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ABSTRACT

The objective of this study was to evaluate the effects of different environmental
enrichments on the morphological and biomechanical properties of bones in commercial turkey
toms and compare objective gait parameters with the assigned subjective gait scores. This
objective was achieved by rearing Nicholas Select turkeys with select environmental
enrichments. Following the rearing period, a subjective gait assessment was performed on select
birds, followed by an objective test with a pressure sensitive walkway. Load and non-load
bearing bones and plasma were collected for bone analysis. The inclusion of the environmental
enrichments had minimal impact on the selected, body weight, bone parameters and gait
parameters. However, the analysis of the effects of body weight on bone parameters
demonstrated stronger correlations at younger ages, as well as confirmed more skeletal growth
during the earlier stages. Additionally, a subjective gait scoring system was supported using an

objective scoring method.
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CHAPTER 1
INTRODUCTION
Since 1970, the turkey industry has nearly doubled in size, heavily driven by
increases in consumers’ awareness of the meat’s nutritional value (National Turkey Federation,
2008). The U.S. is the primary producer of turkey meat worldwide, processing 218 million birds
and producing 4.7 billion pounds of meat in 2024 (Grossen, 2025). This expansion has paralleled
a significant increase in the average body size of commercial turkeys. Birds typically reach
market weight—averaging 37.4 pounds—between 16 and 19 weeks of age (Clark et al., 2019).
However, rapid increases in weight, particularly in the breast muscles, have contributed to a rise
in skeletal disorders. Leg-related issues, including tibial and femoral fractures and lameness,
represent some of the industry's most serious welfare and productivity challenges. In 2024, leg
problems were ranked #10 by turkey professionals in the industry (Clark and Chiaia, 2024). Such
impairments hinder birds’ ability to carry out essential behaviors, including feeding, drinking,
and avoiding aggression from conspecifics (Corr et al.,, 1998). Despite ongoing efforts, cost-
effective solutions to mitigate these consequences of accelerated growth remain elusive (Lendon,
2012).
The provision of environmental enrichments in the poultry industry has gained increasing
attention in recent years. Common enrichments include adding straw bales, pecking blocks
and/or perches to the pens. These interventions have been associated with improved animal

welfare and increased economic returns by mitigating undesirable behaviors such as fearfulness



and feather pecking (Jones, 2018). Studies in broiler chickens have demonstrated that increased
physical activity prompted by enrichments positively influences the morphological, biophysical,
and mechanical properties of the tibia (Guz, 2021). Physiological adaptations in the legs include
increases in bone weight, length, diameter, cortical thickness, and tibiotarsal strength (Castellini
et al., 2002). By quantifying skeletal properties based on environmental enrichment provision, a
regiment suited for a commercial setting may be able to be produced to aid in the turkey’s
skeletal health during production.
The objective of this study is to evaluate load and non-load bearing bone health in turkey

toms exposed to select environmental enrichments through the analysis of morphological traits,

biomechanical properties, and mineral metabolism in the bone at 8, 12, 17 and 18 weeks of age.
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CHAPTER 2
LITERATURE REVIEW

History of Turkey Production

The wild turkey found in North America, Meleagris gallopavo, is a key part of the
poultry industry as ancestors of modern turkey breeds. Wild male turkeys usually weigh between
5 and 11 kilograms, and females weigh 2 to 5 kilograms. These weights are significantly less
than the commercial turkeys we raise for the market, with toms now weighing about 14
kilograms and hens weighing nearly 9 kilograms on average. Most wild turkey breeds are not
used in a commercial setting due to a slower growth rate and less white-meat production, leaving
the Broad-Breasted White to be the most common commercial breed (Hulet et al., 2021). With
domestication and artificial selection, the turkeys that are used commercially have very little in
common genetically with their wild counterparts (Aslam et al., 2012).

The turkey industry relies on artificial insemination for efficient breeding and to maintain
the physical welfare of the hens, since the large sizes of the males pose a risk of injury or pain
towards females (Weber, 2012). Aside from increased body weight, commercial birds have a
lower feed conversion ratio, meaning they yield more muscle while consuming less feed. Figure
2.1 was redrawn based on data collected by Havenstein et al. (2006), which compares turkeys in
2003 to turkeys from 1966 in terms of body weight from two weeks of age to 28 weeks of age.
Havenstein credits these transitions to genetic selection and nutritional improvements. These vast
changes in body weight and growth efficiency warrant a need to understand how production

traits are associated with other systems in the body throughout the production period.



Figure 2.1. Average body weight (kg) from 2 to 28 weeks of age in commercial turkey
toms in 2003 and 1966 (Havenstein et al., 2006).
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Genetic Selection

Genetic selection has improved traits such as disease tolerance, which is crucial in large-
scale farms with increased risk of pathogens spreading (Hu et al., 2020). Selection has allowed
for white feathered birds to be bred so that dark pigmentation spots do not form on the birds
when their feathers are plucked (National Turkey Federation, 2008). The top goal in terms of
selection, however, is to develop birds that grow larger in a short time. While the selection has
been effective in producing an economically and environmentally efficient turkey industry, it has
also resulted in fast-growing birds prone to physical and welfare issues (Hunton, 1990). Major
challenges in commercial turkeys include ‘“skeletal problems, cardiac morbidity, reduced
immune response to some pathogens, and some instances of meat quality issues, among others”
(Barclay, 2014). In the recent years, researchers and primary breeders are slowly moving towards
incorporating fitness and specific health traits in the genetic selection program (Quinton et al.,

2011). Morever, rearing turkeys at higher stocking densities have led to reduced performance



and increased instances of aggression and feather pecking (Buchwalder and Huber-Eicher, 2003;
Ligaraba et al., 2016).

Comparison of genetic and phenotypic traits have revealed the effect that body weight
can have on skeletal quality in meat birds. Prior studies have reported low phenotypic
correlations between the body weight and the hip and leg structure, with correlations of 0.05 to
0.08 and 0.04 to 0.13, respectively (Kapell et al., 2016; Quinton et al., 2011). A genetic
correlation of 0.34 was observed between the body weight and footpad dermatitis (Kapell et al.,
2016), suggesting genetics could moderately contribute to incidences of footpad dermatitis in
modern toms. Turkeys typically go to production at 16-20 weeks of age, but studies have found
that traits such as bone weight, length, width and pyridinium levels aren’t maximized until 25
weeks of age. Additionally, mineral content, bone density and breaking strength are not fully met
until 35 weeks of age (Weber, 2012). The indication that the skeletal system continues to mature
during the latter stages of the production period, and possibly beyond, calls for a deeper analysis
of the age-related effects of body weight on both load and non-load bearing bones in turkeys.

Animal Welfare Principles

As animal welfare expands as a concept, places have adopted different mindsets and
methods for better treatment. The concept of animal welfare generally includes three major
pillars: the animals’ normally function biological systems, proper emotional states, and the
ability for them to express certain behaviors deemed normal (Fraser et al., 1997). Certain
programs have followed the “Five Freedoms of Animal Welfare.” These include freedom from
hunger and thirst, freedom from discomfort, freedom from pain, injury or disease, freedom from
fear and distress and freedom to express normal behavior (Farm Animal Welfare Council, 1979).

However, in recent years, animal welfare has moved more towards following five specific



domains instead of freedoms: nutrition, physical environment, health, behavioral interactions and
mental state (Mellor et al., 2020). The behavioral interaction portion of these domains include
the animal’s interaction with the environment, interaction with other animals and interaction with
humans. The focus on the Five Freedoms evolving into the Five Domains is derived from the
notion that the Five Freedoms can result in the idea that the absence of certain negative states
equates to welfare being ensured (Mellor, 2016). These welfare pillars and freedoms of welfare
emphasize the need for analysis of turkeys’ behavior with their environment, especially in terms
of their skeletal health and gait.

A combination of information on animal physiology, ethology, pathology, and
psychology can be used to determine the welfare of a farm animal (Weber, 2012). A variety of
factors can prevent one or more of these criteria from being met in industry or research settings.
Growing knowledge and awareness of animal welfare among consumers has driven further
research into the welfare of animals, including those raised for consumption. Both producers and
consumers recognize that improved animal welfare could lead to increased productivity,
enhanced animal products, economic benefits, and social justification (Fragoso et al., 2023). The
turkey industry faces animal welfare challenges primarily related to diseases, abnormal
behaviors, and leg problems (Clark and Chiaia, 2024). These issues are multifactorial and require
a multidimensional approach for mitigation. Given the current challenges associated with genetic
selection, disease, and leg health, combined with the overall benefits of improved welfare,
investigating the effects of age and environmental enrichment on skeletal quality and gait will
provide valuable insights. The first steps are to examine bone development and growth in
turkeys, identify critical periods of growth, and determine how these periods compare with body

weight gain and muscle accretion.



Bone Biology

The bone is made up of two major and different components: an organic component and
an inorganic component. The organic component is a majority type I collagen, making up the
osteoid of the bone, with ~5% coming from non-collagenous proteins, and is responsible for the
flexibility of the bone (Boskey, 2013). The inorganic component in the bone is made primarily
of hydroxyapatites and calcium phosphates, which provide the strength and durability
characteristics of the bone (Schlesinger et al., 2020).

The macro structure, or the morphology of bones, is made up of diaphysis, epiphysis,
articular cartilage, epiphyseal plate, medullary cavity, periosteum, and endosteum. The epiphysis
makes up the end points of the bones, with the metaphysis being the next section towards the
middle area of the bone on each end, and the main shaft area of the bone is the diaphysis, where
bone lengthening occurs (Setiawati and Rahardjo, 2018). Articular cartilage is a connective
tissue covering the joints that are tasked with allowing bones to provide optimal movement
(Grujjcic, 2023). The remaining bone structure is covered with another thin layer of connective
tissue, or the periosteum, which has both an outer fibrous layer and an inner cellular layer
(Ocran, 2023). The medullary cavity is found within the diaphysis of the bone and houses the
bone marrow and has a thin layer of connective tissues surrounding it, known as the endosteum
(Tosovic, 2023). The microstructure of the bone is composed of a structural unit called an
osteon, which is made of collagen and calcified matrix, also known as lamella. Each osteon has a
central canal, or the Haversian channel, that contains blood vessels that branch off to form a
perforating canal that extends to the periosteum and endosteum (Biga et al., 2019).

Bones are primarily made of two different bone types, the trabecular (spongy) bone and

cortical (compact) bone. Spongy bone contains trabeculae that provides strength and helps to



redirect loads from the joint and to the cortical layer of bone (Currey, 2002). Trabeculae is a
lattice-shaped matrix composed of osteocytes within lacunae (Biga et al., 2019). Osteons can be
found within both layers of the bone. Whereas, cortical bone has a periosteum, which is crucial
for appositional growth and repairing fractures, as well as an endosteum that expands with
marrow development (Clarke, 2008).

The basic cells of bones are osteoblasts, osteoclasts, osteocytes, and chondrocytes. These
cells are crucial to proper bone development by handling the processes of formation and
resorption of the bone and cartilage throughout the bone. Osteoblasts are crucial to the formation
of bones and they release proteins to the bone matrix like type I collagen, osteocalcin and
alkaline phosphatase for bone formation (Breeland et al., 2023). Osteoblasts release RANK
ligand, which will then bind to RANK receptors to regulate osteoclasts; this is important for
regulation within the bone. These cells can secrete osteoprotegrin to help prevent RANK and
RANK ligand interaction by binding to RANK ligand itself. This is another method of osteoclast
regulation (Breeland et al., 2023). Osteoblast interaction and balance within RANK ligand and
osteoprotegrin is the determining factor in osteoclast activity within the bone (Xiong et al.,
2011).

Osteoclasts are the cells responsible for bone resorption and are the starting point for
bone remodeling. These cells break down microscopic portions of preexisting bone matrix,
allowing osteoblasts to enter and reform the matrix (Schlesinger et al., 2020). They are derived
from hematopoietic cells, which are found in bone marrow (Gothlin et al., 1976). Individual
osteoclasts have many processes that expand into the matrix and release hydrogen ions, and other
proteolytic enzymes like cathepsin K, resulting in the acidification and breakdown of the bone

and collagen (Karsenty et al., 2009). The process of bone remodeling begins when osteoclast



progenitors are activated and sent to damaged bone surface, mature osteoclasts resorb the bone
and die, followed by osteoblast progenitors entering, where they will produce more osteoid to
mineralize the matrix (Hattner et al., 1965; Langdahl et al., 2016). Osteoclasts activity is closely
and heavily regulated by various cellular functions since excessive osteoclastic activity can lead
to osteoporosis, and too little osteoclastic activity will result in osteopetrosis (Khan and Bordoni,
2023).

Osteocytes are the most common cell found within the bone. Osteocytes come from
osteoblasts that have been entrapped in the osteoid (Bonewald, 2011). Their primary role is vital
to the transduction of mechanical stimulus to neural signals in the bone. Specifically, osteocytes
will bind with one another and their surrounding environment through cytoplasmic process,
allowing them to detect stress and deformation within the bone, allowing them to monitor and
control the remodeling of the bone (Tresguerres et al., 2020).

Osteocalcin is a protein produced by osteoblasts, and one of the most abundant proteins
found in the bone, making it an excellent biomarker for bone formation and osteoblast activity
(Zoch et al., 2016). It works similarly to a hormone and impacts the pancreas, liver, muscle, fat,
and other organs in the body to regulate different physiological processes (Tu et al., 2023).
Osteocalcin and osteopontin are important proteins for fracture resistance, but their abundancy in
bone begins to deteriorate over time (Sroga and Vashishth, 2012). Osteocalcin cells that have
reached maturity will enter the bone micro-environment and complete a conformational change
that places its calcium-binding y-carboxyglutamic acid protein residues with the calcium ions in
hydroxyapatite (Price et al., 1976).

Pyridinoline (PYD), a proxy bone turnover marker, can be helpful in providing bone

health information. PYD is formed through the extracellular maturation of fibrillar collagens, or
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collagens that are trifunctional crosslinks that bridge multiple collagen peptides together (Siebel,
2005). When measured, the resulting levels are direct reflections of this matured collagen
breaking down and are not influenced by collagens that have been recently synthesized; these
levels are often measured via uranalysis (Siebel, 2005). PYD can be found in multiple parts of
the body, including cartilage, ligaments, vessels, and bone, but bone has the highest resorption
rate, so most of PYD detected in the urine comes from the skeletal system (Siebel, 2005). PYD
levels are increased in diseases that cause higher rates of bone resorption, such as rickets (Fraser
and Stevenson, 2013).

Bone Formation

Intramembranous ossification is when bone develops by compact and spongy bone
forming directly from sheets of mesenchymal connective tissues (Biga et al., 2019). This
ossification process is responsible for the formation of flat bones, like the cranial and clavicle
bones (Biga et al., 2019). Long bones undergo endochondral ossification, which is when
cartilage, specifically hyaline cartilage, is replaced by new bone. For this to occur, the
mesenchymal cells will transform to chondroblasts, which produce hyaline cartilage, an
important precursor to bone formation (Biga et al., 2019).

The epiphyseal plate is responsible for growth following the initial formation and has five
different growth zones responsible for doing so: the reserve zone, the proliferative zone, the zone
of hypertrophy, the zone of calcification and the zone of ossification. The reserve zone is closest
to the epiphyseal line, and has the purpose of holding chondrocytes, which are necessary for
securing osseous tissue in epiphysis (Sromova, 2023). The proliferative zone is below this and is
made of layers of chondrocytes, which are continuously produced through the process of mitosis

(Sromova, 2023). The zone of hypertrophy has the most mature chondrocytes and uses lipids,
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glycogen, and alkaline phosphatase to make the cartilage in the matrix calcify, resulting in the
lengthening of the bones (Sromova, 2023). The zone of the calcification is the final and closest to
the diaphysis of the bone; the chondrocytes in this zone have been killed through the calcifying
of the matrix, and osteoblasts are able to release bone tissue to ensure the epiphyseal plate gets
connected to the diaphysis (Sromova, 2023). The zone of ossification is when the osteoclasts will
break down the old, calcified cartilage lining the matrix and make way for osteoblasts to form
new bones, thus remodeling the bone (Sromova, 2023). Bones grow in diameter, or width,
through a process called appositional growth, which occurs along the endosteum or the
periosteum, where osteoclasts resorb, and osteoblasts restore the medullary cavity (Biga et al.,
2019). This process will increase the diameter of both the diaphysis and the medullary cavity
(Biga et al., 2019).

Properties of Bone

The most common morphological traits of bones that are measured are: bone weight,
length, anterior-posterior diameter, medial-lateral diameter, and cortical thickness. Many factors
can impact the morphological traits of bones, such as living conditions, age, diet, and genetics.
Research has been published presenting body weight has an impact on the morphological traits
of bone, but a connection between morphological changes and increased load on the bone are
still being made (Zhong et al., 2012). Studies have indicated that these morphological, or
geometric, properties of bone can efficiently predict the mechanical quality of bones (Soboyejo
and Nestor, 2000). Key biomechanical properties measured in bones are toughness and strength.
Toughness is the measurement of resistance for the bone to fracture, and strength is measurement
of the bone’s ability to resist total and permanent deformation, often tested and read by the

maximum load applied (Ritchie et al., 2008). The toughness of bone comes from the
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combination of collagen and hydroxyapatite crystals present in it (Launey et al., 2010). Whereas
bone strength is not only affected by the biological make-up of the bone, but the mass, geometric
features, and the microstructure of the bone (Niu et al., 2023). Like morphological traits, factors
such as age, genetics, diet, and environment can impact the biomechanical traits of bones.
Morphological and biomechanical bone traits can indicate skeletal health and allow for the
determination of how age, diet, environment and genetics influence bones. From there, these
traits can be quantified and analyzed across ages and provided environmental enrichments to
identify specific effects on skeletal quality.

