMPROVE MUSCULOSKELETAL 

HEALTH OF HY-LINE W-36 PULLETS4 

 

 

 

 

 

 

 

  

 
4 Anderson MG, Johnson AM, Clark A, Harrison C, Arguelles-Ramos M, Ali, A. Evaluation of boron as a feed additive 

to improve musculoskeletal healht of Hy-Line W-36 pullets. Accepted in Poultry. 
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Simple Summary 

In this study, we used a total of 528 Hy-Line W-36 pullets to investigate the effects of 

boron supplementation (0mg/kg, 50mg/kg, 100mg/kg, and 150mg/kg) over 17 weeks. 

Performance parameters remained unaffected. Pullets receiving 150mg/kg demonstrated higher 

pectoralis major weights at 11 weeks and increased muscle weights at 17 weeks. The 150mg/kg 

group exhibited larger cortical cross-sectional areas at both 11 and 17 weeks. Moreover, higher 

bone mineral density (BMD), tibia ash percentages, and bone-specific alkaline phosphatase and 

pro-collagen type 1 n-terminal propeptide concentrations were observed. Pullets in the 150mg/kg 

group displayed greater failure load and maximum bending moment, indicating improved bone 

strength. These findings suggest that providing 150mg/kg of boron enhances musculoskeletal 

characteristics in Hy-Line W-36 pullets up to 17 weeks without impacting performance 

parameters. 

Abstract 

Boron supplementation may improve the musculoskeletal health of pullets before entering 

the lay phase. This study aimed to evaluate different boron amounts on performance, muscle 

deposition, tibia cross-sectional area (CSA) and mineral density (BMD), ash percent, breaking 

strength, and bone mineralization (bone-specific alkaline phosphatase [BALP] and pro-collagen 

type 1 n-terminal propeptide [P1NP]) of a white-feathered strain of pullets. A total of 528 Hy-Line 

W-36 pullets were distributed across 24 pens and fed basal diets containing varying amounts of 

boron (C: 0mg/kg; L: 50mg/kg; M: 100mg/kg; H: 150mg/kg) for 17 weeks. Performance 

parameters (body weight, average daily weight gain/bird, and average daily feed intake/bird) were 

measured at weeks 4, 7, 10, 13, and 16, while all other measures were taken at 11 and 17 weeks of 
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age. Performance was not impacted by boron supplementation. Pectoralis major weights were 

higher in H pullets at 11 weeks of age, and we also observed higher pectoralis major, minor, and 

leg muscle weights in H pullets at 17 weeks of age. Pullets fed the H diet had larger cortical CSA 

than the other treatment groups at 11 weeks of age. At 17 weeks of age, both H and M groups had 

larger cortical CSA than L and C groups, but the M group had slightly smaller cortical CSA. Pullets 

fed the H diet had higher BMD values than other treatment groups at 11 weeks of age. At 17 weeks 

of age, pullets fed the H diet had the highest total BMD values compared to the other treatment 

groups, and cortical BMD increased with increasing boron inclusion. Pullets fed the H diet had the 

highest tibia ash percentages and concentrations of BALP and P1NP. Pullets fed the M and H diets 

had greater failure load and maximum bending moment than pullets fed the L or C diet at 11 weeks 

of age, with H pullets having greater stiffness values than other groups. At 17 weeks of age, pullets 

fed the H diet had greater failure load and maximum bending moment compared to all other 

treatment groups. Our results suggest providing boron within the diet at 150mg/kg improves 

musculoskeletal characteristics of Hy-Line W-36 pullets up to 17 weeks of age, without impacting 

performance parameters. 

 

Keywords: boron, pullet, musculoskeletal health, performance 
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Introduction 

Laying hens are prone to bone weakness and osteoporosis due to the intense demand for 

calcium for eggshell production [1]. Around 2.2 grams of calcium is required to form just one 

eggshell, and a majority of this calcium is mobilized from the skeleton by osteoclasts [1]. 

Medullary bone is primarily made up of calcium and acts as a reservoir for the purpose of 

eggshell formation. However, osteoclasts do not discriminate, so some structural (i.e., cortical) 

bone is mobilized alongside the medullary bone [1,2]. Progressive loss of cortical bone is the 

main contributing factor to bone fracture and osteoporosis later in life [2,3]. Osteoporosis is an 

animal welfare concern because it can cause acute and chronic pain, reduced mobility, and 

reduced production.  

Various nutritional interventions have been investigated as a solution to prevent 

osteoporosis. For example, supplementing the diet with vitamin D can facilitate intestinal 

absorption of calcium and phosphorus and maintain circulating calcium blood levels, which may 

prevent bone loss [4–6]. Furthermore, it is essential to provide nutritional supplementation for 

bone health during the pullet phase when the skeleton is still developing. This allows for the 

development of optimal bone quality before calcium resorption from the bone reserves begins 

during the laying phase.  

Although boron is not an essential nutrient for poultry, it may present some benefits to 

laying hen musculoskeletal health. Older studies suggest boron may play a role in the 

metabolism of calcium, which helps improve bone strength and prevent fractures [7,8]. However, 

a majority of studies focus on broiler chicken health. For example, some studies indicate that 

boron improves growth rate, nutritional efficiency, calcium and phosphorus retention and 

reduces the effects of vitamin D deficiency in broiler chickens [8–12]. Furthermore, a deficiency 
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in boron may impact normal development of bone and cartilage, bone ash content, and 

concentrations of plasma calcium, phosphorus, and magnesium [12–14]. In laying hens, 

supplementing with boron has been shown to increase tibia calcium content [15], calcium 

retention [16], shear stress and ash content of the tibia [17], serum calcium concentration [18], 

bone resistance [19], femur bone strength, and tibia ash and calcium content [20]. In recent 

years, boron has not been evaluated as a proactive method to aid the bone health of pullets. To 

our knowledge, the only previous study performed in pullets was published in 1997, with 

inclusion rates of 50, 100, and 200mg/kg boron [17]. This may be because some previous studies 

discovered negative effects of boron supplementation on measures of laying hen health and 

performance. For example, body weight was lower for Barred Rock hens fed 50, 100, and 