Bone Biology in Turkeys

Studies have long investigated the proportion of body mass and leg bones in the domestic
turkey. Age has had effects on the morphological properties of bone since the bone will grow
and remodel during the peak stages of growth in a turkey’s life. Zhong et al. (2012) observed that
the bone matrix is time and age dependent. Commercial birds’ skeletons are not fully developed
until roughly 25 weeks of age (Weber, 2012), meaning the skeletal system is likely not growing
at the same rate as the body weight. It has been reported that in femurs, the bone length did not
increase at the same rate as the body mass, supported by CT scans of the epiphysis (Stover et al.,
2018). Crespo et al. (1999a) reported that many fractures reported in a flock of turkey toms had
an insufficient amount of time for their bone matrix to mature fully, thus the femurs of the toms
were exposed to loads that exceeded the yield strength of the bones. Generally, the selection is
focused on an increase in breast muscles, so leg muscles are often forgotten when genetic
selection is being performed. These less prominent leg muscles have been known to affect the
load distribution on leg bones in turkeys, which induces bone remodeling, directly changing the

structure of the bone (Jones, 2018). The concept that there is a direct correlation between body
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weight and the mechanical properties of bones is being evaluated (Zhong et al., 2012). This is
aiding the poultry industry due to the goal of larger breast muscles and the need for the skeletal
system to keep pace in terms of growth. The misalignments between skeletal development and
body mass accumulation, as well as the evidence of late skeletal maturity require the
quantification of how age and body weight impact the skeletal system and walking ability,
including the effects of rearing conditions.

Analysis of Skeletal Quality

The quality of long bones can be assessed through their structure and composition.
Morphological parameters such as length, cortical thickness, and cross-sectional area influence
biomechanical traits like bending resistance and ultimate fracture force. On the other hand,
compositional traits such as mineral content, quality of the collagen cross-links, and density
contribute to bone stiffness and toughness. In this dissertation, three-point bending tests were
used to measure biomechanical properties of the bone (Figure 2.3). Bending strength is defined
as “a material’s ability to resist deformation under load” (Pal et al., 2022). This test applies a
specific load to break the bone at its mid-point while it is supported at both ends with beams. At
the concave surface, the stress reaches its maximum compressive value, whereas at the convex
face, stress reaches its maximum tensile value (Martel, 2016). Compressive stress refers to the
amount of pressure a material can withstand before bending at a molecular level (Mishra, 2015),
while tensile strength is the maximum force a material can endure before failure (Pal et al.,
2022). Both compressive and tensile stresses are often induced by consistent loading on cortical
bone tissue (Havaldar et al., 2014). Due to the complex structure of bones and the presence of
small defects, stress tends to concentrate locally, causing weaknesses and reducing flexural

strength values (Hart, 2017). Using a 3-point bending test to quantify biomechanical properties
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will enable analysis of the effects of age, environmental enrichment, and body weight on the

skeletal system of commercial turkey toms during production.

Figure 2.3. Example of a 3-point bend test set-up adapted from Thirupathy and Vadivel

(2024).
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Lameness: Causes and Risk Factors
Lameness in turkeys can be defined as any issue that causes turkeys to have impaired mobility,

and ultimately, pain (Dibner et al., 2007). When a turkey becomes severely lame, they often will
become stationary or reluctant to move, resulting in a detrimental lack of access to feed and
water, and the increased risk of cannibalism and trampling. Lameness is often a multifactorial
issue, with environment, genetics, nutrition, and health status playing a measure role in
causation. Bone issues can become a chronic issue with a tendency to cause reduction of feed
intake as well as a higher incidences of downgrades and poor carcass quality at processing
(Dibner et al., 2007). Lameness is a problem that is generally irreversible once it sets in, making
a push for selection programs that develop breeds with improved leg health and prevent some of
the major leg disorders (Kapell et al., 2016; Granquist et al., 2019). Some leg problems are

associated with incidences of footpad dermatitis (FPD) as the FPD lesions create a potential
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breeding area for bacteria, leading to infection and, ultimately, lameness (Clark et al., 2002).
Gross abnormalities like varus, valgus, and tibial dyschondroplasia cause increased rates of
lameness and culling (reviewed in Erasmus, 2018). Lameness can be caused by direct viral and
bacterial infections, too. An overview of the highest-ranked issues related to lameness, based on
a health survey conducted among industry professionals using a 1 to 5 scale, was adapted for
Figure 2.2 (Clark and Chiaia, 2024). Figure 2.2 reinforces the multifactorial nature of lameness,
indicating that various pathologies of bone and adjacent connective tissues can result in lameness

of varying severity.

Figure 2.2. The 2024 turkey health survey ranking current issues where 1 = no issues and 5
= severe problem
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Developmental Abnormalities

Valgus and Varus
Varus abnormalities cause the tibia to slant toward the midline, resulting in a “bow-

legged” phenotype. Valgus is the opposite with the bone slanting away from the midline,
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resulting in a “knocked knee” phenotype. For turkeys, the rotation of the tibia is more common,
but this can be accompanied with valgus or varus (Wettere, 2020). A study conducted by Kapell
et al. (2016) included information on the genetic impacts of prevalence of varus and valgus and
found that there is some association with purebred turkey lines, but most cases are
environmental. Cases of valgus and varus provide the insight that large breasted turkeys are
inadequately adapting to the excess loading caused by the breast muscles (Crespo et al., 1999a).
These conditions cause the gastrocnemius tendon to flatten and then begin to cover either the
lateral condyle or medial condyle, which can also make the hock appear thicker (Julian, 1984).
With an additional increased risk of a leg fracture or slipped tendon (Crespo and Shivaprasad,
2011), these abnormalities prove to be an economic and welfare risk.
Tibial Dyschondroplasia

Tibial dyschondroplasia is an abnormality, commonly found in the growth plate, where
the chondrocytes that make up the growth plate do not complete the ossification process to
become bone (Knopov et al., 1995). It is described as a white area of unmineralized cartilage,
typically in the proximal metaphysis of the tibia, but it is sometimes found in the tarsometatarsus
(Pines and Reshef, 2015). Studies have found that the prevalence of tibial dyschondroplasia
increases as the birds age with up to 71% of birds displaying signs by 13 weeks of age (Hocking
et al., 2002). Fast growth rates and genetic selection are often the cause of this disorder,
resulting in breeders working to withdraw affected birds. One breeder reported that using x-rays
to find cases of dyschondroplasia early on has allowed for a reduction in future incidences by
roughly 25% (Swalander et al., 2020). Increases in the calcium to phosphorus ratio has indicated
to be a potential cause of dyschondroplasia. However, various studies involving feed restriction

have contributed to the notion that genetic selection for fast-growth rates are the main contributor
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to cases of the disorder (Pines and Reshef, 2015). Successful treatments for tibial
dyschondroplasia often include wusing 1,25-(OH):-D3 or 1a-OH-D3 treatments, weight
management, anti-inflammatories or environmental changes to allow easy food and water access
(Combs and McClung, 2017; Huang et al., 2017; Nabi et al., 2016; Nelson et al., 1992).
Tibial Rotation and Twisted Legs

Tibial rotation is the tibia rotating via the long axis of the bone, often resulting in a lateral
extension; this rotation can reach up to 90 degrees in some cases (Martin, 2021). It can appear to
be a slipped tibial tendon, but in the case of rotation, the tendon remains intact. This condition
causes pain and discomfort and can be responsible for up to 5% of morbidity in turkeys
(Boulianne et al., 2013). Similarly, perosis occurs when chicks under six weeks of age lack
enough minerals, like zinc and manganese, and vitamins like choline, folic acid, niacin,
pyridoxine and biotin in their systems to properly form the cartilage in their bodies (Beyer,
2008). Perosis can cause the shortening of long bones, resulting in growth issues in birds (Beyer,
2002). These symptoms can be treated by ensuring the chicks are receiving a mineral rich diet
(Beyer, 2008).
Femoral Fractures

Crespo et al. (1999b) found a direct correlation between heavy body weight and the
presence of lower femoral strength and femoral fractures. When different analyses were
performed on turkeys with and without femoral fractures, it was found that the femoral fractures
were only present in the heavy body weight birds (Crespo et al., 1999b). This study unveiled
higher amounts of endosteal and periosteal cells, which indicated there was more callus
formation present and thus more bone repair occurring in these birds. This contradicts previous

studies, which have found that as bones undergo the repair process, they become more prone to
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fracture because of the inherent phase of osteoporosis within the cortical bone that takes place
during this bone resorption (Nordin and Frankel, 2001). As more damage to the bone occurs and
increases the frequency of remodeling, bone can have reductions in overall strength and stiffness
(Kaplan et al., 1994). Femoral fractures pose a lot of issues in turkeys. They can cause severe
pain, which can impact the ability to eat and drink, similarly to other forms of lameness
previously observed. However, femoral fractures also pose a risk of damaging the femoral artery,
leading to potential death (Van Wyhe et al., 2014).
Other Abnormalities

Other abnormalities such as crooked toes or shaky legs are often identified in commercial
settings (Oviedo-Rondon et al., 2018). Crooked toes are when one or more toe(s) have a lateral
or medial deviation, which some have reported could be environmentally induced by types of
flooring or riboflavin deficiencies (Hicks Jr and Lerner, 1949; Nestor, 1971). A study performed
by Oviedo-Rondon et al. (2009) reported that broilers who’s embryos and hatchlings were
exposed to an eggshell temperature of 39°C for incubations days 18 thru 21 had an increased
number of crooked toe occurrences, indicating the risk begins even before hatch. Shaky legs
primarily develop during 8 to 18 weeks of life, and are identified when the affected birds squat
and flex their hocks, leaving their breasts resting on the litter, or they sit on their metatarsals with
their body upright (Julian and Bhatnagar, 1984). The birds exhibit clear signs of pain and lack
the will to stand and walk; if they do, it is a few steps at a time, described as “hobbling” and their
legs quiver before they can begin walking normally (Julian and Bhatnagar, 1984). A specific
cause of shaky leg is not known, but it is believed to be more environmentally caused than
genetically. Studies in North America have revealed that birds displaying shaky-leg tend to have

tibial dyschondroplasia or a selenium deficiency, but selenium additives in Canadian flocks did
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not impact the number of cases recorded (Julian and Bhatnagar, 1984). Affected birds tend to
have stiff legs that are able to be straightened, but the birds express signs of discomfort with
hock movement (Julian and Bhatnagar, 1984).

Footpad dermatitis can cause lameness. Footpad dermatitis is when the skin on a bird’s
footpad becomes damaged and inflamed, and usually demonstrates thickened scales, black
lesions or ulcers in the area. Researchers have analyzed footpads at a cellular level and found
issues with hyperkeratosis, as well as epithelial hyperplasia (Mayne et al., 2006). These findings
contribute to the idea that subclinical forms of footpad dermatitis cause intense inflammation
(Moe et al., 2018). In the industry, footpad dermatitis is typically evaluated on 1 to 5 scale,
where a 1 indicates footpads with no lesions and a 5 indicates footpads with severe lesions and
ulcers (Furo, 2024). Moisture levels in litter are a large contributor to the prevalence of footpad
dermatitis, so it is typical to keep litter moisture below 30%. This can be accomplished through
temperature and ventilation regulation to keep litter dry, repairing drinker leaks and using
bedding that has a better ability to trap in moisture (Furo, 2024). Lack of biotin, methionine or
zinc have been known to decrease the durability of footpad skin, contributing to potential cases
of footpad dermatitis (Clopton, 2025). Footpad dermatitis poses a great risk in the industry but is
manageable with proper attention and care.

Pathogenic Abnormalities

Turkey Reovirus

Avian reoviruses can cause cases of hepatitis, myocarditis, enteritis, respiratory and
neurological diseases and arthritis or tenosynovitis in avian species (Porter, 2018). Turkey
arthritis reovirus is a viral infection that typically causes issues for turkey toms when they near

the production age, with infected birds 12 to 16 weeks of age displaying the most cases
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(Sharafeldin et al., 2015). Birds with this reovirus had forms of tenosynovitis that advanced to
fibroplasia and fibrosis, and their high body weights led to intense lameness and in some cases,
tendon ruptures as they got older (Sharafeldin et al., 2015). Specifically, decreases in tensile
strength and elasticity of the tendons in the legs can contribute to lameness (Sharafeldin et al.,
2016). The infection often causes swelling in the hocks, or other issues like the erosion of
intertarsal cartilage, making it painful for the birds to walk (Kumar et al., 2022a; Porter, 2018).
Turkey Reovirus can cause severe weight reduction and spread into other internal organs,
causing issues such as splenic necrosis (Kumar et al., 2022b).

Porter (2018) and Sharafeldin et al. (2015) remarked that strands of turkey reovirus
replicated within the intestinal tract, which allowed the virus to be excreted via feces and passed
on to other birds. It was observed that the reovirus can live on the litter in houses for over a week
and can thrive in non-sterile drinking water for over two weeks. This led to the finding that
certain disinfectants can kill the virus, such as diluted Virocid (quaternary ammonium +
aldehyde mixture) or diluted Tek Trol (phenol) (Porter, 2018). In 2011, researchers introduced
the use of killed vaccines, which worked to slow the number of cases until 2014, when
autogenous vaccines were introduced. Producers are still utilizing these autogenous killed
vaccines, but their results appear to be lackluster (Porter, 2018). In 2024, six live attenuated
vaccines were developed using three different strands of the virus and tested on 10-day old
poults that were challenged post vaccination. While deemed safe for the birds, the vaccines
proved to have low efficacy rates (Goyal, 2024), leading reoviruses to continue posing a great

risk to the industry.
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Marek’s Disease

Marek’s disease is caused by a strain of a herpesvirus, Mardivirus gallidalpha 2,
specifically. It causes four different phases of infection in the birds: an early cytolytic infection, a
latent infection, a second phase of the cytolytic infection (associated with permanent
immunosuppression) and a proliferative phase; a latent infection of the T cells can result in the
virus being present in a long-term carrier state and present in lymphocytes (Nair, 2024). Marek’s
disease has been known to cause paralysis, edema, general inflammation and tumors in organs
such as the heart, lungs and ovaries (Song, 2022). This virus is highly pathogenic and can spread
quickly through turkey and chicken flocks, especially due to its unique ability to mature into an
enveloped form in the epithelium of feather follicles, resulting in easy spreading via litter or dust
in houses (Nair, 2024).

It is recommended to first identify and diagnose tumor presence or enlarged nerves and
then perform molecular testing to officially identify the disease since Marek’s disease has such a
high morbidity rate (Nair, 2024). While it only recently has become more prevalent in the turkey
industry, lameness has revealed to be a distinct symptom when the birds are older, between 12
and 30 weeks of age (Zlabravec et al., 2024). Like other diseases, treatment primarily revolves
around vaccinations, breeding for resistance and general biosecurity protocols. For turkeys, the
turkey herpesvirus vaccine (made up of the avirulent Meleagrid alphaherpesvirus 1) has been
used to protect against Marek’s disease (Nair, 2024).
Turkey Osteomyelitis Complex

Osteomyelitis is an infection in the bone. Turkey osteomyelitis complex is generally

identified when an adherently normal turkey carcass is presented with the signs of green liver,
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arthritis, and infections in the leg bones (Huff et al., 2000). Turkey osteomyelitis complex is
typically recorded in young male turkeys with lower levels of cell-mediated immunity, leading to
the idea that this disease may be more of an issue with immune systems reacting to pathogens,
rather than specific pathogens themselves (Huff et al., 2000). These infections can occur when
rapid increases in body weight cause intense strain on vulnerable epiphyseal plates and cartilage,
ultimately creating osteochondrotic clefts within the chondrocytes of the growth plates, resulting
in a breeding ground for bacteria (Wideman, 2016). Lytic substances are released at lesion areas
where a variety of bacteria are colonizing (i.e. Staphylococcus aureaus, Enterococcus coreum,
etc) and induce necrosis in the calcifying area of metaphysis in the bone, destroying the structure
of trabecular bone in the area, harming the growth plates’ structural support. Bacterial
chondronecrosis with osteomyelitis can form, causing the destruction of the proximal femoral
head and tibiotarsus, resulting in severe lameness (McNamee et al., 2000). However, the bacteria
harboring lesions can also be found in the distal femur and tibia, spine, ulna or radius (Wettere,
2020). The osteomyelitis and arthritis caused in these cases can be identified through
examination of infected joints, which tend to swell and form a fibrinous exudate; lesions that are
more subtle require histopathology for identification (Wettere, 2020). Studies have reported that
taking measures such as providing probiotics via feed, adding 25-hydroxy vitamin D3 or adding
antibiotics (i.e. enrofloxacin) to the birds’ drinking water can help to combat infection
(Wideman, 2016).

Other Welfare Issues

Rickets is a vitamin-deficiency and cause lameness. Alongside lameness, cases of rickets
often cause softer bones and beaks, as well as drops in egg production in hens (Jacob, 2024).

Studies have disclosed that one of the most effective ways to treat and prevent rickets is to
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ensure that turkey feed contains adequate amounts of vitamin D and calcium throughout their
different stages in life. Similarly, Crespo et al. (1999a) identified that minor nutritional
deficiencies in things like calcium and vitamin D could have caused slight weakness in the bone
shafts, even if the imbalance did not cause readily apparent clinical signs, further supporting how
crucial the diet is in commercial birds. Overall, lameness can have a vast range of causes so any
identifiable and practical measures should be taken to avoid welfare discrepancies and economic
pitfalls.