200mg/kg boron compared to the basal diet [20]. Also, egg production, feed consumption, and 

body weight of White Leghorn hens decreased when fed 400mg/kg compared to 50, 100, or 

200mg/kg boron [21,22]. However, in another study, boron did not affect the same measures at a 

lower inclusion rate of up to 250mg/kg in Hisex-Brown hybrids [18]. Because differing results 

indicate that boron could negatively affect certain aspects of laying hen health, our objective was 

to establish a recent and relevant foundation for future research to determine appropriate boron 

inclusion rates. Furthermore, the limited availability of recent studies on boron supplementation 

in pullets warranted a cautious approach to incorporating boron into the diet due to uncertain 

outcomes. This comprehensive study is the first to evaluate the effect of boron as a feed 

supplement to improve the musculoskeletal health of Hy-Line W-36 pullets prior to entering the 

lay phase. 

We hypothesized that pullets fed a diet supplemented with boron would show improved 

musculoskeletal health compared to pullets fed a control diet. The current study aimed to determine 
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the optimal inclusion rate of boron within a commercial pullet diet and its effects on performance 

and musculoskeletal health.  

Materials and Methods 

Ethics 

This project was approved by Clemson University’s Institutional Animal Care and Use 

Committee (protocol #AUP2021-0068). 

Animals and housing 

This experiment was conducted in a ventilation and temperature-controlled poultry house 

at the Morgan Poultry Center, Clemson, South Carolina, USA. Day-old white Hy-Line W-36 

chicks (n = 528) were randomly allocated across 24 pens (22 bird/pen) until 17 weeks of age. 

Each pen was 5.04 m2 with approximately 3 7.6 cm clean pine wood shavings covering the floor. 

For the first 3 weeks, the heat was provided by a focal electric brooder per pen in addition to a 

gas-fired brooder for the entire house.. From 0 to 3 weeks of age, feed was provided in tube 

feeders and water in gallon drinkers, and for the first week of life, supplementary feed trays were 

provided. After 3 weeks, feed was provided in circular adjustable hanging feeders and water was 

available in automatic cup drinkers. Feed and water were provided ad libitum. For the first 3 

weeks, heat was provided by one focal electric brooder per pen and a gas-fired brooder for the 

entire house. The temperature was initially set at 35-36C at day 0, then reduced by 2-3C every 

week until 3 weeks of age when brooders were removed. Temperature was reduced weekly until 

6 weeks of age to 21C, then maintained until the end of the study following standard breed 

guidelines [23]. Chicks underwent vaccination against Marek’s disease, Newcastle disease 
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(NDV), infectious bronchitis (IB), infectious bursal disease (IBD or Gumboro), avian 

encephalomyelitis (AE), and fowl pox according to standard breed guidelines [23] at the 

hatchery and throughout the trial period. The light was provided by one 60-watt incandescent 

overhead lightbulb per pen, and each pen was kept on a decreasing light schedule starting at 

20L:4D during the first week and was decreased by increments of either 1.5 or 3 hours until 

10L:14D from 7 weeks of age until the end of the study when birds were 17 weeks old following 

standard breed guidelines [23]. 

 

Treatments 

From 0 to 17 weeks of age, birds were phase-fed commercial mash pullet diets to meet 

the bird's nutritional needs and correspond to the average bird body weight. The basal diet was 

formulated to meet or exceed requirements (Table 5.1), following the standard breed guidelines 

[23]. The starter 1 diet was given from 0-3 weeks old, the starter 2 diet from 4-6 weeks old, the 

grower diet from 7-15 weeks old, and the pre-lay diet from 15-17 weeks of age. Diets were 

supplemented with varying levels of boron in the form of boric acid (Sigma-Aldrich Boric Acid 

B0394, containing 16.2% boron), resulting in four treatment groups (6 pens/treatment): control 

(C; 0mg/kg boron), low (L; 50mg/kg boron), medium (M; 100mg/kg boron), and high (H; 

150mg/kg boron).  
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Table 5.1. Ingredient percentage and calculated nutrient analysis of 4 basal diets used in the current experiment. 

Ingredient Starter 1 (%) 
Starter 2 

(%) 
Grower (%) 

Pre-lay 

(%) 

Corn 58.5 61.9 61.9 61.8 

45% Soybean Meal 35.7 27.8 22.0 21.7 

Mono-dicalcium 

Phosphate 
1.45 1.41 1.38 2.19 

Wheat Middlings 1.31 6.42 12.4 9.68 

Calcium Carbonate 1.24 1.26 1.36 2.88 

Soybean Oil 0.50 0.00 0.00 0.00 

Salt 0.45 0.45 0.45 0.45 

Choline Chloride 60% 0.45 0.40 0.40 0.40 

DL-Methionine 0.27 0.22 0.19 0.19 

Vitamin/Mineral Premix* 0.15 0.15 0.15 0.15 

L-Threonine 0.04 0.04 0.05 0.06 

L-Lysine 0.00 0.03 0.05 0.53 

Calculated analysis     

Crude Protein 20.0 18.3 17.5 16.5 

Crude Fat 1.89 1.66 1.90 1.95 

Crude Fiber 4.04 3.87 2.91 2.65 

Calcium 1.05 1.00 0.95 2.50 

Phosphorus 0.35 0.34 0.74 0.81 

Methionine 0.46 0.40 0.40 0.35 

Threonine 0.72 0.66 0.63 0.57 

Lysine 1.01 0.85 0.75 0.75 

Metabolizable Energy 

(kcal/kg) 
2926 2906 2882 2893 

Samples of all diets were analyzed to confirm nutrient composition. *Provimi Corporate Layer 2 

with phytase (Lewisburg, OH, USA) composed of: selenium 255ppm, zinc 6.5%, vitamin A 