Gait Assessments

Gait assessments, or scoring, are a common way of measuring and determining lameness
in poultry (Yang et al., 2023). A six-point subjective scoring method, commonly known as the
Bristol scale, is the most vastly used system in which a 0 indicates a “normal” bird and a 5
indicates a “severely lame” bird (Kestin et al., 1992). This scale is most often used in small-scale
or research settings, while scales such as the 3-point gait scoring system are more often used in
large scale settings (Webster et al., 2008). Subjective gait scoring systems require trained
observers, but the risk of human error and bias is still present (Wurtz and Riber, 2023). To help
alleviate these risks, objective gait scoring methods are being evaluated for reliability and
practicality in the industry. Some of these systems include video and image analysis,
accelerometers or pressure sensitive walkways (Li et al., 2023; Oviedo-Rondon et al, 2018;
Pearce et al., 2023). Human error and bias in gait assessments pose a large risk, so the
comparison of a subjective scoring method against quantified objective gait parameters can help

to ensure the system’s reliability when used in a commercial setting.
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Potential Solutions

Various approaches to help prevent and alleviate lameness in birds have been reviewed.
Some breeders have created lines of slow-growing birds, but the lack of demand for them on the
market has made it to where these lines aren’t often utilized. Methods like continuous gait
scoring and assessing leg strength throughout the breeding process has helped to reduce leg
issues in select pedigrees (Duggan et al., 2006). Another way to check for these issues is through
the use of the Lixiscope, which assesses dense bone structure has been used by breeders to help
with selecting for early cases of tibial dyschondroplasia (Roberson, 2009). Footpad dermatitis is
a trait that companies regularly evaluate their birds for instances of and select against it to help
minimize cases (Roberson, 2009). While the reduction of overall body weight and a decrease in
growth weight are the primary methods in avoiding cases of lameness, neither are practical based
on the demand of industry, but research is continuously conducted to find other solutions
(Karcher, 2012). One of the current methods to combat these strains on the bones, specifically
leg bones, is environmental enrichment. Environmental enrichments have been frequently
studied in broilers, but less so in turkeys. Nonetheless, the studies conducted have reported
increasing locomotive activity, positively impacting the physical and physiological welfare of
farm animals (Newberry, 1995). Environmental enrichments can encourage locomotion in birds,
directly impacting the skeletal system. This allows for the evaluation of how age and
enrichments influence the skeletal system and walking abilities of toms during a production

period.
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Enrichments

As birds age and grow, they become more sedentary, so investigations on the use of
enrichments and how giving animals the ability to partake in motivated behaviors may reduce
boredom and increase their expression of physical activities (Vasdal, 2018). Trials have
confirmed in broilers that the introduction of environmental enrichments increases their activity
levels, even if only temporarily (Jacobs et al., 2022). There are findings supporting the notion
that increases in activity could improve skeletal and muscular development, thus improving leg
health (Reiter and Bessei, 2009).

Perches are often used to allow turkeys to perform roosting, as well as help lower the
amount of bird crowding on the floor, which can impact turkeys’ behaviors and sleeping habits
(Martrenchar et al., 1999). However, Martrenchar et al. (2001) found that the perches were
utilized in the early weeks of rearing, rather than the latter, which refuted the idea that the
perches would allow for more floor space when the birds were larger in size. Elevated platforms
have positively impacted the welfare of broilers by providing extra means of walking and
providing more opportunities to express perching behaviors (Malchow and Schrader, 2021).
Turkeys often begin to utilize elevated surfaces to rest, and studies conducted by Letzgub and
Bessei (2009) and Cottin (2004) found that this resulted in better walking abilities, plumage
quality and improvements to the tibia bones (Bessei, 2021). Alongside this, the idea of birds
jumping on and off the perches directly aids in positive effects on the development of leg bones
and muscles (Jacobs et al., 2022). When considering platforms, one of the biggest challenges is

ramps are needed for the birds to access them, which can have build-up of dirt and debris that
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needs routinely cleaned, making it a cost-and-benefit type of enrichment, as well as requiring
more space.

Litter material or roughage can be altered to provide enrichment to birds, but litter often
becomes wet from things like the drinker, and is exposed to much of the birds’ waste, making it
the main contributor to cases of footpad dermatitis so it requires additional monitoring (Mayne et
al., 2006). A range of litters can be used when rearing poultry, including wood shavings, peat,
oat hulls and straw pellets (Bessei, 2021). Additionally, extra types of feed, or insects like meal
worms, can be added to the litter to encourage foraging and dust bathing behaviors (Bessei,
2006; Simsek et al., 2009). These increased levels of foraging result in enhanced litter quality,
which can decrease cases of footpad dermatitis and indirectly help to improve walking ability
(Jacobs et al., 2022).

Straw bales are relatively easy to implement and cost effective. They can provide extra
area for perching, and act as an extra medium for birds to peck, which will eventually become a
part of the litter, contributing to the litter quality and foraging behaviors (Bessei, 2021). Bales
may help birds in vulnerable states to hide from situations they find threatening, thus helping to
reduce levels of stress (Newberry and Shackleton, 1997). Kells et al. (2001) found significant
increases in activity levels of broilers who were provided with a straw bale compared to those
who were not provided with one. Like litter, the introduction of straw bales has been met with
caution due to studies revealing increases in the presence of lesions on the footpad, as well as
bacterial infections (Thofner et al., 2019). Therefore, they are an enrichment that will need to be
carefully monitored.

Some materials and devices can increase the expression of positive pecking in flocks. The

more common pecking devices instilled are strings, CDs, plastic bottles, and baskets filled with
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hay or mineral-made pecking blocks (Bessei, 2021). Reviewed by Bessei (2021), it was reported
that broilers and turkeys have little desire to utilize these objects after a short time of interaction,
recommending that these enrichments be provided to the birds on a temporary basis and be
switched out with different types regularly.

Select enrichment studies have observed parameters such as behavior and bone quality. A
study conducted by Weber (2012) found that the addition of enrichments led to turkeys
displaying more perching or climbing, which represents a possible improvement to their well-
being. Since turkeys roost, forage and hide in the natural world, the provision of enrichments
could help to prompt these behaviors and naturally induce positive behaviors and possibly
musculoskeletal improvements. One of the most viewed positive effects of enrichment inclusion
has been a decrease in injurious feather pecking. Crowe and Forbes (1999) found there was a
direct correlation between the amount of time turkeys spent using enrichment and the amount of
feather pecking displayed i.e. when their birds began to utilize the perches less, the number of
birds pecking one another increased. Several type of enrichments, such as certain perches and
tunnels, allow birds to escape aggressive or fearful situations, prompting better “moods” in the
birds (Lindenwald et al., 2021). Higher stock densities, especially when turkeys are in the late
stages of rearing, can prevent birds from being able to walk freely or avoid being in proximity to
other birds, which can cause tension among birds. The lack of space can lead to injury in the
birds attempting to crouch or rest if other birds need to get around or over them (Martrenchar et
al., 1999). Because of instances like this, studies have reviewed lower stock density as a type of
enrichment. These birds provided with increased space display more “play” behaviors, such as

frolicking or running, as well as a greater ability to get better rest (Martrenchar et al., 1999).
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Enrichments have had positive impacts on poultry welfare. There are cases in which birds
may not utilize the enrichments as much as intended, making the implementation of them less
desirable to producers. As birds age, they develop less of an ability to do things, such as jump on
perches, leading to less use in the later weeks of production (Rayner et al., 2020). Things like
CDs, strings and plastic bottles are sometimes used with chickens, but while frequently used in
the beginning, the birds become less interested in the objects. Positive results, such as less fear,
were observed when the enrichments were changed every few days, but it is unrealistic for
producers to maintain the enrichments enough to keep them effective in a commercial setting
(Bizeray et al., 2002). Finally, if the enrichment provided is not placed evenly throughout the
barn, or if few are provided, there is less of a chance of most birds being able to utilize the
enrichments (Baxter et al., 2020). These are some of the many factors producers must take into
consideration when deciding how and what environmental enrichments to use throughout their
farms. Various restraints on the design and execution of environmental enrichment designs
require the need for testing enrichments that are realistic and practical for a commercial setting,
while also having a positive impact on skeletal welfare and gait.

Objectives

This study is being conducted to examine the effects of age, body weight and
environmental enrichments on the gait and skeletal quality of commercial turkey toms during a
production period. Developing a clear idea of how the critical phases of bone development are
affected by other systems, as well as how skeletal development impacts said systems.
Additionally, the inclusion of objectivity in gait scoring systems will help to reduce issues such
as human error and bias in pre-existing subjective gait scoring systems. The objectives of this

study were:
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e Determine the effects of age and environmental enrichments on the load-bearing
and non-load-bearing bones in male turkeys, as well as determine the influence

body weight has on specific bone parameters throughout the rearing period.

e To quantify and support the use of a two-point subjective gait score system on

production age male turkeys using a pressure sensitive walkway.
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CHAPTER 3
THE EFFECTS OF ENVIRONMENTAL ENRICHMENTS ON THE BODY WEIGHT,
MORPHOLOGICAL AND BIOMECHANICAL BONE TRAITS OF COMMERCIAL

TURKEY TOMS
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ABSTRACT

In recent years, increased body weight and breast size in commercial turkeys have
coincided with a rise in leg abnormalities and lameness, indicating that the skeletal structure may
not have been proportionally favored by genetic selection for performance traits. Inclusion of
environmental enrichments (EE) might alleviate these issues by promoting active behavior and,
subsequently, bone strength. This study evaluated the relationship between body weight (BW)
and skeletal parameters at different ages in male turkeys and assessed the effects of different EE
treatments - Pecking Block (PB), Straw Bale (SB), Tunnel (TU), and ground Robot (RO)
compared to a control group (CO) in male commercial turkeys. Across two experiments, tibia,
femur, and humerus samples were collected at various production ages. Body weight,
morphological (bone weight, length, and diameter) and biomechanical (peak breaking force and
energy required to fracture) bone traits were measured. Data were analyzed with a mixed model
ANOVA with treatment and age as main effects, pen as a random effect, and BW as a linear
covariate. Tukey’s HSD was used for pairwise comparisons. As expected, age had a significant
impact on femur and tibia properties, with bone growth slowing notably between 12 and 18 woa
(weeks of age) compared to the earlier 8 to 12 woa. The humerus was only analyzed at two age
points, presenting substantial growth in most parameters, but biomechanical traits only increased
slightly. Minimal changes were observed in bone properties between the different EE treatments.
Select diameters in the femur and humerus were enhanced with the provision of the TU at 8 woa.
Few biomechanical properties, such as the PF of tibias at 18 woa, were improved with the
inclusion of a PB. Correlation analysis revealed that at § woa, BW was strongly correlated with
femur and tibia weight, and moderately with the peak force to fracture (PF). At 18 woa, the

correlation was quite weak, particularly for tibia PF, which presented no correlation with BW.
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Overall, long bone properties in apparently healthy toms were primarily influenced by age and
BW, rather than EE. Interestingly, market BW exhibited weak or no correlation with bone traits
of turkey toms, suggesting that heavier toms may not always have stronger bones. These findings
support the potential for genetic selection targeting skeletal traits without compromising

performance.
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INTRODUCTION

As the commercial turkey industry grows in terms of overall production, targets for body
weight and feed conversion ratio have evolved accordingly. Current performance goals for
hybrid male turkeys include reaching a body weight of 14.3 kg and achieving a cumulative feed
conversion ratio of 1.1 kg/kg by 18 weeks of age (Aviagen, 2022.). This represents
approximately an 8.33% increase in the body weight target for male turkeys compared to
standards from 50 years ago (Clark et al., 2019). Variation in trait heritability has enabled the
substantial increase in body weight to be driven primarily by growth in breast muscles mass,
rather than by increases in wing and leg muscles or the skeletal system overall (Stover et al.,
2018).

Various genetic, metabolic and structural issues in modern turkeys have been associated
with body weight-driven selection (Stover et al., 2018). The skeletal system has not developed at
the same rate as body mass. Traits like increased shank width, which is directly related to
improved walking ability, have been negatively impacted by genetic selection for increased body
weight (Nestor et al., 1985). Skeletal development in turkeys occurs at different rates throughout
the production cycle and longitudinal growth slows considerably as the birds age. Biomechanical
properties such as yield stress and toughness of turkey femurs increased by 19% and 35%,
respectively, from 8 to 12 weeks, but displayed modest increases of 9% and 8% from 16 to 18
weeks (Zhong et al. (2012a). Overall, the disproportionate growth between the muscular and the
skeletal system may have partially contributed to the higher incidences of lameness observed in
commercial turkeys. Turkey industry reports indicate that up to 20% of turkeys experience some
form of lameness; lameness and other skeletal issues have ranked consistently among the top ten

concerns in the industry (Clark, 2020; Lilburn, 1994).
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Lameness can be caused by a variety of factors, ranging from developmental disorders to
pathogens (Bradshaw et al., 2002). Conditions like tibial dyschondroplasia, valgus-varus
disorders, and viral and bacterial infections that can cause drastic damage to the bone are often
prompted by abnormal bone development (Dibner et al., 2007). Pre-existing bone lesions can
lead to stress fractures, resulting in overall weaker bones and increased probability of complete
fractures (Crespo et al., 1999a; Crespo et al., 1999b). Skeletal issues become more prevalent and
severe with age, resulting in less mobility and impacting access to feeders and drinkers (Beaulac
and Schwean-Lardner, 2018). Additionally, a greater frequency of damaging behaviors, such as
feather pecking, has been observed in flocks with a higher prevalence of skeletal issues
(Reviewed in Erasmus, 2018). Damage to the load-bearing bones impedes ambulatory activity in
turkeys, which can indirectly affect non-load-bearing bones such as the wings, as turkeys with
gait issues rely heavily on their wings for support. Unfortunately, skeletal issues recorded in fast-
growing lines can contribute to up to 5% of flock mortality (Ferket and Sell, 1989; Julian, 2004).
Some cases are severe and directly related to leg fractures, like when a femoral artery is
punctured by a fractured femur, whereas others are indirect, like lame birds being killed due to
aggression from dominant conspecifics (Crespo et al., 1999a).

Lameness can further compromise turkey welfare by reducing their ability to perform
natural and comfort behaviors such as preening, foraging, walking, and dustbathing (Weeks et
al., 2000). The provision of environmental enrichments, defined as a method to modify an
animal’s environment to improve their behaviors and biological functions, are being studied
throughout the poultry industry (Newberry, 1995). Turkeys have been encouraged to perch,
climb, and display signs of “play” with the addition of environmental enrichments, suggesting

improved welfare (Weber, 2012). These additions have also reduced aggression and handling
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stress, resulting in both welfare and economic benefits (Day et al., 2008). In caged layers
provided perches, improved bone mineral content and bone area at 12 weeks of age, and wider
shanks at 71 weeks of age were observed, indicating improved skeletal quality (Enneking et al.,
2012; Yan et al., 2014). Other enrichments like straw bales and platforms enhanced walking
ability and reduced footpad dermatitis in broilers (Jacobs et al., 2022). Broilers reared with
access to platforms had improved gait, as well as lower prevalence of tibial dyschondroplasia
(Kaukonen et al., 2017). While bone health studies in turkeys exposed to environmental
enrichments are few, gait changes under environmental provision have been observed. Briefly,
turkey gait worsened regardless of the inclusion of enrichments, but impaired gait was not
reported until roughly 19 weeks of age (close to market age), in those subjects provided
enrichments; whereas those without enrichment presented signs of gait impairment beginning at
16 weeks of age (Dong, 2023).

This study aims to evaluate how age and environmental enrichments affect long bone
characteristics of commercial turkey toms at different stages during the production period. It also
examines the correlation between performance and skeletal traits.

MATERIALS AND METHODS
Animals and Housing

This experiment was approved by the Institutional Animal Care and Use Committee at Purdue

University.

Two experiments were conducted (E1 and E2), each with 400 beak-trimmed and
vaccinated Nicholas Select male turkey poults from Aviagen® Turkeys/experiment. The turkey
poults were collected from a commercial hatchery and taken to Purdue University’s Animal

Sciences Research and Teaching Center in West Lafayette, Indiana. The poults were randomly
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divided among 24 pens containing wood-shavings based litter. These 24 pens were evenly
divided into two rooms, each pen measuring 10 feet in length by 8 feet in width. The turkeys
were housed with a stocking density of 9 to 11 lbs/ft>. Each pen held two bell drinkers and one
feeder, providing ad libitum access to water and feed. Diets were determined based on Aviagen’s
recommendations and the NRC nutrition guidelines. Twenty-four hours of continuous photo
period was provided for the first day of placement. After that, a schedule of 22 hours of light and
2 hours of dark was implemented until the poults were 9 weeks of age (woa). The lighting
schedule then changed to 20 hours of light and 4 hours of dark until the end of the study. The
lighting schedule was determined per Aviagen’s recommendations for the Nicholas Select
performance line. Housing temperatures were set based on Aviagen’s recommendations, with the
brooding phase being controlled to 40 °C.
Treatments

The following environmental enrichments were described by Dong et al (2023). Briefly,
the 24 pens were randomly assigned to six groups: five treatment groups and a Control (CO),
with four pens per group. The treatment groups consisted of four environmental enrichment
types: Platform (PL), Pecking Block (PB), Straw Bale (SB), and Tunnel (TU). In addition, a fifth
treatment involved using a ground robot (RO; Supplemental Figures S3.1 — S3.5) to induce
physical activity among turkeys. The control group had no added enrichments resembling a
standard commercial production environment. The PL treatment provided a square wooden
platform (42” x 42”) placed at a height of 40” from the floor, accessible via two ramps placed at
a 45° angle. The PB treatment offered access to a suspended pecking-block from (Peck Stone,
York Ag Products Inc., Manheim, PA), while the SB treatment consisted of a single straw bale

(287 x 40” x 12”) placed on litter. The TU treatment featured a tunnel designed to provide shelter
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and protection from aggressive behaviors of conspecifics. The RO treatment consisted of a
manually maneuvered ground robot (GPK-32 Tracked Inspection Robot, SuperDroid Robotics,
IL, USA) for 20 minutes every other day. Access to enrichment began when toms reached 5 woa.
For RO pens, the robot was moved along random paths from 5 to 9 woa and then along a set path
until the end of the study. Additionally, turkeys were individually marked with non-toxic
livestock markers starting at 2 woa for focal behavioral assessments.
Sampling

Two experiments were conducted for this study. Experiment 1 (E1) included two toms
with no apparent gait issues being chosen at 8 (n = 48 birds) and 12 (n = 63 birds) woa from each
pen, followed by all remaining birds being sacrificed and sampled at 18 (n = 155 birds) woa.
Their right femur and tibiotarsus were collected and any major skin and muscle removed and
stored in bags for freezing. For Experiment 2 (E2), at 8 (n = 42 birds) woa, two toms with no
apparent gait issues were selected per pen and at 17 (n = 227 birds) woa all remaining birds were
sacrificed and sampled. The right humerus and right tibiotarsus were sampled from each bird,
with major skin and tissue being removed before storage. E2 included plasma analysis for bone
biomarkers. 387 birds at 8 woa and 178 birds at 17 woa had blood collected from their brachial
veins. The blood collected was spun at 4000 g for five minutes and the plasma extracted into pre-
labeled tubes. The extracted plasma was then stored in -80 °C until further analysis.
Bone Mechanical Properties

All bone samples were stored in freezers at -20 °C until further analysis. Bone samples
were frozen regardless of whether soft tissues were present. If necessary, samples were thawed to
remove surrounding soft tissues, then allowed to dry at room temperature prior to biomechanical

testing. Drying times varied based on the size of the samples and the age of the bird, typically
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ranging from 2 to 4 hours. If the samples were not tested on the same day, bones were wrapped
in a paper towel moistened with phosphate-buffered saline (PBS) and stored in a refrigerator at 4
°C.