8294000 IU/kg, phytase activity 399166.2 FTU/kg. 

Performance 

Body weight (BW) and average daily feed intake per bird (ADFI) were calculated weekly 

at weeks 4, 7, 10, 13, and 16 of age. Feed offered and refused were recorded weekly, and ADFI 

was calculated; similarly, birds' body weight was calculated using the following formulas to 

calculate the average daily body weight gain per bird (ADWG).  
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𝐴𝐷𝐹 =
𝐹𝑒𝑒𝑑 𝑜𝑓𝑓𝑒𝑟𝑒𝑑 − 𝑓𝑒𝑒𝑑 𝑟𝑒𝑓𝑢𝑠𝑒𝑑

#𝑑𝑎𝑦𝑠 × #𝑏𝑖𝑟𝑑𝑠
 𝐴𝐷𝑊𝐺 =

𝐹𝑖𝑛𝑖𝑠ℎ 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝑠𝑡𝑎𝑟𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 

#𝑑𝑎𝑦𝑠
 

 

Computed tomography (CT) image acquisition 

At 11 and 17 weeks of age, 2 birds per pen per week (n = 48 birds/week) were euthanized 

on-farm by CO2 inhalation, placed in a cooler of ice, and immediately transported to Godley-

Snell Research Center on Clemson University's campus. Birds were individually placed inside a 

V-shaped foam cradle in a dorsal recumbent position atop a hydroxyapatite calibration phantom 

(QRM Quality Assurance in Radiology and Medicine, Möhrendorf Germany). The head and legs 

were stretched in opposite directions and taped to maintain this position in the cradle during 

image acquisition, following methodology described by Harrison et al. [24] and Anderson et al. 

[25]. CT images were acquired using a helical mode, head 0-10kg protocol, 0.5mm slice 

thickness, and bone and soft tissue reconstruction algorithms. CT images were acquired using a 

Toshiba Aquilion TSX-101A, 16-slice scanner (GE Healthcare, Chicago IL, USA). Birds were 

dissected immediately after CT scanning and frozen at -29C for further testing. 

Bone cross-sectional area (CSA) and bone mineral density (BMD) 

For each CT study, the right tibiotarsal bone and muscle measurements were made using 

a standardized CT image analysis protocol previously published by Harrison et al. (2023) [24]. 

Cross-sectional density (HU) and area (mm) of the total and medullary components of the 

tibiotarsal bone were recorded at predefined proximal, middle, and distal transverse slice 

locations using hand-traced regions of interest. The cross-sectional area (CSA) of the muscle 

group surrounding the tibiotarsus at each predefined proximal, middle, and distal location was 
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also measured. The CT densities for each of the rods in the bone calibration phantom were 

recorded using the oval ROI tool. The CT densities in HU were then converted to hydroxyapatite 

values using graphical analysis techniques described in Harrison et al. [24]. 

Muscle deposition 

Birds were removed from the -29C freezer and allowed to thaw at refrigerated 

temperature for 24 hours prior to dissection, which included obtaining weights of the biceps 

brachii, triceps brachii, pectoralis major, pectoralis minor, and leg muscle group. The separation 

of muscles followed procedures described by Anderson et al. [25] and Casey-Trott et al. [26] and 

with the assistance of a veterinarian (A.A) to ensure consistent muscle specimen collection. The 

left tibiae were frozen at -29C for ash percentage, and the right tibiae were frozen at -20C for 

breaking strength measures. 

Ash percentage 

Left tibiotarsi of euthanized birds were thawed approximately 24 hours prior to data 

collection. The bones were cleaned from any surrounding muscles and soft tissues, and tibiae 

were ashed according to the methods described by Anderson et al. [25].  

Breaking strength 

Mechanical properties of the right tibiotarsi were assessed using a three-point bending 

test as specified by the American National Standards Institute (ANSI) standards for the 

application of 3 point bending on animal bones [27]. Testing was performed using an Instron 

Dynamic and Static Material Test system (Model 5944, Instron Corp., Canton, MA, USA) 

equipped with a 500N load cell and Automated Material Test System software. Tibiae breaking 
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strength was measured according to methods described by Anderson et al. [25]. Load and 

displacement data were collected and were used to obtain the breaking strength (N), stiffness 

(N/mm), and maximum bending moment (N/m).  

 

Bone mineralization 

During weeks 11 and 17 of age, blood samples were collected from the brachial wing 

vein of 3 birds per pen per week (n = 72). Whole blood samples were transferred to 1.5mL 

Eppendorf tubes, and serum was separated at 6000 rpm for 10 minutes at 4˚C. Serum samples 

were analyzed for levels of bone-specific alkaline phosphatase (BALP) and procollagen type 1 

N-terminal propeptide (P1NP) using commercial ELISA kits Nanjing Jiancheng Institute of 

Bioengineering (Nanjing, China) and MyBioSource (San Diego, CA, USA), respectively. 

 

Statistical analysis 

Statistical analyses were performed using the R software 'stats' package (version 4.3.2, R 

Core Team, 2023). Descriptive statistics were calculated using the "psych" package. Evaluation 

of data with a Shapiro-Wilk's test (p>0.05) using "shapiro.test" package and a visual inspection 

of histograms using "hist." package revealed that data from all measurements were normally 

distributed. Generalized linear mixed models were developed with family set to "Poisson," using 

the lme4 package to describe the influence of boron supplementation on performance 

parameters, CT parameters, muscle deposition, breaking strength, ash%, and bone 

mineralization, across weeks of age, and all possible interactions [28]. Dietary treatment and 

week of age were included as main effects and unit and individual birds where possible, as 

random effects, p ≤ 0.05 was considered significant, using the following model:  
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𝑌𝑖𝑗𝑘𝑙 =  𝜇 + 𝐵𝑖 + 𝑇𝑗 + 𝐵𝑇𝑖𝑗 + 𝐶𝑘𝑙 + 𝑒𝑖𝑗𝑘𝑙  

where Yijkl   is the dependent variable, µ is the overall mean, Bi is the effect of the dietary 

treatment, Tj is the effect of week of age, BTi j is the interaction effect between Bi dietary 

treatment and Tj week of age, Ckl is the effect of individual birds within the unit of  Bi, and across 

Tj weeks of age, and eijkl is the residual error.   

Statistically significant effects were further analyzed using Tukey's honestly significant 

difference (HSD) multiple comparison procedure using the "multcomp" package [29]. Tukey's 

HSD, significant differences between pairwise comparisons, are indicated in figures or tables by 

different superscript letters. Data are presented as mean ± standard error of the mean (SEM) with 

P values of the pairwise comparisons.  

Results 

Performance 

At weeks 4, 7, 10, 13, and 16 weeks of age, there were no differences in individual body 

weight, average daily weight gain per bird, or average daily feed intake per bird between 

treatment groups (p > 0.05; Table 5.2). 
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Table 5.2. Body weight, average daily weight gain, and average daily feed intake per bird (g) fed (mean ± SEM) a 

control diet (C), or a basal diet supplemented with low (L; 50mg/kg), medium (M; 100mg/kg), and high (H; 

150mg/kg) boron at weeks 4, 7, 10, 13, and 16 weeks of age. 

Body weight/bird 

Week 4 7 10 13 16 

C 332.713.5 581.225.6 787.630.0 1192.537.0 1306.543.6 

L 339.913.0 588.723.6 792.625.6 1196.641.2 1352.744.5 

M 345.514.0 583.524.6 796.931.5 1232.432.0 1299.449.3 

H 350.016.2 592.630.5 802.438.3 1203.739.0 1367.056.2 

Average daily weight gain/bird 

C 12.31.2 79.99.6 80.48.3 72.511.0 49.26.7 

L 12.41.0 77.06.6 82.39.6 76.612.3 48.35.9 

M 13.51.5 81.08.3 86.210.3 81.310.3 50.59.9 

H 14.01.2 86.65.6 89.95.9 79.79.6 50.910.6 

Average daily feed intake/bird 

C 31.14.9 48.36.6 68.36.0 80.011.3 84.36.7 

L 30.25.2 49.310.0 68.16.9 79.69.6 83.75.3 

M 30.56.3 48.18.6 67.310.6 78.910.7 82.67.0 

H 31.05.7 48.06.0 66.212.0 78.013.0 81.03.6 

 

Bone cross-sectional area (CSA) and bone mineral density (BMD) 

At week 11 of age, pullets from H pens had the highest cortical CSA compared to other 

treatment groups (proximal: M = 0.036, L = 0.026, C = 0.019; middle: M = 0.031, L = 0.022, C 

= 0.016; Table 5.3), except at the distal location. There were no differences between treatments 

for total CSA (p > 0.05; Table 5.3). Also at week 11 of age, hens from H pens had consistently 

higher total BMD than other treatment groups (middle: M = 0.031, L = 0.021, C = 0.011; distal: 

M = 0.026, L = 0.016, C = 0.001), except for the proximal location where C pens had the lowest 

total BMD compared to other treatments (proximal: H = 0.003, M = 0.016, L = 0.026; Table 

5.3). Hens from H pens had higher cortical BMD than other treatments (proximal: M = 0.031, L 

= 0.024, C = 0.021; distal: M = 0.013, L = 0.029, C = 0.041), except at the middle location 

(middle: L = 0.025, C = 0.016; Table 5.3), where it was not significantly different from M pens. 
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Table 5.3. Tibia cross-sectional area (CSA; mm2) and bone mineral density (BMD; mg/cm3) of pullets (mean ± 

SEM) fed a control diet (C), or a basal diet supplemented with low (L; 50mg/kg), medium (M; 100mg/kg), and high 

(H; 150mg/kg) boron at week 11 of age (n = 48). a-d Means with different superscripts within columns differ at p < 

0.05. 

Week  11 

CSA 

 Total Cortical 

 Proximal Middle Distal Proximal Middle Distal 

C 46.70.8a 35.10.9a 36.90.9a 31.00.8a 25.50.7a 26.00.7a 

L 47.20.9a 35.70.6a 37.30.8a 31.30.7a 25.80.7a 26.50.8a 

M 47.30.9a 36.20.8a 37.50.8a 33.20.6a 26.70.9a 27.20.5a 

H 47.80.8a 36.50.8a 38.01.2a 34.20.8b 27.50.9b 27.60.4a 

BMD 

 Total Cortical 

 Proximal Middle Distal Proximal Middle Distal 

C 378.97.1a 539.312.1a 496.911.0a 665.013.2a 927.654.4a 778.449.8a 

L 401.39.0b 553.88.0b 541.111.0b 681.411.0a 1208.074.9b 896.462.2b 

M 415.48.5b 568.211.0b 570.211.2c 789.011.3b 1418.3105.9c 1095.350.4c 

H 429.78.0b 616.111.4c 673.0118.6d 856.516.8c 1516.3114.2c 1273.349.2d 

 

At week 17 of age, pullets from H pens had the highest cortical CSA compared to other 

treatment groups (middle: M = 0.029, L = 0.016, C = 0.021; distal: M = 0.031, L = 0.036, C = 

0.027), except at the proximal location (proximal: L = 0.025, C = 0.019; Table 5.4), where it was 

not significantly different from M pens. There were no differences between treatments for total 

CSA (p > 0.05; Table 5.4). Similarly, hens from H pens had higher total BMD than other 

treatments (proximal: M = 0.023, L = 0.019, C = 0.009; middle: M = 0.026, L = 0.021, C = 

0.005; distal: M = 0.036, L = 0.019, C = 0.026; Table 5.4), and higher cortical BMD (middle: M 

= 0.041, L = 0.026, C = 0.021; distal: M = 0.043, L = 0.039, C =0.024), except at the proximal 

location (proximal: L = 0.023, C = 0.036; Table 5.4), where it was not significantly different 

from M pens. 
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Table 5.4. Tibia cross-sectional area (CSA; mm2) and bone mineral density (BMD; mg/cm3) of pullets (mean ± 

SEM) fed a control diet (C), or a basal diet supplemented with low (L; 50mg/kg), medium (M; 100mg/kg), and high 

(H; 150mg/kg) boron at week 17 of age (n = 48). a-d Means with different superscripts within columns differ at p < 

0.05. 