Prior to analysis, each bone was weighed and the length, mid-shaft anteroposterior and
mediolateral diameter were recorded using a vernier caliper (INSIZE Co., LTD, China). The
samples were then subjected to a 3-point bend test (TA.HDPlus, Texture Technologies Corp.,
MA, USA). The machine was calibrated to a force of 25 kg with a height of 15 mm. The test was
performed with either a 250 kg (for 8 and 12 woa) or 750 kg (for 17 and 18 woa) load cell,
depending on the age of the bones, and at a test speed of 1 mm/s. The resulting force-distance
curve was used to calculate the peak force and energy to fracture using custom software
(Exponent Connect, Texture Technologies Corp., MA, USA). The standard set-up settings for
testing are found in Supplemental Table S3.1.

Plasma Pyridinoline Concentrations

Blood samples were collected from the toms in E2 only at 8 (n = 387 birds) and 17 (n =
178 birds) woa. The samples were used to measure circulating pyridinoline (PYD)
concentrations as an indicator of bone resorption. PYD is a collagen byproduct which is released
into the bloodstream, and eventually excreted through urine when the skeletal system undergoes
remodeling. Pyridinoline levels were analyzed using PYD Urine ELISA kits (QuidelOrtho, CA,
USA). A trial plate was analyzed using plasma samples from 28-day old turkey poults and a 16-
fold dilution factor was determined to be appropriate for the assay. All plates were processed
according to the manufacturer’s instructions and read at 405 nm, using a 4-PL curve with the
equation: y = (A-D) / (1+(x/CB) + D to quantify PYD concentrations for each sample. This

equation contained the minimal absorbance obtained (A), the maximum absorbance obtained
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(D), the inflection points between A and D (C), and Hill’s slope of the curve relating to the
steepness of the curve (B). The average intra-assay CV% for all plates was 7.2% and the inter-
assay CV% was 14.2%.

Statistical Analysis

For body weight comparisons a mixed model was performed measuring the effects of
age, treatment and the interaction. Tukey HSD was used for mean-wise comparisons. Data from
both E1 and E2 are presented.

Statistical analysis for age and treatment effects on bone traits was completed. A mixed
model was performed with age, treatment and the interaction as main effects. Data from E1 and
E2 were combined and a model for 8-, 12-, 17- and 18-week-old tibias was used. The data from
E2 was used for 8- and 17- weeks of age analysis for the humerus. The analysis performed for
the tibia parameters included experiment as a random effect. Body weight was used as a
covariate for age comparisons, but not treatment comparisons at the different age points.

The correlations between body weight, bone weight, peak force and average diameter
were determined. A multivariate method test was analyzed for each bone type at each age point,
which yielded the Pearson correlation coefficient (r), as well as the corresponding p-values. Data
from E1 and E2 are presented.

Pyridinoline concentration differences between treatments and ages were analyzed. For
treatment effects, a Kruskal-Wallis test with PYD concentration (nmol/L) as the response
variable, and treatment as the factor variable were performed at each age point. For age
comparisons, a Wilcoxon Two-Sample test with PYD concentration as the response variable and

age as the factor variable was performed. Both are non-parametric tests since the assumptions of
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normality and heterogeneity could not be met for a one-way ANOVA test. Data presented is only
from E2.

All analyses were conducted in JMP Pro 18 (JMP Statistical Discovery LLC., NC, USA)
and significant differences were identified at P < (.05 and significant trends were identified at P
<0.1
RESULTS

For the following results an interaction effect was not observed, so the data presented is
from analyses performed at each of the sampled age points.

Body Weight

The average body weights of turkeys from E1 and E2 at different ages are presented in
Figure 3.1 and Table 3.1.

Average body weights of 3.09 = 0.21 kg at 8 weeks, 8.38 +0.35 kg at 12 weeks, 14.15 +
0.32 kg at 17 weeks and 17.28 + 0.32 kg at 18 weeks were recorded (Figure 3.1). This reflects a
174.34% increase between 8 weeks and 12 weeks, a 66.86% increase between 12 and 17 weeks,
and an increase of 22.54% from 17 to 18 weeks. Overall, there was an increase of 461.17%
between 8 and 18 woa, consistent with typical growth observed in male commercial turkeys.

In general, treatments used in this study had minimal impact on body weight. The only
difference was observed at 17 woa between toms from the Platform (PL) group and the Pecking
Block (PB) group (Table 3.1). Birds from PL were 1.3 kg lighter on average compared to the PB
birds (P < 0.05).

Bone Morphological and Biomechanical Properties

Tables 3.2 through 3.7 present the morphological and biomechanical properties of turkey

bones collected from toms in E1 and E2 at various ages during production.
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Femur

At 8 woa, toms from the Tunnel (TU) treatment group had wider antero-posterior (AP)
and medio-lateral (ML) diameters compared to those in the Platform (PL) group (P < 0.05; Table
3.2). A similar trend was observed for average total diameter, with TU toms exhibiting wider
femurs than PL toms (11.38 £ 0.27 mm vs. 10.14 = 0.19 mm; P = 0.002). A trend in femur
weight was also noted between treatments (P = (0.072), with femurs from the TU group weighing
24% more than those from the PL group (Table 3.3). Treatment effects for femur parameters
were not observed at other ages in this study.
Tibia

Several differences in tibia parameters were observed between the treatment groups
across the production period (Table 3.4). At 8 woa, turkeys in the PB group had tibias with ML
diameters 0.88 mm wider than those in the PL group (P = 0.03). Tibias from the PB group also
required higher peak force to fracture (PF) compared to the Control (CO) and Straw Bale (SB)
groups (49.61 + 3.50 kg vs. 38.92 + 3.45 kg and 40.01 + 3.40 kg, respectively; P = 0.02; Table
3.5). At 12 woa, tibiae from the Robot (RO) group were approximately 20 g heavier than those
from the PL group. Tibiae from RO toms also tended to have wider average diameter than PL
toms (P = 0.09). Some differences were observed between treatment for tibia parameters at 18
woa. Tibia was longer in SB compared to RO toms (P = 0.02). A significant difference was also
found in the energy required to fracture the tibia (P < 0.001). Tibiae from SB toms absorbed
more energy before fracture (350.64 £ 19.23 kg) than those from PL and PB toms (261.41 +

14.23 kg and 250.60 + 24.04 kg, respectively).
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Humerus

At 8 woa, a difference in ML diameter was observed, with TU toms having humeri that
were 1 mm wider on average compared to those in the PL group (Table 3.6). A trend in which
the average humerus diameter was 0.85 mm wider in the TU compared to the PL group (P =
0.084). At 17 woa, humeri from toms of the PL, PB, and TU group had wider ML diameters than
those from the SB (P = 0.012). The PB group had greater average humerus diameter (17.08 +
0.09 mm) compared to the SB group (16.55 = 0.09 mm; P = 0.019). Additionally, a treatment
effect was observed for humerus weight (P = 0.03), with birds reared with tunnel enrichment
(TU) having heavier humeri (69.06 + 1.52 g) than those reared with straw bales (61.53 £ 1.40 g;
Table 3.7).

Age Effects Observed on Load-bearing and Non-L.oad-Bearing Bones

Tables 3.8 through 3.10 present the differences in morphological and biomechanical
properties from toms in E1 and E2 at select ages.
Femur

Significant differences were observed across all femur parameters when comparing birds
sampled at 8, 12, and 18 woa (P < 0.001; Table 3.8). Femur length increased by 39.17% from 8
to 12 weeks, followed by a slower growth rate of 7.57% between 12 and 18 weeks. From 8 to 18
weeks, anterior-posterior (AP) diameters, medial-lateral (ML) diameters, and average diameters
nearly doubled, reflecting substantial morphological development over time (P < 0.007). Femur
weight provided a clear indication of bone development, increasing by 229.43% from 8§ to 12

woa. This growth slowed substantially between 12 and 18 weeks, with only a 17.81% increase.
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In terms of peak force to fracture (PF), measurements nearly doubled from 8 to 18 weeks, while
the energy required to fracture (AUC) increased nearly fourfold over the same period.
Tibia

All tibia measurements increased with age in male turkeys (Table 3.9). Tibia length
increased by 39.49% from 8 to 12 weeks but only increased by 7.83% from 12 to 18 weeks.
Similarly, the AP, ML, and average diameters also increased more substantially during the
earlier growth phase. From 8 to 12 weeks, diameters increased by 45-57%, whereas from 12 to
18 woa the increases only ranged from 7-15%. These results highlight the rapid skeletal
development occurring in the first half of the growth period. The findings were further supported
by age differences in bone weight, peak force to fracture and the amount of energy to fracture.
Tibia weight and PF were substantially different in the earlier stages of production with tibia
weight being twice as much at 12 woa compared to 8 woa and nearly 20 kg more of force
required to fracture the bone. As the birds transitioned into 12 to 18 woa, the tibia weight
increased by less than 15 g and the bones only required 13.74% more force to fracture at 18 woa
compared to 12 woa.
Humerus

The humerus was evaluated for morphological traits at both 8 and 17 woa (Table 3.10).
The average length of the humerus increased by 34% from 8 to 17 woa. Alongside this, the AP
diameter, ML diameter and average diameter increased by approximately 2.5 mm during the 9
weeks of growth and development. The average bone weight increased by 18.34 g from 8§ to 17
woa. Aging did not influence the PF or AUC, and the AUC appeared to decrease from 8 to 17

woa. This is likely due to error during the 3-point bend test.
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Correlations Between BW and Bone Parameters

Tables 3.11 through 3.13 present the Pearson’s correlations in body weight (BW), bone
weight (WoB), peak force to fracture (PF) and average diameter for load and non-load-bearing
bones at various ages across the production period.

Femur

Femurs collected at 8 woa were strongly correlated to other phenotypic traits. A 72%
variation in femur weights could be explained by BW (P < 0.01, Table 3.11). The correlations of
BW with PF and average diameter were moderate (r = 0.41 and r = 0.63, respectively). However,
the highest correlation observed at 8 woa was an 83% correlation between WoB and average
diameter. As the birds aged, the correlations decreased. At 12 woa, the most variation explained
by the BW was in the diameter (r = 0.33). The effects of BW on PF and WoB had lessened
greatly (r=0.03 and r = 0.21, respectively). Some moderate interactions were observed from the
WoB influencing PF and average diameter (r= 0.60 and r = 0.81, respectively). By 18 woa, most
correlation observed between BW and other parameters was low. BW could only explain 10% of
WoB, 29% of PF and 5% of the average diameter. The correlation between WoB and PF
remained lowly moderate (r = 0.22).

Tibia

At 8 woa, BW had moderate influences on WoB, PF and average diameter (r = 0.59, r =
0.48 and r = 0.56, respectively; Table 3.12). Similarly to BW, 48% of the PF could be explained
by the WoB. A higher correlation was determined between the WoB and the average diameter
measured (r = 0.66). The effects observed decreased as the birds aged, similarly to the femurs,

with BW only explaining 22 to 36% variation in the parameters measured. A similar trend to 8

59



woa was identified in which the average diameter and WoB explained 86% of one another. This
is likely because wider diameters are acquired through more appositional growth in the bone,
which can directly contribute to the overall weight. Once the birds reached 18 woa, low
correlation was observed when considering BW. BW explained 5% of the WoB and the average
diameter. Interestingly, negative correlation between BW and PF was observed (r = -0.02). WoB
and average diameter were 63% related, but PF and average diameter had a correlation of -19%.
These values at the latter end of the rearing period give insight into that lack of effect BW has on
skeletal development.
Humerus

Pearson’s correlation coefficient was determined for the same traits in the humerus
collected at 8 and 17 woa in E2. At 8 woa, BW had moderate correlations with WoB, PF and
average diameter (r = 0.43, r = 0.47, r = 0.51, respectively). Higher correlations were observed
between the WoB and PF, with a 67% correlation, and the average diameter and PF with a 65%
correlation. Most correlations decreased slightly at 17 woa but remained positive and lowly
moderate. The largest decrease in correlation was observed between the PF and average
diameter, which were only 17% correlated at the older age.

Treatment Effects at Various Ages on Pyridinoline Concentrations

Pyridinoline (PYD) was measured as an indicator of bone resorption at 8 and 17 woa in
commercial turkey toms. Figures 3.8 through 3.10 present circulating PYD concentrations of
toms at 8 and 17 woa. At 8 woa, there was no difference in PYD between the experimental
groups (x~ = 5.74; P = 0.33). The mean rank scores for PYD concentration ranged from 182.69
nmol/L in PL toms to 218.75 nmol/L in SB toms but lacked statistical significance. At 17 woa,

difference was observed between the PL toms and the CO toms (3> = 17.19; P = 0.0041). The PL

60



toms had a mean rank score of 115.80 nmol/L whereas the CO toms had a mean rank score of
69.12 nmol/L.

The PYD concentrations declined drastically between 8 and 17 woa (Z = -10.85;
Wilcoxon Two-Sample test; P < 0.0001) suggesting a lower overall bone remodeling among
older toms.

DISCUSSION

This study examined the effects of environmental enrichment, age and body weight on
load-bearing and non-load-bearing bones in commercial turkey toms. Overall, environmental
enrichments had limited impact on body weight and bone parameters. However, specific
enrichments influenced certain bone traits, particularly cross-sectional diameters. These effects
were primarily observed in the femur, tibia, and humerus at 8 weeks. Enrichment treatments such
as provision of tunnels and pecking blocks contributed to increased cross-sectional geometry and
biomechanical traits. Enrichment effects on bone properties further diminished with age. At 12
weeks, differences were mainly observed in tibia diameter and weight. By market age, humerus
traits varied by treatment, favoring the inclusion of tunnel and pecking block in rearing
environment whereas minor differences in tibia length and fracture energy remained. Further,
age-related changes revealed that majority of the bone growth occurred in the earlier weeks of the
toms’ development, and the rate of skeletal growth decreased substantially as they got older. A
similar trend was observed in the correlations between body weight and other key bone
parameters. Body weight had little influence on the bone weight, peak force to fracture and
diameter, particularly as the birds grew to market age.

Bone remodeling is a continuous physiological process crucial to maintaining and

improving bone health within the skeletal system (Rowe et al., 2025). This process can be
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stimulated by increased physical activity. For example, a study conducted in post-menopausal
women demonstrated forms of exercise significantly improved bone mineral density (Kemmler et
al., 2020). These findings support the hypothesis that increased locomotor activities may enhance
the quality of load-bearing bones in fast growing poultry, prompting further investigation into the
use of environmental enrichments during rearing to promote skeletal development.

The birds provided the platform enrichment had femur diameters measuring less than
those provided a tunnel. The platform enrichment involved ascending or descending a ramp,
which may have instilled less strain on the femur than the repeated flexing required for the
tunnel. The tunnel enrichment, often used as a space of safety or for birds to hide away, resulted
in antero-posterior, medio-lateral and average diameters that were wider in femurs as well as
increased femur weight at 8 woa. Use of the tunnel may have generated sufficient mechanical
tension on the bone to induce microfractures, thereby stimulating bone deposition and resulting in
morphometric changes (Nazareno et al., 2024). A direct cause-and-effect relationship between
specific locomotor actions and bone properties could have been clarified through behavioral
analysis of individual birds exposed to each enrichment treatment. At 8 woa, the provision of a
pecking block resulted in wider tibia medio-lateral diameters compared to the platform
enrichment group. The pecking block also resulted in a higher peak force to fracture compared to
the birds in the control group and those provided a straw bale. Increased tibia fracture force in
turkeys supplemented with higher levels of non-phytate phosphorus have been reported
(Roberson et al., 2009). Therefore, additional levels of phosphorus provided by the pecking block
may have contributed to improved bone strength in this group. By 12 woa, trends in tibia weight
and average diameter emerged, with birds exposed to the robot enrichment exhibiting heavier and

wider tibias than those in the platform group. The robot, classified as a form of dynamic
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enrichment, forced movement by prompting birds to stand and walk when activated. Previous
research supports this through the recording of increased mechanical loading, such as walking
while supporting large breast muscles, which enhances bone deposition. Additionally, at 18 woa,
birds provided straw bales had longer tibias that required more energy to fracture compared to
those given pecking blocks or platforms. Straw bales often encourage pecking and perching
behavior, which may increase jumping activity. A study conducted in adolescent human males
found that jumping can improve bone mass and stiffness (Vlachopoulos et al., 2018), suggesting
that similar activity in poultry may have contributed to the development of longer, stiffer tibiae in
the straw bale group.

The potential effects of environmental enrichments on non-load-bearing bones were also
explored in this study. In younger birds, the humerus diameter was impacted by the tunnel
enrichment. By 17 woa, the tunnel, pecking block and platform enrichments promoted increased
medial-lateral diameter as compared to the straw bale enrichment. It has been reported that
humerus development in geese accelerated between 3 and 6 woa, coinciding with increased
mobility and wing use (Osiak-Wicha et al., 2023). Enrichments such as tunnels and platforms
may require balance, prompting birds to engage their wings for stability. This wing activity,
combined with the structural role of the humerus in supporting relatively large breast muscles,
may stimulate bone remodeling and, as a result, improve bone quality. At 17 weeks, birds
provided with tunnel enrichment also exhibited a slightly heavier humerus. Research has
demonstrated that increased mechanical loading on bone can stimulate bone mass development,
contributing to greater overall bone weight (Gusmao and Belangero, 2009). Like other bones

examined in this study, morphological parameters of the humerus increased substantially with
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age. However, since only two sample points were explored, it remains unclear during which
period the most rapid growth occurred.

Significant age-related differences were found across all parameters of the bones
measured at the different age points. The average body weight of commercial turkey toms has
been recorded to increase by approximately 150% from 8 to 12 woa, and approximately 60%
from 12 to 18 woa (Lilburn, 1994). These growth patterns align with the findings of this study,
reinforcing the concept that the most rapid growth occurs during the earlier stages of
development. Consistent with these results, significant increases in femur length and body weight
have been observed as toms age (Van Wyhe et al., 2014). Although fewer studies have been
conducted on commercial turkey toms, a majority of leg bone growth occurs in the first 10 weeks
of life, with bone length and width only increasing 20 to 30% from 14 to 22 woa (Lilburn et al.,
2006). Notably, the percentage of growth observed in bone parameters decreased drastically from
12 to 18 weeks compared to 8 to 12 woa. While the birds from E2 that were sampled at 17 woa
were analyzed and considered, the data differs from those analyzed at 18 woa in E1. At the
beginning of E2, cases of E. coli, Salmonella and Coccidiosis were diagnosed throughout the
flock, which impaired the birds’ growth, resulting in them being lighter than those sacrificed at
18 woa in El. Even considering this, we can still conclude that the earlier weeks of life are
critical developmental stages for skeletal growth in commercial turkeys.

Correlations among body weight, bone weight, peak force, and average diameter were
evaluated in femurs, tibias and the humerus at each age point. The highest correlation observed
was between the body weight and femur weight at 8 weeks of age. Other studies have discussed
body weight influencing the size and remodeling of femurs (Zhong et al., 2012b), however our

results indicate that this influence lessens drastically as the birds age. This pattern continues to
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suggest that bone development is more responsive to mechanical loading during earlier growth
phases, when birds are concurrently more active and experiencing rapid weight gain. This study
resulted in the bone weight having a consistent moderate to high correlation with the bone
diameter, as found in previous studies (Gonz alez-Cer on et al., 2015). Additionally, our findings
support the idea that bone width contributes significantly to overall bone weight. This correlation
ranged from 36% to 86% between the femur and tibias measured, with the samples analyzed at
17 and 18 woa having lower correlations. Some studies have explored the use of morphological
traits, such as diameter, as predictors of biomechanical properties like peak force (Soboyejo and
Nestor, 2000). Our study demonstrated that bone weight and average diameter can be used to
explain the peak force to fracture in the tibia and femur, but only at 8 and 12 woa. The
correlations decrease as the birds approach 17 and 18 woa, expressed through negative
correlations that were present. The humerus was examined to gather information regarding body
weight effects on non-load-bearing bones, as well. While a similar trend was found with low-to-
moderate correlations that decreased as the birds aged from 8 to 17 woa, the decline was not
nearly as intense as the analyzed load-bearing bones. Body weight continued to somewhat
explain the bone weight, peak force to fracture and the average diameter of the humerus at both
age points. While this topic has not been widely researched, the lack of changing correlation is
likely because, unlike the leg bones, the increased body mass does not induce bone remodeling as
heavily in the wing bones. When considering all the found correlations, the low influences
observed suggest that body weight does not account for many of the morphological and
biomechanical traits as the birds grow through a production period. This highlights the potential
for genetic selection as a strategy to improve skeletal health in commercial poultry without

sacrificing fast growth and heavier body weights.
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Plasma samples from E2 were analyzed to assess pyridinoline (PYD) concentrations
across treatment and control groups at 8 and 17 woa. No treatment effects were observed in 8-
week-old birds. However, in 17 weeks, a significant difference in PYD concentration was found
between the control group and birds provided the platform enrichment. Mouse models have
displayed that exercise activates the PYD pathway, increasing concentrations of PYD and other
mature collagen cross-links (McNerny et al., 2015). In this study, platform enrichment required
birds to climb a ramp, encouraging additional movement compared to the control group. These
extra steps, particularly in heavier 17-week-old birds with substantial breast muscle mass, likely
contributed to increased mechanical loading and subsequent bone remodeling. A significant age-
related difference in PYD concentration was also observed, with 8-week-old birds exhibiting
nearly twice the levels found in 17-week-olds. This differs from Roberson et al. (2005), who
reported PYD concentrations increasing from 7 to 17 woa. It is important to note that each of
these analyses were conducted two decades apart. During this time, genetic selection has greatly
altered body weight and skeletal systems in poultry. Our morphological and biomechanical
findings suggest most bone development occurs early in life, supporting the notion that bone
remodeling, and thus bone resorption, is more active at 8 woa.

The findings from this study explain that environmental enrichments can minimally
influence skeletal development in commercial turkey toms, especially in the earlier weeks of life
when bone remodeling is most active. Enrichments such as pecking blocks, straw bales,
platforms, tunnels and dynamic enrichments can affect bone morphology and strength in load
bearing bones. These results align with previous research indicating that mechanical loading
during peak growth promotes bone deposition and improved bone quality. While enrichment

effects on non-load-bearing bones, such as the humerus, were more discreet, increased diameters
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and bone weights in older birds suggest that even moderate activity can induce remodeling in
these structures. Correlation analyses revealed that bone weight and diameter were more closely
related to each other than body weight, emphasizing the importance of localized mechanical
stimuli over general mass gain. This analysis determined more correlation occurred at younger
ages, such as 8, 12 and even 17 woa compared to the analysis performed on birds at 18 woa.
Additionally, age-related declines in PYD concentrations and bone growth rates reinforce the
critical window for skeletal development early in life. Although enrichment alone may not fully
alleviate skeletal issues in fast growing poultry, these results highlight its potential as a
management tool and underscore the need for additional strategies, such as genetic selection, to

improve bone quality and welfare in commercial production systems.

67



Figure 3.1. Average body weight of turkey toms based on age in E1 and E2.
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Table 3.1. Average body weight (Mean = SEM) of commercial male turkeys at 8, 12, 17 and 18 woa

in E1 and E2.
Treatment Age (weeks)
8 12 17 18
BW (kg)
CcO 3.00+ 0.22¢ 8.30+0.37¢ 14.24 4 0.25> 17.14+ 0.552
PL 2.98 £0.22¢ 7.81+0.37¢ 13.49 £ 0.23% 17.58 £0.532
PB 3.39+0.22¢ 7.85 £0.34¢ 14.79 £ 0.23% 17.70 £ 0.60°
RO 3.02+£0.22¢ 9.03 +0.34¢ 14.47 £ 0.24> 17.33£0.57*
SB 2.94+£0.224 8.21 £0.35¢ 13.87 +0.24> 16.39+£0.57*
TU 3.23+0.22¢ 9.06 +0.35¢ 14.59 +0.28™ 17.47£0.58*

Groups: CO (Control), PL (Platform), PB (Pecking Block), RO (Robot), SB (Straw Bale) and TU (Tunnel)
abc Means within the same row lacking a common superscript differ significantly (P < 0.05)

xyz Means within the same column lacking a common superscript differ significantly (P < 0.05)
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Table 3.2. Average diameter and lengths (Mean = SEM) of commercial male turkey femurs at 8, 12
and 18 woa in E1.

70

Parameter Treatment Age (weeks)
8 12 18
Length (mm)
CO 106.63 £ 1.51°¢ 146.28 + 1.60° 159.29+ 0.942
PL 103.00 £+ 0.80°¢ 145.67 + 2.89° 158.50+0.91°
PB 107.81 + 1.19¢ 147.00 + 2.88° 158.85+1.67°
RO 104.49 + 1.82° 151.17+ 6.56° 158.54+ 1.11°7
SB 104.75 + 1.77° 145.27 £ 2.90° 157.44 +1.35°
TU 108.00 + 1.34° 147.18+ 1.20° 157.13+1.13%
Anterior-posterior (mm)
CO 10.13 £ 0.36% 15.70 £ 0.48° 18.30 £ 0.23%
PL 9.97 £0.77¢ 1527 +0.37° 1833 +£0.17°
PB 1095+ 0.11°% 16.23 +0.47° 18.15+0.21°
RO 10.44 £ 0.23%%7 16.50 + 0.36° 18.16 £ 0.20°
SB 10.32 £ 0.40%~ 16.02 +£0.57° 18.13 £ 0.20°
TU 11.43 £ 0.26% 16.30 + 0.53" 18.42 £ 0.22°
Medial-lateral (mm)
CO 10.49 £+ 0.45° 16.56 + 0.39" 19.20 £ 0.19?
PL 10.31 £ 0.27% 16.27 £ 0.38" 19.53 £ 0.90?



PB 11.09 £ 0.13= 17.06 £ 0.51° 19.16 £0.242
RO 10.65+£0.15% 18.04 + 0.44° 19.02 £0.212
SB 10.70 £ 0.39Y 16.54 +0.77° 19.26 £0.182
TU 11.33 £0.32% 17.22 + 0.46° 19.34£0.182
Avg. Diameter (mm)
CO 10.31 £0.40 16.13 +0.39° 18.75 £ 0.20°
PL 10.14 £ 0.26% 15.87 £ 0.36° 18.93 £0.15°
PB 11.02+0.10* 16.65 + 0.46° 18.65+0.21%
RO 10.55+£0.17< 17.27 +0.38° 18.59+0.19%
SB 10.51 £0.39 % 16.28 + 0.66° 18.69+0.17°
TU 11.38 £0.27 16.76 + 0.49° 18.88 £0.17°

Groups: CO (Control), PL (Platform), PB (Pecking Block), RO (Robot), SB (Straw Bale) and TU (Tunnel)

ab¢ Means within the same row lacking a common superscript differ significantly (P < 0.05)

Xyz

Means within the same column lacking a common superscript differ significantly (P < 0.05)
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Table 3.3. Average bone weight and biomechanical properties (Mean + SEM) of commercial male

turkey femurs at 8, 12 and 18 woa in E2.

Parameter Treatment Age (weeks)
8 12 18
Bone Wt. (g)
CO 19.94+1.13¢ 66.38+ 1.55° 81.34+1.43°
PL 18.18 £0.93¢ 62.92 +3.14° 81.08 + 1.46°
PB 21.59 + 0.86° 68.45 +4.12° 79.97 + 1.80?
RO 1991 £0.91¢ 74.47 £ 3.36° 78.88 +1.34°
SB 20.60 £+ 1.49¢ 64.40 + 4.69° 77.11 £1.03®
TU 23.14+0.89¢ 67.80 £2.19° 80.04 + 1.40?
Peak force (kg)
CO 45.87+5.88¢ 70.89 + 4.87° 107.98 + 3.62°
PL 47.79+3.05¢ 54.36 = 15.56° 104.77 + 4.45°
PB 57.62 £2.74°¢ 72.17 £29.51° 97.31 £3.76
RO 47.96 + 5.02¢ 70.11 £ 5.88° 99.66 + 3.55?
SB 49.63 + 6.50¢ 73.01 +£10.28° 101.07 + 3.05°
TU 55.55+4.89¢ 65.50 + 6.48° 102.55 + 3.80°
*Energy (kgxcm)
CO 73.99 £ 13.27¢ 165.22 +20.62° 271.11 £30.48°
PL 76.77 +£ 8.15¢ 203.04 £29.18° 255.05 + 28.09*
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PB 120.10 £ 26.64° 207.16 £ 25.26° 243.69 + 38.34*

RO 83.08 + 12.65° 251.23 £39.70° 220.23 +24.63*
SB 80.29 £ 12.11¢ 180.63 +31.06° 25425+ 25.78*
TU 97.27 + 14.98° 182.30 +25.83° 262.51 + 30.86*

Groups: CO (Control), PL (Platform), PB (Pecking Block), RO (Robot), SB (Straw Bale) and TU (Tunnel)
ab¢ Means within the same row lacking a common superscript differ significantly (P < 0.05)

*¥% Means within the same column lacking a common superscript differ significantly (P < 0.05)

*Energy determined by AUC, or area under the curve
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Table 3.4. Average bone diameters and lengths (Mean = SEM) of commercial male turkey tibias at 8§,
12,17 and 18 woa in E1 and E2.

74

Parameter Treatment Age (weeks)
8 12 17 18
Length (mm)
CO 152.13+ 1.48¢ 212.11+3.24° 235.42+0.92° 243.66+ 1.16%*
PL 151.00+ 1.60¢ 212.11 +£5.09° 234.01 £ 0.87* 24537 £ 1.15%
PB 156.50+ 2.18°¢ 215.45+6.47° 236.69 + 0.91° 245.55 + 1.60™Y
RO 151.44+ 2.60° 221.89+ 3.60° 236.67+0.91° 243.58+1.21*
SB 153.63+£2.91°  219.64+5.79° 236.28 + 0.94° 24580+ 1.41*
TU 159.88 £2.20°  217.00+3.51° 238.26 +1.03? 244.65 + 1.58*
Anterior-posterior (mm)
CO 8.30+0.30° 12.10 £ 0.47° 1433 +£0.19° 15.60+0.172
PL 8.58 +0.27¢ 12.25+£0.56° 14.36 £ 0.18° 15.68+0.19%
PB 8.93+0.19¢ 13.08 £ 0.47° 14.53 £0.18° 15.72+£0.232
RO 8.80+0.31° 13.45 £ 0.49° 14.39+£0.18° 15.71 £0.20°
SB 8.49 + (0.24¢ 12.85 +0.69° 14.28 £0.19° 15.75+0.18°
TU 8.69+0.17° 12.92 +£0.27° 14.44 £ 0.20° 15.66 £0.212
Medial-lateral (mm)
CcO 10.17 £ 0.38% 16.13 +£0.40° 18.21+£0.17° 19.58£0.18*
PL 10.01 £0.32% 15.34+£0.93° 17.89 +£0.16° 19.56£0.18*



PB 10.81 £0.20% 16.73 £0.57° 18.31+£0.17° 19.66 £ 0.242
RO 10.44 £ 0.20 17.73 £0.51° 18.13+£0.17° 19.39 £0.222
SB 10.50 &£ 0.33xY 16.76 + 0.84° 17.92+£0.17° 19.58 £0.192
TU 10.80 £ 0.23%xY 17.03 £ 0.45° 18.43 +£0.18° 19.40 £0.192
Avg. Diameter (mm)
CcO 9.24 +£0.33¢ 14.11 £ 0.39° 1627 £0.16° 17.52+0.18°
PL 9.29+0.15¢ 13.79 £2.03° 16.13+£0.16° 17.62+0.17°
PB 9.87 £0.19° 1491 +£0.51° 16.41 £0.16° 17.69 +0.22°
RO 9.62 +0.24° 15.59 + 0.49° 16.26 £ 0.16° 17.55+0.19?
SB 9.49 +0.29° 14.80 £ 0.75° 16.10£0.17° 17.67+£0.17°
TU 9.75 £ 0.20° 14.97 £ 0.36° 16.43 £ 0.43° 17.53 £0.18°

Groups: CO (Control), PL (Platform), PB (Pecking Block), RO (Robot), SB (Straw Bale) and TU (Tunnel)
ab¢ Means within the same row lacking a common superscript differ significantly (P < 0.05)
Means within the same column lacking a common superscript differ significantly (P < 0.05)

Xyz
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Table 3.5. Average bone weight and biomechanical properties (Mean + SEM) of commercial male
turkey tibias at 8, 12, 17 and 18 woa in E1 and E2.