Week 17 

CSA 

 Total Cortical 

 Proximal Middle Distal Proximal Middle Distal 

C 61.51.0a 46.21.2a 48.61.2a 40.91.1a 33.50.9a 34.21.0a 

L 62.01.2a 47.00.8a 49.01.1a 41.10.9a 33.90.9a 34.91.0a 

M 62.11.1a 47.61.1a 49.21.1a 43.60.8b 35.01.1b 35.70.7a 

H 62.71.0a 47.91.0a 49.91.5a 44.91.1b 36.01.1c 36.10.6b 

BMD 

 Total Cortical 

 Proximal Middle Distal Proximal Middle Distal 

C 533.610.0a 759.617.0a 699.915.5 a 936.718.6a 1306.576.6a 1096.370.2a 

L 563.612.6a 777.911.2a 760.015.5b 957.015.5a 1696.6105.2b 1259.087.3b 

M 582.611.9a 796.915.4a 799.715.7c 1106.615.9b 1989.3148.5c 1536.370.7c 

H 601.911.1b 862.916.0b 942.626.0d 1199.623.6b 2123.6160.0d 1783.469.0d 

 

Muscle deposition 

At week 11 of age, pullets fed the H diet had heavier pectoralis major muscles compared 

to all other treatment groups (M = 0.039, L = 0.031, C = 0.028; Figure 5.1), with no other 

observed differences. At week 17 of age, pullets fed the H diet had heavier pectoralis major (M = 

0.043, L = 0.036, C = 0.034, pectoralis minor (M = 0.044, L = 0.040, C = 0.037, and leg muscle 

groups (M = 0.041, L = 0.033, C = 0.036) compared to all other treatment groups (Figure 5.2).  
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Figure 5.1. Muscle mean weight (g) ±SEM of pullets fed a control diet (C), or a basal diet supplemented with low (L; 

50mg/kg), medium (M; 100mg/kg), and high (H; 150mg/kg) boron at week 11 of age (n = 48 birds). a-b Means with 

different superscripts differ at p < 0.05. 
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Ash percentage 

At 11 and 17 weeks of age, pullets fed the H diet had greater tibia ash percentages 

compared to all other treatment groups (Week 11; M = 0.013, L = 0.009, C = 0.001, Week 17; M 

= 0.021, L = 0.015, C = 0.009; Figure 5.3).  
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Figure 5.2. Muscle mean weight (g) ±SEM of pullets fed a control diet (C), or a basal diet supplemented with low (L; 50mg/kg), 

medium (M; 100mg/kg), and high (H; 150mg/kg) boron at week 17 of age (n = 48 birds). a-b Means with different superscripts differ 

at p < 0.05. 
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Figure 5.3. Tibia ash percentage of pullets fed a control diet (C), or a basal diet supplemented with low (L; 

50mg/kg), medium (M; 100mg/kg), and high (H; 150mg/kg) boron at weeks 11 and 17 of age (n = 48 birds/week). a-

b Means with different superscripts differ at p < 0.05. 

 

Breaking strength 

The tibiae of pullets fed the M or H diets had greater failure load (M; L = 0.032, C = 

0.025, H; L = 0.012, C = 0.009) and maximum bending moment (M; L = 0.033, C = 0.012, H; L 

= 0.008, C = 0.002) compared to pullets fed the L or C diet at 11 weeks of age (Table 5.5). 

Furthermore, pullets fed the H diet had greater stiffness values compared to pullets fed the M 

diet (week 11; 0.036, week 17; 0.029), with the lowest stiffness in L and C pullets at both 11 and 

17 weeks of age (week 11; 0.031, 0.023, week 17; 0.011, 0.021, respectively; Table 5.5). At 17 

weeks of age, pullets fed the H diet had greater failure load (M = 0.033, L = 0.019, C = 0.003) 

and maximum bending moment (M = 0.029, L = 0.009, C = 0.001) compared to all other 

treatment groups (Table 5.5).  
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Table 5.5. Tibia breaking strength (N), stiffness (N/mm), and maximum bending moment (N/m) of pullets fed a 

control diet (C), or a basal diet supplemented with low (L; 50mg/kg), medium (M; 100mg/kg), and high (H; 

150mg/kg) boron at weeks 11 and 17 of age (n = 48 birds/week). a-c Means with different superscripts within 

columns differ at p < 0.05. 

Week 11 

 Failure load Stiffness 
Maximum bending 

moment 

C 178.25.4a 174.63.6a 471.313.6a 

L 177.46.7a 183.66.9a 485.112.1a 

M 202.87.3b 220.92.6b 541.215.7b 

H 213.35.7b 236.23.6c 566.521.3b 

Week 17 

C 225.66.9a 245.94.6a 645.616.6a 

L 236.69.0a 251.58.6a 655.514.5a 

M 256.79.2a 279.63.7b 660.013.6a 

H 288.37.6b 291.64.9c 682.512.0b 

 

Bone mineralization 

At weeks 11 and 17 of age, pullets fed the H diet had the greatest concentrations of 

BALP, compared to pullets fed the M diet (week 11 = 0.026, week17 = 0.033), followed by 

pullets fed the L diet (week 11 = 0.013, week 17 = 0.027), and pullets fed the C diet had the least 

BALP concentration (week 11 = 0.008, week17 = 0.020; Figure 5.4). Also, at both weeks of age, 

pullets fed the H diet had the greatest P1NP concentrations compared to pullets fed the M diet 

(week 11 = 0.036, week 17 = 0.021), with pullets fed the L (week 11 = 0.023, week 17 = 0.019) 

and C diets having the least P1NP concentrations (week 11 = 0.009, week 17 = 0.001; Figure 

5.4). 
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Figure 5.4. Serum concentrations of bone-specific alkaline phosphatase (BALP) and procollagen type 1 N-terminal 

propeptide (P1NP) in pullets fed a control diet (C), or a basal diet supplemented with low (L; 50mg/kg), medium 

(M; 100mg/kg), and high (H; 150mg/kg) boron at weeks 11 and 17 of age (n = 72 birds/week). a-d Means with 

different superscripts differ at p < 0.05. 