Parameter Treatment Age (weeks)
8 12 17 18
Bone Wt. (g)
CO 31.00+ 1.55¢ 78.74+ 4.70° 103.78+ 1.58° 111.41+1.53°
PL 30.90 £ 1.17¢ 78.46 £ 5.90° 104.13 £ 1.522 111.88 +1.59°
PB 33.66 £ 1.21° 84.62 £ 6.56° 106.41 +1.53° 112.58 £ 1.68*
RO 32.66 £ 1.82¢ 96.05 + 6.07° 103.78 + 1.54° 111.29 £1.52°
SB 32.86 £ 1.77° 89.23 £ 6.61° 101.28 £ 1.59? 111.72 £1.55°
TU 35.74 £ 1.87° 84.62 £5.26° 107.18 £ 1.672 110.61 £1.872
Peak force (kg)

CO 35.98 £3.27% 67.73 £7.64° 84.62 +2.89° 97.26 +£1.84%
PL 35.45+2.81% 58.78 £ 4.81° 80.24 +2.74° 94.19 £3.74*
PB 48.53 £3.38% 66.78 £ 8.41° 85.60 +2.78° 93.68 £3.29%
RO 37.98 +1.99% 72.34 £5.95¢ 86.68 +2.81° 93.41£2.16*
SB 39.40 +4.92% 56.30 £ 6.07¢ 83.01 £2.91° 96.11 £2.742
TU 43.47 £2.31% 75.63 £5.80° 87.96 + 3.05° 93.94 £3.16*

*Energy

(kgxcm)
CO 186.07 £24.09°  283.36 4 42.45% 283.73 +£31.28* 323.24 +£28.78°
PL 180.43 £20.54°  274.17 +£23.07® 258.20 +£29.942 257.61 +£23.58*
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PB 21431 +19.14°  276.17 +28.06™ 306.08 + 30.40° 256.71 +24.85*

RO 176.32 £21.22°  265.82 +39.38% 318.12 £30.79* 272.77 £ 23.19*
SB 195.53 £19.21°  206.40 +32.30® 259.85 + 32.26° 351.05+£38.95*
TU 208.34 +£25.80°  302.43 +34.76® 310.87 £33.512 297.25 +20.32*

Groups: CO (Control), PL (Platform), PB (Pecking Block), RO (Robot), SB (Straw Bale) and TU (Tunnel)
ab¢ Means within the same row lacking a common superscript differ significantly (P < 0.05)
*¥% Means within the same column lacking a common superscript differ significantly (P < 0.05)

*Energy determined by AUC, or area under the curve
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Table 3.6. Average bone diameters and lengths (Mean + SEM) of commercial male
turkey humerus at 8 and 17 woa in E2.
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Parameter Treatment Age (weeks)
8 17
Length (mm)
CcoO 121.5+£2.93° 171.32+ 0.63°
PL 120.63 + 2.54° 171.59+0.61°
PB 126.38 + 2.64° 172.00+ 0.62°
RO 125.41 +2.64° 170.81+ 0.63*
SB 122.80 + 2.59° 170.66 + 0.65°
TU 122.63 +2.54° 172.08+ 0.73*
Anterior-posterior (mm)
CcO 10.02 +0.25° 14.84 £0.122
PL 9.67 +0.21° 14.64 £0.12°
PB 10.32 +£0.23° 15.02+£0.122
RO 10.35+0.23° 14.74 £0.122
SB 10.19 +£0.22° 14.52£0.122
TU 10.41+£0.21° 14.77£0.132
Medial-lateral (mm)
CO 12.94 + 0.24> 18.97 £ 0.07*
PL 12.71 £0.21% 19.01 £0.07*



PB 13.39 £ 0.22% 19.15£0.07*
RO 13.39 £ 0.22% 18.91 £0.08*Y
SB 12.89 £ 0.21% 18.60 £ 0.07%
TU 13.71 £0.21% 19.08 £ 0.09*
Avg. Diameter (mm)
CO 11.48 +0.23° 16.90 = 0.09%Y
PL 11.21 +£0.20° 16.86 = 0.09%Y
PB 11.86+ 0.22° 17.08 + 0.09*
RO 11.87+0.22° 16.82 £ 0.09%Y
SB 11.53+0.21° 16.55 + 0.09%
TU 12.06 £+ 0.20° 16.91 £0.10™

Groups: CO (Control), PL (Platform), PB (Pecking Block), RO (Robot), SB (Straw Bale) and TU (Tunnel)
% Means within the same row lacking a common superscript differ significantly (P < 0.05)
*Means within the same column lacking a common superscript differ significantly (P < 0.05)
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Table 3.7. Average bone weight and biomechanical properties (Mean £ SEM) of
commercial male turkey humerus at 8 and 17 woa in E2.

Parameter Treatment Age (weeks)
8 17
Bone Wt. (g)

CO 26.78 £2.12° 62.71 £ 1.37>
PL 2523 £1.83° 64.79+ 1.33%
PB 28.49 £ 1.90° 66.32+ 1.35™
RO 28.00 £ 1.90° 65.02£ 1.36™
SB 2621 +1.87° 61.53 £ 1.40%
TU 27.63 £1.83° 69.06+ 1.52*

Peak Force (kg)
CO 49.25+£5.37° 105.51 £5.15°
PL 47.86 + 4.65° 112.10+5.012
PB 52.72 +4.83° 110.98 £5.07*
RO 57.07 +4.83° 108.81 = 5.06*
SB 51.27 +4.75° 106.72 £ 5.25°
TU 59.97 + 4.65° 115.05+£5.512

*Energy (kg-cm)
CO 149.64 + 20.55° 489.98 + 72.77*
PL 122.75+17.80° 553.59 + 70.86°
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PB 155.64 + 18.94° 585.76 £71.39*

RO 158.15 + 18.94° 586.92 £ 71.47*
SB 136.13 + 18.29° 560.47 £75.74*
TU 174.52 + 17.80° 621.48 £77.13*

Groups: CO (Control), PL (Platform), PB (Pecking Block), RO (Robot), SB (Straw Bale) and TU (Tunnel)
ab¢ Means within the same row lacking a common superscript differ significantly (P < 0.05)
*Energy determined by AUC, or area under the curve
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Table 3.8. Femur length, diameters, weight, peak force to fracture and energy to

fracture (Mean + SEM) at 8, 12 and 18 weeks of age.

Parameter Age (weeks)
8 12 18
Length (mm) 105.36 + 2.59° 147.05+1.32° 158.54+1.3*
Anterior-posterior (mm) b
11.04+ 0.49¢ 16.25+0.25 18.03 £0.25%
Medial-lateral (mm) 11.84+0.50° 17.50 £ 0.25° 18.73 £ 0.25°
Avg. Diameter (mm) 11.45+0.47° 16.88+ 0.24° 18.38+0.23?
Weight (g) 26.51 +3.39¢ 70.26 + 1.72° 76.92 +1.70°
Peak force (kg) 71.84 +£8.01 77.39+4.01 91.65+3.96

*Energy (kg-cm)

127.68 + 51.84°

119.83 £26.04*

225.80 £ 25.24%

ab¢ Means within the same row lacking a common superscript differ significantly (P < 0.05)

*Energy determined by AUC, or area under the curve
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Table 3.9. Tibia length, diameters, weight, peak force to fracture and energy to

fracture (Mean +£ SEM) at 8, 12, 17 and 18 weeks of age.

Parameter Age (weeks)
8 12 17 18
Length (mm) 167.95+4.43¢  224.83+4.09° 231.03+3.92° 243.16+ 4.09°
Anterlor-posterion (M) g 75, 55e 13544049 1385047 1579+ 049
Medial-lateral (mm) 12.50+0.51¢ 17.77 + 0.45° 17.49 + 0.42° 19.08 + 0.45%
Avg. Diameter (mm) 11.12+ 0.52°¢ 15.66+ 0.47° 15.67+ 0.44° 17.44+0.47*
Weight (g) 46.88 + 3.00¢ 91.89 +2.49b 101.55 +2.06% 105.66+ 2.57*
Peak force (kg) 60.64 + 4.69° 75.99 + 3.79* 80.47 £3.14* 87.20 + 3.86%
*Energy (kg-cm) 2259"2391? 277.47+46.59°  279.71+9.67°  280.72 + 36.18°

ab¢ Means within the same row lacking a common superscript differ significantly (P < 0.05)
*Energy determined by AUC, or area under the curve
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Table 3.10. Humerus length, diameters, weight, peak force to fracture and energy to
fracture (Mean + SEM) at 8 and 17 weeks of age.

Parameter Age
8 17
Length (mm) 126.07+2.01° 170.74+ 0.50?
Anterior-posterior (mm) 12.22 4 0.29b 1433 + 0.71°
Medial-lateral (mm) 15.38+0.31° 18.48 + 0.08*
Avg. Diameter (mm) 13.82+0.28° 16.41+ 0.06*
Weight (g) 43.45 £ 3.48° 61.79 +£0.98*
Peak force (kg) 95.76 + 1.65 101.78 £2.98
*Energy (kg-cm) 545.18 £ 141.96 491.08 + 38.53

% Means within the same row lacking a common superscript differ significantly (P < 0.05)
*Energy determined by AUC, or area under the curve
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Table 3.11. Pearson’s correlation coefficient among body weight, bone weight, peak force and
average diameter in commercial turkey femurs at 8, 12 and 18 woa in E1.

8 weeks

BW Bone Wt. Peak Force Avg. Diameter
BW 0.72%* 0.41%* 0.63**
Bone Wt. 0.72%%* 0.43%* 0.83**
Peak Force 0.41%** 0.43%* 0.45%*
Avg. Diameter 0.63** 0.83** 0.45%*
12 weeks

BW Bone Wt. Peak Force Avg. Diameter
BW 0.21 0.03 0.33%*
Bone Wt. 0.21 0.60%* 0.81%*
Peak Force 0.03 0.60%* 0.53**
Avg. Diameter 0.33%* 0.81%* 0.53%*
18 weeks

BW Bone Wt. Peak Force Avg. Diameter
BW 0.10 0.29%* 0.05
Bone Wt. 0.10 0.22%%* 0.36%*
Peak Force 0.29%* 0.22%* -0.04
Avg. Diameter 0.05 0.36%* -0.04

*Represents P < 0.05
** Represents P < 0.01
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Table 3.12. Pearson’s correlation coefficient among body weight, bone weight, peak force and

average diameter in commercial turkey tibias at 8, 12, 17 and 18 woa in E1 and E2.

8 weeks

BW Bone Wt. Peak Force Avg. Diameter
BW 0.59%** 0.48%* 0.56**
Bone Wt. 0.59** 0.48%* 0.66**
Peak Force 0.48%* 0.48** 0.62**
Avg. Diameter 0.56** 0.66** 0.62%*
12 weeks

BW Bone Wt. Peak Force Avg. Diameter
BW 0.27* 0.30%* 0.22
Bone Wt. 0.27* 0.36%* 0.86%*
Peak Force 0.30%* 0.36** 0.36**
Avg. Diameter 0.22 0.86** 0.36**
17 weeks

BW Bone Wt. Peak Force Avg. Diameter
BW 0.39%* 0.36%* 0.31%*
Bone Wt. 0.39%* 0.23%* 0.57*%*
Peak Force 0.36%* 0.23%* 0.08
Avg. Diameter 0.31%* 0.57%* 0.08

18 weeks
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BW

Bone Wt.

Peak Force

Avg. Diameter

BW

0.05

-0.02

0.05

Bone Wt.

0.05

0.11

0.63**

Peak Force

-0.02

0.11

-0.19*

Avg. Diameter

0.04

0.63**

-0.19*

*Represents P < (.05
** Represents P < 0.01
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Table 3.13. Pearson’s correlation coefficient among body weight, bone weight, peak force and
average diameter in commercial turkey humerus at 8 and 17 woa in E2.

8 weeks

BW Bone Wt. Peak Force Avg. Diameter
BW 0.43%* 0.47** 0.51%*
Bone Wt. 0.43%%* 0.67** 0.41%*
Peak Force 0.47%* 0.67%* 0.65**
Avg. Diameter 0.51%** 0.41%* 0.65%*
17 weeks

BW Bone Wt. Peak Force Avg. Diameter
BW 0.32%* 0.24** 0.47%*
Bone Wt. 0.32%%* 0.49%* 0.25%*
Peak Force 0.24%* 0.49%** 0.17%*
Avg. Diameter 0.47%* 0.25%* 0.17%*

*Represents P < 0.05
** Represents P < 0.01
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Figure 3.8. PYD concentrations compared between environmental enrichment treatments at 8
woa (n = 387).
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Figure 3.9. PYD concentrations compared between environmental enrichment treatments at 17
woa (n=178).
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Figure 3.10. Wilcoxon Two-Sample test results for PYD concentrations measured in male
turkey toms at 8 and 17 woa in E2.
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SUPPLEMENTAL FIGURES AND TABLES

Supplemental Figure S3.1: Photo of the platform (PL) enrichment, placed at 5 woa.
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Supplemental Figure S3.3: Photo of the straw bale enrichment (SB), placed at 5 woa.

Min

Supplemental Figure S3.4: Photo of the pecking block enrichment (PB), placed at 5 woa.
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Supplemental Table S3.1. Testing speeds, trigger force, load cell size and support beam placements
for femur and tibia (8,12 and 18 woa) and humerus and tibia (8 and 17 woa) for 3-point bend test.

Distance from

Age and Bone type Load Cell Test Speed Inigger Force Sl.,lppOI't Beam Midpoint on Each
(ke) (mm/sec) (2) Distance (mm) Side (mm)

8-week-old Femurs 250 1 100 40 20
8-week-old Tibias 250 1 100 70 35
12-week-old Femurs 250 1 300 60 30
12-week-old Tibias 250 1 300 100 50
18-week-old Femurs 750 1 400 60 30
18-week-old Tibias 750 1 400 120 60
8-week-old Humerus 250 1 200 50 25
17-week-old Humerus 750 1 400 70 35
8-week-old Tibias 250 1 200 70 35
17-week-old Tibias 750 1 400 120 60
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CHAPTER 4
BONE AND QUANTITATIVE GAIT PROPERTIES ASSOCIATED WITH SUBJECTIVE
GAIT SCORES IN MALE TURKEYS REARED WITH ACCESS TO ENVIRONMENTAL

ENRICHMENT

Kulbacki, Stephanie. To be submitted to Poultry Science
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ABSTRACT

Heavier body weight of commercial turkey toms is associated with a higher prevalence of
mobility issues. While economically beneficial, weight gain that outpaces skeletal development
can lead to abnormalities such as valgus or varus deformities, crooked toes, shaky legs, and
ultimately, lameness. Reliable and simple gait assessment tools are crucial for testing the
effectiveness of intervention strategies to reduce lameness. In this study, we compared objective
gait parameters in toms with normal or mildly impaired gait scores (GS) generated from a
subjective assessment technique. At the day of hatch, 400 male Nicholas Select turkeys were
randomly distributed among 24 pens (n=16 birds/pen). Each pen was assigned one of five EE
treatments or a control (CO) group without enrichment, resulting in 4 pens/treatment. The EE
groups included the Platform (PL), Pecking Block (PB), Straw Bale (SB), Tunnel (TU) and a
ground-robot (RO) for induced locomotion. At 16 weeks of age, gait scoring was conducted on
toms and 2 birds from each pen, one with a score of ‘0’ (no gait issues) and one with a score of
‘1’ (mild gait impairment), were selected for objective gait assessment using a pressure sensing
walkway (Strideway, Tekscan™). After habituation, gait parameters were recorded and analyzed
using custom software. Gait parameters, including cadence (steps/min), gait time (s), gait
distance (cm), gait velocity (cm/s), step length (cm), peak pressure (kPa), and maximum force
(g) were calculated for each bird. A One-Way ANOVA (JMP 18) was performed to analyze the
data, with GS and EE as the main effects, and pen as a random effect. A p-value of P < 0.05 was
considered statistically significant, while a p-value of P < 0.10 was considered a trend. The
average body weight (15.10 = 0.64 kg) was not different between EE or GS groups.
Environmental enrichments did not influence any of the gait parameters observed. Cadence, gait

time, and gait velocity were affected by gait scores. Toms with a GS of ‘1’ had a longer gait time
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(P = 0.05) than those with a GS of ‘0’. Opposite of this, toms with a GS of ‘0’ had greater
cadence (P = 0.06) and gait velocity (P = 0.09) than those with a GS of ‘1°. Certain parameters
were measured across both limbs, as well. Parameters such as maximum force and peak pressure
were higher in the left limb of birds with impaired gait (P = 0.10 and P = (.09, respectively).
Differences within the limbs were measured, resulting in the right — left limb of the birds with
impaired gait having a longer single support time compared to the unimpaired birds (P = 0.10).
These results demonstrated that birds with mild gait impairment walked slower and took fewer
steps than birds without impairment. Overall, these results indicate that enrichments had minimal
impact on gait and confirm that some gait parameters can be distinguished clearly using

subjective scoring.

101



INTRODUCTION

Lameness in poultry encompasses birds’ having mobility issues, or gait impairment. The
prevalence of lameness among fast-growing birds such as broilers or turkeys has been a concern
in the poultry industry. Developmental abnormalities, such as valgus and varus, or pathogenic
issues like osteomyelitis can contribute to cases of lameness (Van Wettere, 2020), but a host of
other risk factors can induce gait problems as well. The secondary consequences to lameness
includes compromised ability to access feed and water, skeletal deformations, and experiencing
aggression from other birds (Corr et al., 1998; Weeks et al., 2000). Overall, lameness is a
prominent concern that can compromise the welfare of meat birds. Currently, research efforts are
geared towards finding genetic and management solutions to lameness.

Lameness in turkeys has been associated with genetic selection for improved
performance traits. Selection for increased breast muscle mass and higher body weight gain leads
to birds having a disproportionate growth between the muscular and the skeletal system, which
often predisposes them to lameness. To identify and categorize lameness, primary turkey
breeders examine pure and hybrid lines using subjective gait assessment protocols. Gait scoring
is a process in which a set, descriptive scale is used to categorize individuals based on their
walking ability; this allows for further selection of birds with inherently better phenotypic leg
bone characteristics (Swalander et al., 2020). Gait is generally characterized on a 3-point or a 6-
point scale, with each category having a description regarding what walking pattern or ability is
being observed. Kestin et al. (1992) developed the ordinal 6-point scale, with a score of 0
indicating birds have no gait issues, whereas a score of 5 indicates the bird under observation is
unable to take a full step. The scale also provides specific gait characteristics associated with

each score. For example, a bird with a score of 2 would have a consistently flat foot and
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shortened stride. Since this scale requires greater attention to detail, particularly during on-farm
gait assessment in commercial settings, a 3-point scale has also been used. The 3-point scale
ranges from 0-2 with increasing severity of lameness or gait abnormalities and has broad
definitions for each category. A score of 0 implies no impairments are present, a score of 1
presents with signs of mild struggles but the bird is still able to effectively move, and a score of 2
signifies that the bird has great difficulty in taking steps (Webster et al., 2008). Regardless of the
scale used, accuracy and inter-observer reliability of the subjective gait scoring protocols depend
on appropriate training and experience.

Despite being effective, especially in large commercial settings, subjective gait scoring
methods are qualitative in nature and have greater probability of human error. As a result,
various objective methods have been investigated primarily in research settings. Video
recordings have been used to identify individual birds within large groups, not only in terms of
gait scoring, but also identification of other behaviors. For example, Weeks et al. (2000) reported
that 39 to 49-day old broilers spent 76-86% of their time lying down, which can serve as a proxy
indicator of mobility issues within a flock. Similarly, automated computer-assisted technologies
that can read gait score have begun to emerge within the industry (Dong et al., 2023; Van
Hertem et al., 2018). Examples of these systems are ones that focus on combining the “activity
index” collected by camera systems, paired with body weights collected by an automatic
weighing system to assess gait score in a production setting (Dong et al., 2023; Van Hertem et
al., 2018). Additionally, these systems can account for factors like age and stocking density.
Objective and automated methods can help reduce the labor required for in-person gait
assessments, as well as minimize human errors involved with assessing large number of birds in

commercial settings.
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Accelerometry is another objective method that can be used to help assess gait
impairment in poultry. Accelerometers can measure vertical and horizontal accelerations exerted
during walking, which, alongside body weight measurements, can help predict gait issues
(Kavanagh and Menz, 2008; Pearce et al.,, 2023). However, accelerometers suffer from
limitations such as short battery life, high cost, and acclimation of birds to the sensors which
make them a less desirable technique for long-term monitoring systems (Wurtz and Riber, 2024).
The gold standard gait analysis tool is the use of pressure sensitive walkways (PSW) which have
been used to detect lameness in poultry research. Pressure sensitive walkways often collect
quantifiable parameters like vertical impulse, peak force, kinetic data, step time, step length etc.
from both limbs (Kremer et al., 2018). Néads et al. (2009) created a chamber with a pressure plate
to measure forces exerted by broilers at different ages when the plate was stepped on. This also
allowed for the measurement of the drug (metamizole) in terms of efficacy for reducing pain
from lameness in broilers.

Since gait issues in meat birds are related to issues in the skeletal system, measuring
biomechanical properties of bones can give insight to different gaits. Research has revealed
positive associations between tibia breaking force and gait score in broiler chickens (Kittelsen et
al., 2017). These results warrant the investigation of biomarkers of bone formation and
resorption as another potential tool to longitudinally track skeletal dynamics. Pyridinoline, or
PYD, is a collagen turnover marker that can be measured in plasma and can be used as an
indicator of bone resorption since it is released into the blood stream during collagen degradation
(Kline et al., 2017). Studies in human subjects have found positive correlations between PYD

and bone resorption area (r = 0.77) as well as PYD and osteoclast surfaces (r = 0.59) (Nemoto et
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al., 1997; Urena et al., 1995). However, analysis of bone markers in poultry species with
different severity of lameness has not been explored previously.

This study aimed to quantify the use of a qualitative six-point gait scoring system (Dong,
et al.,, 2023) with quantitative gait parameters collected by a pressure sensitive walkway
(Strideway, Tekscan, Inc., MA, USA). Alongside this, humerus and tibia were analyzed for
biomechanical and morphological traits based on gait score of toms at an individual level.
Finally, plasma PYD levels were compared between toms differing in gait scores.

MATERIALS AND METHODS
Animals and Housing

The experimental procedures used in this study were approved by the Institutional

Animal Care and Use Committee at Purdue University (PACUC: 2111002216).

The housing and other husbandry practices used in this study were described previously
described by Griffith (2025). Briefly, 400 one-day-old Nicholas Select (Aviagen Turkeys Inc.
Lewisburg, WV, USA) male turkey poults were procured from a commercial hatchery and
placed in a turkey facility at the Purdue University’s Animal Science Research and Education
Center (West Lafayette, IN, USA). Poults were reared in four pens (10 feet by 8 feet) within the
same room. Cardboard brood rings were provided that allowed access to heat lamps until
approximately 2.5 weeks of age (woa), whereas wood shavings were provided as the litter
substrate. At 3 woa, poults were weighed and assigned to 24 littered pens (12 pens/room; 16
turkeys/pen) to ensure each pen had similar average pen weights at the beginning of the study.
Each pen held two bell drinkers and one feeder, providing ad libitum access to water and feed.
Diets were determined based on Aviagen’s recommendations and the NRC nutrition guidelines.

Twenty-four hours of continuous photoperiod was provided for the first day of placement. After
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that, a schedule of 22 hours of light and 2 hours of dark was implemented until the poults were 9
woa. The lighting schedule then changed to 20 hours of light and 4 hours of dark until the end of
the study. The lighting schedule was determined per Aviagen’s recommendations for the
Nicholas Select performance line. Housing temperatures were set based on Aviagen’s
recommendations, with the brooding phase being controlled to 40 °C.
Experimental Design

The following environmental enrichments were described by Dong et al (2023). Briefly,
the experiment included 5 treatment groups, each with 4 replicate pens. The assigned treatments
provided access to various environmental enrichments: a platform, tunnel shelter, straw bale, and
pecking block. One group was exposed to a motorized robot to induce locomotor activity among
the turkeys. All enrichments were introduced at 5 woa. A control group, which did not receive
any additional enrichment, was also included in the study.
Measurement of Gait Parameters

At 16 woa, toms from each pen were visually assessed by trained individuals, and their
gait scores were recorded using a six-point gait scale adapted by Dong et al. (2023), which was a
modification of the original scale reported by Kestin et al. (1992) (Table 4.1). For quantitative
gait assessment using a pressure-sensing gait analysis system (Strideway, Tekscan, Inc., MA,
USA), two toms were selected from each pen: one with a score of ‘0’ and another with a score of
‘1’. There were very few toms that presented gait issues greater than a score of ‘1°, hence only
score ‘0’ and ‘1’ were used. Prior to testing, focal toms were habituated to walking across the
walkway for five consecutive days. The birds being evaluated were habituated and tested with

gentle coaxing and guidance along the pressure pad (Supplemental Figure S4.1).
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Table 4.1. Description of subjective gait scoring system utilized (from (Dong et al., 2023; Kestin
et al., 1992). Description includes numerical score, a summary of the degree of impairment for
each score, as well as what specific gait qualities observers should identify for each score.

Gait Score

Degree of Impairment

Description

“None”

“Straight legs, smooth fluid movement. The foot is
furled while raised.”

“Detectable, unidentifiable
abnormality”

“The bird is unsteady or wobbles when it walks.
However, the problem leg is unclear or cannot be
identified in the first 20 seconds of observation. The
bird readily runs from the observer in the pen. The
foot may remain flat when raised, but the rest of the
stride is fluid and unimpaired. Gait appears unstable
(shaky or stomping).”

“Identifiable abnormality
that has little impact on
overall function”

“The leg producing the gait defect can be identified
within 20 seconds of observation. If a problem leg is
determined after 20 seconds of observed locomotor
behavior, the bird is classed as having a gait score of
1. However, the defect seems to have only a minor
impact on biological function. Thus, the bird will
run from the observer spontancously or if touched or
nudged with the padded stick. If the bird does not
run at full speed, it runs, walks, or remains standing
for at least 15 seconds after the observer in the pen
has ceased to move towards or nudge it. Birds in
this and previous, scores are often observed to
scratch their face with their feet, again indicating
little impact on function. (The most common
abnormality in this score is for the bird to make
short, quick, unsteady steps with one leg, where the
foot remains flat during the step)”

“Identifiable abnormality
impairs function”

“Although the bird will move away from the
observer when approached, touched, or nudged, it
will not run and squat within 15 seconds or less of
the observer in pen ceasing to approach or nudge it.
If the bird squats after 15 s have elapsed, it is
classified as a gait score of 2.”

“Severe impairment of
function but still capable of
walking”

“The bird remains squatting when approached or
nudged. This criterion is assessed by approaching
the bird, and if it remains squatting, gently nudging
or touching the animal for 5 s. Animals may appear
to rise but still rest upon their hocks. Only rising to
stand on both feet within 5 seconds of handling is
counted. A bird that takes longer than 5 s to rise, or
that does not rise at all, is scored as 4, while a bird
that rises in 5 s or less is counted as a 3 (or lower if
its gait is good). Nevertheless, the bird can walk
when picked up by the observer and placed in a
standing position. Still, squats immediately
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following one or 2 steps (Squatting often involves a
characteristic ungainly backward fall). Bird requires
wings for balance.”

“The bird cannot walk and instead may shuffle
along on its hocks. It may attempt to stand when

5 “Complete lameness” approached but cannot do so, and when placed on its
feet, it is unable to complete a step with one or both
legs.”

As the birds walked across the pressure-sensing walkway (PSW), footprint images were
generated in real time, with color variations indicating different amounts of pressure, e.g. red
pixels represented high amounts of pressure detected (Supplemental Figures S4.2a and S4.2b).
Images were collected for each bird during four passes on the PSW. Following collection, image
samples were individually reviewed and classified as either “readable” or “unreadable.” To be
classified as “readable,” at least two continuous footprints had to be detected with at least one
from each limb being recorded (Supplemental Figure S4.2a). “Unreadable” images were those in
which footprints overlapped, there were not enough consecutive strikes detected or there were
only strikes from a single limb (Supplemental Figure S4.2b). The average number of strikes
detected across the files was four, and each strike was manually labeled as being the left or right
limb and provided the appropriate strike box for data collection. To ensure the accuracy of the
images used for quantifying gait parameters, video recordings of the birds walking were
reviewed and cross-referenced with the corresponding image data. Footprint images were
analyzed using the PSW’s custom software to generate various gait parameters (Table 4.3).
Different gait parameters (Table 4.2) were collected using custom software provided by the PSW
manufacturer. Gait cycle time (GCT), maximum force (MF), maximum peak pressure (PP),
single support time (SST), stance time (SAT), swing time (SWT), step length (SL), step time
(ST), step velocity (SV), and stride length (SRL) were measured for each limb, and the

differences between the left and right limbs were also recorded. For other gait traits including
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cadence (CA), gait time (GT), gait distance (GD), and gait velocity (GV), the average of the right

and left limbs were recorded for analysis.

Table 4.2. Select parameters and their descriptions analyzed based on data exported from PSW
custom program (Tekscan, 2024).

Strikes/Steps Total number of steps taken by the patient
Cadence (steps/min) Number of steps taken per minute
Gait Time (s) Time of first contact of first step to the time of first contact of last step
registered on sensor
Gait Distance (cm) Measured along the line of progression, from posterior heel of the first

stance to the posterior heel of the last stance

Gait Velocity (cm/s) Gait distance divided by gait time

Gait Cycle Time (s) Average time from first contact of the foot to subsequent first contact of
same foot
Maximum Force (g) Maximum force value reported in common standard unit
Maximum Peak Pressure | Maximum pressure value reported in common standard unit
(kPa)
Single Support Time (s) Time the foot is in contact with the sensor, measured from the last

contact of the opposing foot’s preceding stance to the first contact of the
opposing foot’s next stance

Stance Time (s) Average time from first contact of the foot to last contact of the same
foot
Swing Time (s) Average time that the foot is not in contact with the ground

Gait cycle time — the stance time

Length measure parallel to line of progression of the body, from the
most posterior contact (heel) of previous footfall to most posterior

Step Length (cm) contact (heel) of opposing footfall

If there is no previous contra lateral footfall, length cannot be calculated
If next contra lateral footfall is “partial” but the posterior heel strike is
registered, length can be calculated

Elapsed time from first contact of the foot to the first contact of the
opposing foot

The heel may or may not contact first. Be careful of random sensel

Step Time (s) (single sensor) flicker

When contact begins, it must be immediately followed by a larger region
of contact for several frames

The first contact sensel must continue to be loaded for at least 15

milliseconds

If there are no sufficient footfalls detected, N/A will be displayed
Step Velocity (cm/s) Step length of the foot divided by step time of the same foot
Stride Length (cm) Distance measured parallel to the line of progression, between the

posterior heel points of two consecutive footprints of the foot in question
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Bone Mechanical Properties

After testing on the PSW, toms were euthanized and the right humerus and tibiotarsus
were excised from surrounding soft tissues and stored at -20 °C until further analysis. Two days
prior to the biomechanical testing, bones were placed in the refrigerator at 4 °C for 12 to 24
hours for thawing. The bones were removed from the refrigerator and any remaining soft tissues,
and the periosteum were removed. After ensuring the bones were completely clean, paper towels
were lightly sprayed with phosphate-buffered saline (PBS) and wrapped around the bones before
they were placed back into the 4 °C refrigerator. Between 12 to 24 hours later, the bones were
removed from the refrigerator and were allowed to dry for 2 to 4 hours at room temperature
before the biomechanical test was performed.

Bones were weighed and their length and mid-shaft anteroposterior and mediolateral
diameter were recorded using a vernier caliper (INSIZE Co., LTD, China). Bones were then
subjected to a 3-point bend test (TA.HDPlus, Texture Technologies Corp., MA, USA). The
equipment was calibrated to a force of 25 kg and a height of 15 mm based on user settings and a
load cell of 750 kg was used, with the test speed set at 1 mm/s. The resulting force-distance
curve was used to calculate peak force and energy required to fracture using custom software
(Exponent Connect, Texture Technologies, MA, USA). The standard set-up settings for testing
are found in Supplemental Table S4.1.

Plasma Pyridinoline Concentrations

Blood samples were collected from the toms selected for gait analysis at 8 (n = 387 birds)
and 16 (n = 180 birds) woa to measure circulating pyridinoline (PYD) concentrations as an
indicator of bone resorption. The birds were gait scored prior to blood sampling at each time

point. The birds that underwent gait analysis using the PSW did not have plasma drawn at 16
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woa when testing was conducted, but their 8 woa samples were included in the overall analysis.
Pyridinoline levels were analyzed using PYD Urine ELISA kits (QuidelOrtho,CA, USA). A trial
plate was analyzed using plasma samples from 28-day old turkey poults to determine the
appropriate dilution factor for subsequent analyses; plasma samples were diluted by 16-folds for
the assay. All plates were processed according to the manufacturer’s instructions and read at 405
nm, using a 4-PL curve with the equation: y = (A-D) / (1+(x/CB) + D to quantify PYD
concentrations for each sample. This equation contained the minimal absorbance obtained (A),
the maximum absorbance obtained (D), the inflection points between A and D (C), and Hill’s
slope of the curve relating to the steepness of the curve (B). The average intra-assay CV% for all
plates was 7.2% and the inter-assay CV% was 14.2%.
Statistical Analyses

A One-Way ANOVA was performed using JMP Pro 18 (JMP Statistical Discovery LLC.,
NC, USA) to compare quantitative gait traits between toms with gait scores of 0 and 1. The
statistical model included gait score as the main effect, while environmental enrichment
treatments and pen ID were included as random effects.

Y=p+at+ f+y+ e

Where Y is the response variable, p is the mean, o is the main effect of gait score, 3 is the
random effect of treatment, y is the random effect of pen and ¢ as the residual errors. All analyses
were performed with statistical significance being observed at P < 0.05 and statistical trends
being observed at 0.05 < P < 0.1. Tukey’s HSD was used for multiple comparison when
significance was observed.

The pyridinoline concentrations measured were quantified through a Wilcoxon Two-

Sample test, a nonparametric test due to the inability to assume normality and heterogeneity
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conditions were met for a one-way ANOVA. PYD concentration (nmol/L) was used as the
response variable and gait score was used as the factor variable. Significant differences were
identified at P < 0.05 and statistical trends were identified at P < 0.1

RESULTS

Quantitative Gait and Body Weight Measurements

The average body weight and quantitative gait parameters collected from focal toms with
gait scores of 0 and 1 are presented in Tables 4.3 and 4.4.

Body weight was not different between toms with gait scores of 0 and 1 (Table 4.3). A
statistical trend was observed when average cadence (CA) was compared between toms with gait
scores 0 and 1 (P = 0.06). Toms with normal gait (gait score 0) had higher cadence than those
with mild gait impairment (gait score 1), taking 26% more steps per minute. Like cadence, toms
with mild gait impairment exhibited longer gait times (3.314 0.45 s vs. 2.33 £ 033 s; P = 0.05).
This result is further supported by the faster GV recorded in toms with normal gait than those
with mild gait impairment (19.30 + 2.73 cm/s vs. 13.66 £ 1.95 cm/s; P = 0.09). However, gait
distance (GD) did not differ between the groups.

Single support time (SST), stance time (SAT), swing time (SWT) and gait cycle time
(GCT) were measured at different phases of the gait cycle and are indicators of gait stability
(Table 4.4). Single support time (SST) and SAT are measured during the stance phase of the gait
cycle. Turkey toms with a gait score of 0 tended to have a lower right-left (R-L) support time
(0.033 £ 0.06 s) compared to those with gait scores of 1 (0.067 + 0.05 s), indicating a more
asymmetrical gait in birds with mild gait impairment (P = 0./0). The SAT, however, was not
different between the groups with gait scores of 0 and 1. Similarly, the SWT and the overall

GCT were not different between the toms with gait scores of 0 and 1.
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Stride length (SRL) provides insight into how far birds can effectively walk. A statistical
trend was observed between the groups, with birds having a gait score of 0 exhibiting longer
SRL in the right limb compared to those with gait scores of 1 (P = 0.10; Table 4.4). A similar
trend was observed in the step length (SL) of the left limb, where toms with gait scores of 1 took
approximately 3 cm longer steps than those with gait scores of 0 (P = 0.08). Furthermore, toms
with gait scores of 1 took more time for each step with the left limb (1.08 + 0.12 s) than toms
with gait scores of 0 (0.95 £ 0.09 s; P = 0.003). Step velocity did not differ between the groups.

The maximum force (MF) exerted by the left limb also tended to be greater in toms with
gait scores of 1 compared to those that had gait scores of 0 (P = 0.1; Table 4.4). A similar result
was observed for the peak pressure (PP) exerted by the left limb, with PP in toms with gait
scores of 1 being higher than those with gait scores of 0 (P = 0.09).

Bone Morphological and Biomechanical Properties

Tibia and humerus properties from toms with gait scores of 0 and 1 are presented in
Table 4.5 and Table 4.6.