 

Discussion 

There were no differences in individual body weight, average daily weight gain per bird, 

or average daily feed intake per bird between the control diet and any of the diets supplemented 

with boron. This indicates that boron supplementation has no effect on pullet performance 

parameters. Previous studies in pullets and laying hens are in agreement with the current results, 

as they report no difference in body weight as a result of boron supplementation [17,18]. 

However, a previous study reported that 64-week-old laying hens fed dietary boron had lower 

body weights than the control group [20]. Moreover, results from the current study contrast with 

some previous work in broiler chickens, where male broilers supplemented with 5 ppm boron 

resulted in heavier broilers [8]. Similarly, broilers fed 37.4 ppm boron increased weight gain 
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from 1 to 21 days of age without impacting the feed conversion ratio [10]. Perhaps the difference 

in weight gain of broilers in previous studies and the lack of difference in pullets in our study is 

due to broilers’ intense genetic selection for feed consumption and conversion into body mass. 

Since broilers gain a large amount of weight in a small amount of time, we may observe greater 

performance differences compared to pullets that do not gain weight rapidly and are not highly 

motivated to feed compared to broilers. Our results suggest that boron supplementation at 50, 

100, or 150mg/kg does not impact pullet performance parameters.  

This is the first study to apply computed tomography to evaluate bone cross-sectional 

area and mineral density as a result of dietary boron supplementation in pullets. There were no 

differences between any of the treatment groups in total CSA at week 11 or week 17 of age, 

indicating that adding boron to the diet does not impact the overall size of the tibia. However, it 

was observed that pullets fed the H diet exhibited larger cortical CSA, and higher total and 

cortical BMD than the other treatment groups at 11 weeks of age. By 17 weeks of age, both H 

and M treatment groups had larger cortical CSA than the L and C groups, albeit the M group had 

slightly smaller cortical CSA than the H group. Additionally, pullets fed the H diet exhibited the 

highest total BMD values compared to the other treatment groups. Notably, cortical BMD 

increased with increasing boron inclusion, peaking in the H group and declining in the C group. 

Previous studies have suggested that boron supplementation can enhance cortical bone area and 

strength, as evidenced by ostrich chicks supplemented with 400mg/l boron in drinking water 

showing significantly higher tibial cross-sectional areas compared to the control group or those 

given lower doses [30]. Also, in that study, ostrich chicks supplemented with 200mg/l boron in 

the drinking water displayed higher tibial bone mineral densities and stronger bones compared to 

the other treatment groups [30]. Boron is known to facilitate the resorption of minerals such as 
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calcium and phosphorus, which are found in the bone in large quantities [16]. Moreover, boron 

acts with vitamin D, calcium, and magnesium, all of which are vital for bone metabolism [31]. 

For example, a deficiency of boron in the diet diminishes bone development and can cause bone 

irregularities in chicks that are deficient in vitamin D [32]. Supplementing the diet with boric 

acid and vitamin D has shown to elevate tibia calcium levels in laying hens [15], suggesting a 

higher mineral content within the bone. Trace element distribution in laying hens is promoted 

with boron supplementation at 60, 120, or 240mg/kg without negatively impacting bone calcium, 

phosphorus, and magnesium [19]. It is believed that boron influences bone metabolism by 

affecting bone composition and physical attributes through its stimulation of the formation of the 

organic matrix, which serves as the foundation for the calcification of bone [15,33]. Building up 

cortical bone reserves in pullets before they enter reproductive activity is especially important, as 

they draw calcium from bones for eggshell formation [3,34]. So, these findings, alongside 

previous studies, support the notion that adding boron to the diet at 100 or 150mg/kg is 

beneficial in enhancing bone characteristics, particularly mineral content and cortical area of the 

tibia, potentially reducing the risk of bone fractures later in life.  

The current study found that pullets fed the H diet had higher tibia ash percentages than 

the other treatment groups. Similarly, in a previous study with White Leghorn pullets, tibia ash 

content increased at 50, 100, and 200mg/kg boron supplementation [17]. Also, laying hen femur 

and tibia ash content increased at 25 and 50mg/kg boron [20]. Boron has been suggested to play 

a role in the metabolism of certain minerals, such as calcium and phosphorus [7,8]. These macro-

minerals are known to play integral roles in normal skeletal development and functioning [35]. 

The higher tibia ash percentages and BMD values found in pullets fed the H diet indicate that 

boron supplementation aids in retaining macro-minerals within the tibia of 11- and 17-week-old 
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Hy-Line W-36 pullets. This indicates that 150mg/kg boron supplementation increases tibia 

mineral content at 11 and 17 weeks of age, which is in agreement with the CSA and BMD results 

obtained from CT scans. We also observed greater concentrations of BALP and P1NP, which are 

indicators of bone formation and indicate higher rates of bone mineralization by osteoblasts 

[36,37]. Although these are novel biomarkers of bone mineralization in poultry and have not 

previously been tested, the higher concentrations of BALP and P1NP, together with the bone 

mineral density and ash percent data, indicate that boron supplementation at 150mg/kg increases 

osteoblast activity and therefore, bone mineralization. 

Although body weights and feed efficiency did not differ between treatment groups, we 

did observe differences between pectoralis major muscle weights at 11 weeks of age, with pullets 

fed the H diet having heavier muscles compared to all other treatment groups. Also, at week 17 

of age, pullets fed the H diet had heavier pectoralis major muscles, as well as heavier pectoralis 

minor and leg muscle groups than the other treatment groups. The primary factors influencing 

adaptations to bone are locally acting stressors and strains generated by intrinsic muscle forces, 

as well as external loads [38]. The physical loading of bones directs the deposition of bone 

materials to areas experiencing the highest physical stress [38,39]. White-feathered strains are 

known to be flighty [40,41] and anecdotal observations indicate that pullets used in this study 

frequently flew to areas at the top of the pens. Almost all pullets roosted on elevated structures 

within the pen at night, which were at least 2 meters from the ground. Reaching such high areas 

within the pen would have required pullets to jump and use their wings to fly the distance to the 

elevated surface, imposing mechanical load on the breast and leg muscles [42]. This may explain 

why we observed an increase in breast muscle mass, as this is where the flight muscles attach, 

and leg muscles, as the legs are used in flight, take off, and landing [43,44]. However, this effect 
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on muscle deposition was only observed in pullets fed the H diet. It is possible that the reciprocal 

relationship between bone density and muscle mass could explain this difference, together with 

the beneficial effect of boron supplementation on bone characteristics in a compounding manner 