Humerus samples of toms with gait scores of 0 and 1 were not different in morphological
and biomechanical traits examined in this study (Table 4.5). Unlike humerus, tibiae from toms
with gait scores of 0 tended to be heavier (105.23 = 1.74 g vs. 109.47 £ 1.67 g; P = 0.09) and
shorter (P = 0.1; Table 4.6) compared to toms with gait scores of 1. Average diameter and peak
force to fracture of tibia, however, were not different between the two groups of toms.

Gait Score and Age Dependent Pyridinoline Concentrations

Pyridinoline (PYD), a collagen cross-link that is often used as a bone resorption
biomarker was measured. At 8 woa, there was no significant difference in plasma PYD

concentration between toms with gait scores of 0 and 1 (Z = -0.79; P = 0.43). Similar results
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were observed when toms were 16 woa (Z = 0.94; P = 0.34). Although not statistically
significant, PYD concentrations were numerically higher in toms with gait scores of 0 than in
those with gait scores of 1 at both ages.
DISCUSSION

In this study, we aimed to determine if quantitative gait parameters differed
among birds with subjective gait scores. The results indicate that birds with mild gait
impairments exhibited differences in parameters such as cadence, gait time, and velocity,
supporting the validity of the subjective scoring system. These measurable parameters could
enhance the objectivity of current gait assessments. Additionally, impaired birds consistently
relied more on their left limb for propulsion unlike birds with normal gait. Overall, the study
confirms measurable differences in gait characteristics between toms with and without
impairment.

Cadence generally increases with walking speed in birds (Corr et al., 1998); that trend
was confirmed in this study where birds with gait impairment took fewer steps per minute at
lower speeds. These findings confirm the positive relationship between gait velocity and
cadence, as both were lower in impaired birds. Gait time, the duration of time it takes to
maneuver a set distance, was significantly longer in birds with gait impairments, possibly due to
slower movement or pauses for stability (Bazzi and Cacace, 2023). The change in cadence and
gait time align with the observed change in gait velocity, or the speed at which the birds were
walking. Gait velocity has been known to influence a wide range of gait parameters (Ziegler et
al., 2024). However, gait distance, or how long the subjects walk for, remained consistent
regardless of the gait scores in this study. However, locomotive behavior tracking in birds of

various gait scores was reported to determine differences in gait distance based on the subjective
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gait scores (Li et al., 2023). The lack of change in this study is likely due to the birds being
guided to walk a set path through multiple passes, rather than being able to walk freely.
However, the difference observed in cadence, gait time, and velocity lay the foundation for the
effectiveness of the used subjective gait scoring system. Previous studies have concluded that
cadence in toms measured with a pressure sensitive walkway lowered when the birds reached 16
weeks of age, potentially due to either their heavy body weights making it more difficult to take
steps, or due to impending leg impairments (Stevenson et al., 2019).

The gait cycle consists of two phases: stance phase (when the limb is in contact with the
ground) and swing phase (when the limb is lifted off of the ground) (Winter, 1987). Across all
analyzed birds, stance time exceeded swing time, mimicking human gait patterns where reduced
stability leads to longer stance phases and shorter swing phases (Corr et al., 2003); this is likely
to maintain balance throughout their steps. Birds with normal gait were found to have a higher
stance time in the right limb, opposite that of the impaired birds. Single support time, a key
component in the stance phase, can indicate how much weight a bird bears on a certain lone
limb, displaying the highest point of stress and instability for the birds (Caplen et al., 2012;
Tekscan, 2024). In this study, birds with impaired gaits had a higher single support time in their
right limb compared to the birds with normal gaits. Contrastingly, both groups swung their left
limb for longer compared to the right limb. Birds with gait impairments required more time to
complete a full gait cycle, consistent with reports of broilers with leg disorders taking 2 s per
cycle compared to 1.2 s in birds with normal gait (Reiter and Bessei, 1997).

Stride length is calculated using steps from both limbs, whereas step length, time, and
velocity are calculated using only the motion from the specific limb in observation

(Frothingham, 2018; Winter, 1987). This study observed birds with normal gait exhibiting longer
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right-limb stride lengths compared to birds with impaired gait, but both groups generally tend to
have longer strides on their right side. When the birds have a longer stride length, they are
generally covering more distance with each step and showing to have an efficient gait (Oviedo-
Rondon et al., 2017). Step velocity, comprised of the step length and step time, had no apparent
differences between the two groups. Birds with normal gait had slightly higher right-limb
velocity, while impaired birds moved more quickly with the left limb. Step time was statistically
longer in the left limb of impaired birds compared to the unimpaired birds, though both groups
had longer step times on the right compared to the left. The left limb of unimpaired birds had a
shorter step length than the left limb of the impaired birds. The stride length was longer in the
right limb for unimpaired birds, but the step length and step time being higher in the left limb of
impaired birds. This could indicate the impaired birds compensating for stiffness and discomfort
by being more cautious with their steps. Additionally, within each group, the overall longer step
occurred in the right limb for unimpaired birds and the left limb for impaired birds. This
difference in step length may be linked to limb length. The right tibia of birds with mild gait
impairment were longer than those with normal gait, and longer limbs have been associated with
longer steps in some species, including turkeys (Reiter, 2002; Stevenson et al., 2019). Although
left tibiae were not measured, assuming bilateral symmetry suggests the left limbs may also have
been longer.

Maximum force reflects the total load applied to the foot during each step, while peak
pressure indicates how that load is distributed; both occur during the stance phase (Kim et al.,
2020; Pirani and Azizi, 2020). In this study, impaired birds exerted a higher peak pressure and
maximum force on their left limb compared to unimpaired birds, suggesting a reliance on the left

foot during locomotion. A limb preference was consistent across both parameters with impaired
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birds favoring the left limb, while unimpaired birds favored the right. Paxton et al. (2013) found
that commercial broilers exerted more force on their right limb compared to the left, indicating a
preference for balance and support. Although these birds were not gait scored, the findings
support the idea that birds prone to potential gait abnormalities may compensate by favoring one
limb over the other. In terms of force and pressure in general, both were higher in the impaired
birds compared to the unimpaired birds. This is similar to Oviedo-Rondon et al., 2018, who
reported turkeys with shaky legs and crooked toes having higher peak vertical forces than normal
turkeys throughout the latter part of a production period. These findings could be due to the birds
making contact with the ground more quickly and forcibly, but typically a decrease in forces is
observed in subjects with lameness (Oviedo-Rondon et al., 2017; Corr et al., 2007).

Comparisons within each gait score group resulted in unimpaired birds utilizing their
right limb, whereas the left limb is utilized more by birds with mild gait issues. This aligns with
previous research in which pure line birds with gait issues tended to laterally displace one limb
and use the opposite more as the swing leg (Paxton et al., 2013). Concurrently, dominant limbs
have exerted more vertical forces (Polk et al., 2016). In this study, the left limb of impaired birds
had longer swing times, greater step lengths, and generated more pressure and force with each
step.

Some parameters that seemingly contradicted this conclusion were the apparent higher
single support and step times, as well as longer stride lengths observed in the right limb.
However, longer strides can indicate a more energy-efficient gait (Oviedo-Rondon et al., 2017),
a pattern that may be present due to compensation for issues in the right limb. The preferred limb
is one that typically bears more load, leaving the non-preferred limb to be the supporting and

stabilizing limb (Sadeghi et al., 2000). Since the analysis was performed on a flat surface, the
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preferred limb was not influenced by uneven surfaces or steps, reinforcing that birds with
impaired gait relied more on their left limb. The increased step time and single support time in
the right limb can be a continued indication of its role as the stabilizing limb.

Minimal differences were observed in the right tibia and humerus across gait score
groups. As mentioned, the trends in tibia weight and length only indirectly correspond with the
differences observed in gait parameters such as maximum force, peak pressure, and step length;
this suggests birds with gait impairment relied more on the left leg. This is supported by Resch-
Magras et al. (1993), cited by Oviedo-Rondon (2007), in which different leg conditions in
turkeys potentially lead to uneven walking forces and potential lameness. However, without data
from the left limbs of the sampled birds, we cannot confidently refute bone characteristics
contributing to gait asymmetry between limbs. The lack of bilateral bone analysis limits our
ability to draw comprehensive conclusions about the relationship between bone morphology and
functional gait differences.

Although this study did not find significant differences in pyridinoline (PYD)
concentrations based on walking ability, PYD is vastly recognized as a biomarker of bone
resorption, particularly in human studies involving osteoarthritis. Elevated PYD levels in
symptomatic osteoarthritis patients have been reported (Ok et al., 2017), indicating more bone
resorption occurs when the subject is experiencing issues within the bone. This current study
lacked samples from birds with severe gait impairments, as these birds are typically euthanized
for welfare purposes. This limitation may have reduced the ability to detect PYD changes in
birds with more progressive or severe gait abnormalities. In the future, it will be helpful to
measure additional biomarkers, such as osteocalcin, to better assess the ratio of bone formation

to bone resorption across different gait scores at various ages.
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In conclusion, the subjective gait scoring system used in this study was supported by
multiple quantitative parameters, establishing its effectiveness in assessing walking ability in
commercial turkey toms. Parameters like cadence and gait time can be measured through
cameras and visual tracking, and aligned with subjective scores from this study, suggesting
potential cost-effective options to be used in a farm setting. Birds with apparent gait impairments
tended to utilize the left limb for propulsion, as indicated by parameters like maximum force or
peak pressure. Additionally, body weight appeared to have minimal effect on gait score and the
objective parameters measured. Both morphological and biomechanical traits in load-bearing
(e.g. tibia) and non-load-bearing (e.g. humerus) bones were not affected by gait score, nor were
pyridinoloine concentrations. Overall, these findings give insight into biological and kinetic
changes associated with age and gait score in turkey toms during a typical commercial growth

period.
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Table 4.3. Body weight and quantitative gait parameters (Mean = SEM) collected from 16-
week-old male turkeys gait scored either 0 = no impairment (n = 23) or 1 = mild impairment (n =

24) using a pressure sensitive walkway.

Parameter Gait Score 0 Gait Score 1 P-value
Body weight (kg) 14.39+0.29 14.89 +0.28 0.23
Cadence (CA; steps/min) 73.85+6.33 58.57+4.78 0.06
Gait time (GT; s) 2.33+0.33 3.31+0.45 0.05
Gait velocity (GV; cm/s) 19.30+2.73 13.66 + 1.95 0.09
Gait distance (GD; cm) 32.90 +£3.04 33.52+3.1 0.80

Statistical differences observed at P <0.05
Statistical trends observed at P < 0.1
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Table 4.4. Quantitative gait parameters (Mean + SEM) collected from 16-week-old male turkeys
gait scored either 0 = no impairment (n = 23) or 1 = mild impairment (n = 24) using a pressure
sensitive walkway.

Parameter Gait Score 0 Gait Score 1 P-value
Single support time right (SST;s)  0.31 +0.02 0.31+0.02 0.98
Single support time left (SST; s) 0.33+0.03 0.28 £0.03 0.58
Single support time right — left 0.03 £0.06 0.07 £ 0.05 0.10
(SST; s)

Stance time right (SAT; s) 1.84 £0.23 1.89 £0.18 0.99
Stance time left (SAT; s) 1.66 +0.15 1.98 +0.20 0.23
Stance time right - left (SAT; s) 0.18+0.19 -0.08 £ 0.08 0.58
Swing time right (SWT; s) 0.33+0.14 0.24+0.19 0.21
Swing time left (SWT; s) 0.68 0.2 0.64+0.2 0.82
Swing time right - left (SWT; s) -0.35+0.27 -0.40+0.4 0.19
Gait cycle time right (GCT; s) 2.30+0.29 2.67+0.38 0.47
Gait cycle time left (GCT; s) 2.40+0.32 2.51+0.29 0.74
Gait cycle time right - left (GCT;s) 0.17 +0.56 042+04 0.77
Stride length right (SRL; cm) 3545+3.3 27.64 +3.67 0.10
Stride length left (SRL; cm) 27.50+3.97 25.77+3.35 0.62
Stride length right - left (SRL; cm) 7.05 + 8.46 1.97+£39 0.31
Step length right (SL; cm) 15.13 £5.68 15.76 £1.32 0.66
Step length left (SL; cm) 14+4.71 16.67 +1.01 0.08
Step length right - left (SL; cm) 0.94 +1.57 -0.49+1.78 0.50
Step time right (ST; s) 1.11£0.13 1.45+0.2 0.15
Step time left (ST; s) 0.95 +0.09 1.08 £0.12 0.0026
Step time right — left (ST; s) 0.16 £0.11 0.36 £0.21 0.47
Step velocity right (SV; cm/s) 19.14 £ 2.53 1596 £2.53 0.46
Step velocity left (SV; cm/s) 18.06 £2.16 19.23 £2.04 0.24
Step velocity right — left (SV; cm/s) 0.10 +2.18 237+2.72 0.58
Max force right (MF; kg) 2890+ 1.1 30.17 £ 0.86 0.41
Max force left (MF; kg) 28.03+1.15 31.02+0.99 0.10
Max force right - left (MF; kg) 0.59 £0.68 -0.85+0.78 0.14
Peak pressure right (PP; pKa) 680.58 +23.13 717.27 £26.13 0.31
Peak pressure left (PP; pKa) 666.69 £ 28.44 738.23 £20.21 0.09
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Peak pressure right — left (PP; 14.04 +31.02 -20.88 + 25.67 0.40
pKa)

Statistical differences observed at P <0.05
Statistical trends observed at P < 0.1
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Table 4.5. Morphological and biomechanical properties (Mean £ SEM) measured in the humerus
of 16-week-old male turkeys gait scored either 0 = no impairment (n = 23) or 1 = mild
impairment (n = 24).

Parameter Gait Score 0 Gait Score 1 P-value
Weight (g) 69.92 +1.93 74.03 +1.88 0.13
Length (mm) 171.71 £0.82 171.48 £0.81 0.83
Average Diameter (mm) 17.03 +0.13 16.95+0.13 0.69
Peak Force (kg) 128.08 £ 5.46 119.66 + 5.30 0.27

Statistical differences observed at P < 0.05
Statistical trends observed at P < 0.1

Table 4.6. Morphological and biomechanical properties (Mean £ SEM) measured in the tibia of
16-week-old male turkeys gait scored either 0 = no impairment (n = 23) or 1 = mild impairment

(n=24).

Parameter Gait Score 0 Gait Score 1 P-value
Weight (g) 10523 +1.74 109.27 £ 1.67 0.09
Length (mm) 234.08 £1.47 237.38 £ 1.43 0.10
Average Diameter (mm) 16.48 +£0.19 16.53 £0.19 0.86
Peak Force (kg) 86.99 £ 3.16 90.89 +3.11 0.35

Statistical differences observed at P <0.05
Statistical trends observed at P < 0.1
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Figure 4.1. PYD concentrations compared between gait scores 0 (n = 334) and 1
(n=153) at 8 woa.
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Figure 4.2. PYD concentrations compared between gait scores 0 (n = 59) and 1
(n=121) at 16 woa.
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SUPPLEMENTAL FIGURES AND TABLES

Supplemental Figure S4.1. A sample photo of a 16-week-old turkey tom
being gently coaxed to cross the PSW to collect quantitative gait
parameters following a subjective gait scoring.
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Supplemental Figure S4.2b. An imaged deemed “unreadable” due to the
inability to provide strike box and differentiate footprints from one

another.
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Age and Bone Load Cell Weight Test Speed Trigger Force (g) | Support Beam Distance from
type (kg) (mm/sec) Distance (mm) | Midpoint on Each
Side (mm)
16-week-old 750 1 400 70 35
Humerus
16-week-old 750 1 400 120 60
Tibias

Supplemental Table S4.1. Each of the parameters used when performing a 3-point bend test used for 16-
week-old humerus and tibias, including: the load cell weight (kg), test speed (mm/sec), trigger force (g),

support beam distance (mm) and the distance on each side of the bone from the midpoint (mm).
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CHAPTER 5
CONCLUSIONS

Genetic selection in domestic turkeys has prioritized increased body masses and rapid
growth, but often at the expense of skeletal development and resulting in issues such as
lameness. This study evaluated the effects of environmental enrichment, both stationary and
dynamic, on the body weight and skeletal quality of a line of commercial turkey toms at various
ages throughout a standard production period. While minimal effects were observed from the
enrichments selected, some transient differences were observed when the birds were at a younger
age. Many of these findings diminished with age, indicating a limitation in the long-term benefits
of enrichments for skeletal health. Subsequent analysis revealed a vast amount of skeletal
development in load-bearing bones, specifically through parameters such as bone weight, bone
diameter and peak force to fracture, happens in the early ages (8 to 12 weeks of age). As the
birds aged, the phenotypic relationship between these bone properties and body weight also
declined. This trend was observed in both load-bearing (tibia and femur) and non-load-bearing
(humerus) bones. However, the changes in the humerus were less pronounced, indicating the
relationship with body weight remains stable over time. These findings ultimately indicate a
possibility for skeletal selection in commercial breeds, without the need to sacrifice increased
body masses. Further phenotypic and genotypic analyses are needed to determine if this concept
is valid and if the selection is feasible in breeding programs.

Gait is a trait heavily influenced by the selection for increased body mass in commercial
turkey toms. Gait score is typically performed throughout the rearing period using subjective

scoring systems, which require trained observed but are prone to the risk of human bias and
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error. Therefore, this study evaluated a simplified subjective two-point gait score system and
assessed its efficacy and validity through the collection of objective gait parameters. Birds
classified as either having no gait impairments or having mild gait impairments were analyzed
using a pressure sensitive walkway to measure parameters such as cadence, step time and
maximum force. Significant differences in these parameters quantified and supported the
subjective scoring system and its ability to detect lameness in birds. Alongside this, the potential
for commercially feasible objective measurements like cadence, gait time and gait velocity were
determined. These are parameters that can be recorded using cameras or basic timing tools (e.g. a
stopwatch). The integration of a subjective scoring system with select objective gait measures
can work well to ensure correct and adequate gait score analysis. This supports genetic selection

strategies and welfare improvements in aging toms throughout commercial production periods.

135