[39]. Weight-bearing activity can increase bone density and muscle mass [45]. When muscles 

exert force on the bones during this activity, bone formation is stimulated, leading to increased 

bone density alongside the increased bone mineralization, strength, and cross-sectional area 

observed as a result of boron supplementation [45]. Casey-Trott et al. [26] hypothesized that the 

increased keel bone size of pullets reared in an aviary system was due to the increased wing-

assisted activity. Wing use involves the breast muscle (i.e., pectoralis major and minor), which 

are attached to the keel. Therefore, increased wing use increases pectoralis muscle contraction 

against the keel, which could induce keel bone formation. Alternatively, the increased muscle 

deposition seen in pullets fed the H diet may be a compensatory mechanism due to the denser 

bones. The denser tibiotarsal bones observed in pullets fed the H diet may direct the deposition 

of tissues in those areas, such as the leg muscle group, by 17 weeks of age as a compensatory 

mechanism since all birds were housed in identical environments, with access to the same 

resources and space per bird.  

The present study utilized a three-point bend test to measure failure load, stiffness, and 

maximum bending moment. Failure load indicates the bone’s breaking strength, with a higher 

failure load indicating a stronger bone that requires more force to break [46]. Stiffness refers to 

the resistance of a bone to an applied force during elastic deformation (i.e., deformation 

disappears when the external force is removed), where a stiffer bone is more rigid and able to 

withstand increased force without permanently deforming [47]. In this study, tibiae of 11-week-

old pullets fed the M and H diets had greater failure load and maximum bending moment 
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compared to pullets fed the L and C diet, indicating the tibiae were stronger and more elastic in 

11-week-old pullets fed a diet supplemented with 100 or 150mg/kg boron. At 17 weeks of age, 

only pullets fed the H diet had greater failure load and maximum bending moment compared to 

all other treatment groups. This may suggest that only the highest level of boron inclusion 

sustained the beneficial results observed on tibia strength and elasticity beyond 11 and up to 17 

weeks of age. At 11 and 17 weeks of age, the tibiae of pullets fed the H diet showed greater 

stiffness values than those fed the M diet, with the lowest stiffness values in L and C pullets. Our 

results are in line with previous studies, which noted that boron supplementation has a beneficial 

impact on bone strength characteristics via optimal calcium absorption [30,31,48]. For example, 

shear stress of the tibia and shear fracture of the femur in White Leghorn pullets increased when 

fed 50 and 100mg/kg boron [17], boron supplementation at 60, 120, or 240mg/kg for 16 weeks 

increased shear force, stress, and fracture energy of the tibia in 26-week-old Lohmann hens[19], 

and femur bone strength increased in 64-week-old Barred Rock hens fed 25 and 50mg/kg boron 

for 60 weeks [20]. One study investigating the long-term impact of boron supplementation found 

that shear fracture energy of the tibia and radius increased in 72-week-old White Leghorns fed 

200mg/kg boron starting at 32 weeks of age, indicating a decrease in bone brittleness by the end 

of the lay period  [22]. However, one study found no impact of boron on bone strength 

characteristics [49]. The lack of difference may be because this study was performed in the last 

28 days of production when hens were around 60 weeks of age. At this late point in production 

when the bone calcium reserves are already quite depleted, as well as providing the nutritional 

intervention for only 28 days, would make it increasingly difficult to observe any beneficial 

impact of boron on skeletal health. Our results suggest that providing boron at 150mg/kg 

improves bone strength characteristics in 11- and 17-week-old Hy-Line W-36 pullets. 
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Conclusions 

Measures of musculoskeletal health in Hy-Line W-36 pullets were beneficially altered up 

to 17 weeks of age as a result of supplementing the diet with 150mg/kg boron. Our results 

highlight the beneficial effect of boron supplementation on muscle deposition, tibia ash content 

and breaking strength, and bone mineralization, without impacting performance parameters. 

Providing boron at 100mg/kg showed some beneficial effects, such as improved bone-cross 

sectional area and bone mineral density, although this effect was not as pronounced as what was 

observed in pullets fed 150mg/kg boron. We also observed enhanced bone strength 

characteristics in pullets fed 100mg/kg boron at 11 weeks of age, however this effect dissipated 

by 17 weeks of age. Future studies should focus on investigating the long-term impact of feeding 

dietary boron to pullets on the musculoskeletal health, as well as egg production and quality, of 

laying hens.  
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Chapter 6  

OVERALL CONCLUSIONS 

 This chapter provides a summary of the findings from earlier chapters presented in this 

dissertation. Additionally, it outlines potential future research directions aimed at expanding upon 

the conclusions drawn from the previous chapters. In Chapter 2 we discovered apparent 

enhancements in pullets at both 11 and 17 weeks of age that suggested that weight-bearing exercise 

resulting from interaction with perches exerted a beneficial impact on musculoskeletal properties. 

Providing pullets with multi-tier perches during development promoted exercise, improved 

musculoskeletal health, and stimulated vertical activity, resulting in pullets that were better 

prepared for the lay phase and potentially reducing the risk of bone fractures in the future. 

We aimed to enhance our understanding of the long-term impacts of perching interventions 

on laying hen welfare and bone health in Chapter 3. We found that the continuous provision of 

multi-tier perches throughout the rearing and lay phase resulted in a beneficial impact on activity 

level and thus the musculoskeletal health of laying hens at 40 weeks of age. This contributed to an 

improvement in overall hen welfare compared to not providing access to perches at any point 

during hens’ lifetime. Providing perches during only the laying phase had positive effects on 

activity, muscle deposition, and bone strength, but these benefits were not as pronounced as those 

observed with continuous perch access throughout their lifetime. We also discovered that 

providing perches only during the rearing phase did not have a long-term positive impact on 

musculoskeletal health or activity levels of adult laying hens at 40 weeks of age. We concluded 

that early exposure to perches during the developmental stages does not confer long-term benefits 

in these aspects of welfare and health. 
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Because hens are highly motivated to perch, we aimed to investigate the effects of perch 

provision timing on hen affective state in Chapter 4. From this study, we were able to conclude 

that providing laying hens with multi-tier perches throughout their lifetime improves emotion and 

affective state by reducing fearfulness and anxiety, whereas no access to perches negatively 

impacted emotion and affective state. Adding perches to the environment during the laying phase 

resulted in greater anxiety at 21 weeks of age, but this dissipated by 37 weeks of age, indicating 

that adaptation to a new adult environment requires at least 16 weeks. Furthermore, late access to 

perches resulted in similar fear levels as hens with access to perches for their entire life, suggesting 

that current perch access reduces fearfulness. We also discovered that perch access, even when 

removed before the lay phase, is more beneficial to anxiousness at 37 weeks of age than not having 

perches at all. We were able to conclude that continuous access to perches or access to perches at 

the time of assessment (for late access) resulted in the best outcomes for fear and anxiety in laying 

hens. 

 Within Chapter 5, we elucidated the effects of a nutritional enrichment on musculoskeletal 

health and performance of pullets. Boron supplementation at 150mg/kg improved musculoskeletal 

characteristics of pullets up to 17 weeks of age, without impacting performance parameters. 

Enriching the diet with boron at 100mg/kg showed some beneficial effects, although this effect 

was not as pronounced as what was observed in pullets fed 150mg/kg boron.  

 Ultimately, we conclude that providing continuous perch access to laying hens from 0 to 

40 weeks of age has the greatest beneficial impact on musculoskeletal health and activity compared 

to not providing perches at all, followed by giving access to perches during just the lay phase (from 

17-40 weeks of age), with some beneficial effects observed when providing perches during the 

rearing phase. Additionally, supplementing the diet with 150mg/kg boron has positive impacts on 
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the musculoskeletal health of pullets at 11 and 17 weeks of age, without compromising 

performance parameters. 

 

FUTURE RESEARCH 

 

After investigating the impact of perch provision, timing of perch access, and nutritional 

supplement on the behavior, bone health, and welfare of laying hens, some conclusions remain 

unclear and could be explained with further research. We discovered that early access to perches 

(i.e., during the rearing phase from 0-17 weeks of age) slowed bone demineralization at 36 weeks 

of age. Then, levels of bone demineralization became similar to what was observed in hens with 

access to perches only during the laying phase (i.e., 17-40 weeks of age) at 40 weeks of age. Further 

research would be advantageous to understanding the effects of exercise during the rearing phase 

on bone demineralization in adult laying hens. This would provide a more comprehensive 

understanding of the nuanced relationships between developmental experiences and 

musculoskeletal health of adults laying hens. Furthermore, determining strain-specific outcomes 

of providing opportunities for exercise on musculoskeletal health is imperative. Various strains are 

known to have different physiological and psychological responses to the same environmental 

conditions, so determining how specific laying hen strains respond to management interventions 

meant to improve bone health would help optimize and improve welfare. In Chapter 4, we 

concluded that at least a 16 week period is required for hens to adjust to a new environment. 

Evaluating the timeline for hens to adapt to a new adult environment would assist in improving 

animal welfare by reducing stress. Finally, future investigations should focus on assessing the 

enduring effects of administering dietary boron to pullets on musculoskeletal health, egg 
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production, and egg quality of laying hens. Additionally, research should delve into the precise 

mechanism through which boron influences bone metabolism and health.  
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APPENDEX A 

 
Table 6.1. Performance of laying hens housed in continuous perch (CP; perch access from 0-40 weeks of age), early 

perch (EP; perch access from 0-17 weeks of age), late perch (LP; perch access from 17-40 weeks of age), and no 

perch (NP; no perch access) groups  during the experiment described in Chapter 3. FCR = feed conversion ratio; 

ADFI = average daily feed intake; HDEP = hen-day egg production across weeks (week 24, 30, 36, 40). There were 

no significant differences for hen performance between treatments (p < 0.05). 

 
 Week 24 Week 30 Week 36 Week 40 

CP 

ADFI 

 (g/hen) 
108.9 ± 10.3 107.6 ± 11.3 108.6 ± 10.6 106.6 ± 11.8 

FCR 

(g feed/g egg) 
2.1 ± 0.65 2.1 ± 0.96 2.1 ± 1.03 2.1 ± 0.32 

HDEP 94.8 ± 5.23 95.9 ± 2.84 96.9 ± 3.73 98.04 ± 2.09 

EP 

ADFI 

 (g/hen) 
116.2 ± 11.6 114.3 ± 14.2 112.1 ± 11.5 109.9 ± 10.5 

FCR 

(g feed/g egg) 
2.0 ± 0.63 2.0 ± 0.85 2.1 ± 1.01 2.1 ± 0.36 

HDEP 94.9 ± 3.28 95.7 ± 3.41 96.4 ± 3.48 98.0 ± 1.79 

LP 

ADFI 

 (g/hen) 
105.9 ± 11.5 102.6 ± 10.8 104.3 ± 11.5 103.8 ± 10.6 

FCR 

(g feed/g egg) 
1.94 ± 0.23 1.99 ± 0.42 2.03 ± 0.45 1.89 ± 0.52 

HDEP 95.1 ± 4.30  96.3 ± 4.36 96.2 ± 4.63 98.6 ± 1.31 

NP 

ADFI 

 (g/hen) 
106.2 ± 11.8 103.3 ± 10.8 104.8 ± 11.8 104.39 ± 11.7 

FCR 

(g feed/g egg) 
1.9 ± 0.42 2.0 ± 0.56 2.0 ± 0.45 1.9 ± 0.85 

HDEP 95.7 ± 3.63 96.6 ± 3.56 96.4 ± 3.52 98.7 ± 1.90 
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