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3. Research results become valuable
when they are implemented.
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6. Plant-based foods should be tax free.
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INTRODUCTION

Chicken meat is one of the main animal protein sources for humans
and is nowadays the second most produced and consumed meat in the
world . Due to the rapidly increasing human
population, there is a corresponding increase in the demand for meat,
which has been forced the broiler (meat-type chicken) industry to be
more efficient

. Consequently, broiler chickens have undergone radical phenotypic
and genotypic changes as a result of an infense genetic selection

. Accompanied by better management conditions
and better feed quality, this selection has resulted in an increase in body
weight gain by approximately 400% in last several decades, from approxi-
mately 700 g (1950s) to 3100 g (2010s) in 42 days

Despite the fact that fast growth and better feed efficiency have
provided numerous advantages e.g., high amount of meat production
in a short rearing duration, less environmental pollution and considerable
financial benefits for producers, it has also caused some downsides e.g.,
suboptimal leg health, impaired locomotion and lameness

One of the major reasons for suboptimal leg health in broiler chick-
ens is an imbalance between high growth rate and immature bones, be-
cause the speed of bone development is unable to keep up with this fast
growth

., while other reasons are problems related to muscles, joints
and tendons, but this thesis focuses on problems related to immature leg
bones, specifically the tibia.

Suboptimal leg health leads to difficulties in accessing water and
feed
, pain , poor welfare
. unwill-
ingness for walking, dustbathing, foraging and preening
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and significant economic loss-
es, because of higher mortality, lower slaughter revenues, culling, poor
performance and carcass condemnation

Due to these welfare and economic consequences, enhancing leg
health of broiler chickens has become important. In General Infroduction,
firstly an overview on suboptimal leg health, leg bone abnormalities and
leg disorders in broiler chickens and their welfare and economic conse-
quences will be described. Thereafter, attention will be drawn on bone
quality measurements and potential approaches to improve leg health in
broiler chickens. The aim and the outline of this thesis are given at the end
of General Infroduction.

SUBOPTIMAL LEG HEALTH IN BROILER CHICKENS

Suboptimal leg health is a major welfare issue in broiler chickens and
causes considerable economic losses since lame chickens have difficul-
ties accessing feed and water, suffer from dehydration and starvation, or
even die, especially in the last weeks of rearing period

. Factors affect-
ing leg health in broiler chickens are given in Diagram 1.

In the upcoming sections, firstly leg bone abnormalities and disor-
ders will be described. Thereafter, attention will be drawn on welfare and
economic consequences of subopfimal leg health.

Leg Bone Abnormalities and Disorders

There are several degenerative, developmental and infectious
leg bone abnormalities and disorders observed in broiler chickens. Oc-
casionally, it can be difficult to classify these abnormalities and disorders
because of their multifactorial causation . In this thesis,
varus valgus deformation (VV), tibia dyschondroplasia (TD), food pad der-
matitis (FPD), bacterial chondronecrosis with osteomyelitis (BCO), epiph-
yseal plate abnormalities (EPA) and epiphysiolysis (EPI) are of particular
interest, because (1) these are commonly observed leg bone abnormali-
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Factors affecting leg health in broiler chickens
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ties and disorders and (2) these can be improved through optimized leg
bone development.

Varus valgus deformation

Varus valgus deformation (VV) is defined as an abnormal angulao-
tion of the distal tibia at the intertarsal joint in broiler chickens

Varus is defined as inward angulation, whereas valgus is defined as out-
ward angulation of the fibia (Figure 1) . Valgus
deformation is more common than varus deformation and legs can differ
in VV, e.g., one leg can show varus, whereas the other leg can show val-

gus

VV is one of the common bone abnormalities and disorders in broiler
chickens which is mostly associated with growth rate
. Despite the prevalence of VV in broiler chickens have
been reduced in recent recent years compared to past, it is still ranging
from 2% to 5% worldwide

The potential reason of VV is the heavy body weight related load
pressure on immature joints and bones, which causes a disproportionally
growing epiphyseal growth plate, finally leading to angulation of the distal
tibia at the intertarsal joint . In severe cases, angulation
might lead to fracture of the fibia and separation of the condyle from the
fibial shaft, which can be followed, in some cases, by penetration of the
skin by the distal tibia shaft and/or a dislocation of the
intertarsal joint

Broiler chickens having VV may suffer from pain that negatively
affects their welfare and natural locomotion-related behaviours, such
as accessing water and feed, which leads to weight loss or even death,
especially in the last weeks of the rearing period

. Fast-growing broiler chickens, which reach the slaughter weight
from 50 g to 3100 g in 42 days, show more developmental bone abnor-
malities, such as VV, which is mostly seen towards the end of the growth
period, compared to slower-growing broiler chickens
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. The potential reason is iregular and poor vascular
morphology of the epiphyseal growth plate and insufficiently mineralized
bones in fast-growing chickens . Slower-growing
chickens, on the contrary, have more time for bone mineralization, which
compensates the lack of mineralization in the early growth phase. This
may reduce load stress on the skeleton

and eventually result in a low incidence of VV.

Regarding gender, the gender distribution of chickens having VV
were found as 70 % males and 30 % females , which
can be explained by a higher body weight and growth rate in male broil-
er chickens compared to females both in fast and slower-growing broiler
chickens

Normal /ﬁm‘«m Varas Mzé/a@

Figure 1
lllustration of a broiler chicken with normal posture, varus deformation and valgus
deformation in both legs

Tibia Dyschondroplasia

Tibia dyschondroplasia (TD) is described as an abnormal accumula-
tion of cartilage from the epiphyseal growth plate by maturation of chon-
drocytes that fail to progress into the next stage. Then, the tissue becomes
vascularized and calcified around bone matrix

. Consequently,
cartilage mass increases under epiphyseal growth plate
and finally impair

75

oduclion

N
3
X

N

It




bone formation and mineralization (Figure 2)

TD causes fractures, which results in abnormal tibia angle, which
leads to bone deformities . It has shown that TD
leads to loss of bone strength by causing severe bone weakness, fractures
and deformity

and finally severe pain and unwillingness to walk

According to global reports in early 2010s, approximately 30% of
broiler flocks are affected by TD worldwide, which negatively affects the
welfare of the broiler chickens and causes financial losses in global broiler
industry . The high growth
rate of broiler chickens is one of the reasons for TD, but not a major factor,
only confributes to otherreasons e.g., acid/base balance in the epiphyse-
al growth plate, frace mineral deficiencies in feed and impaired calcium
and phosphorus metabolism
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Figure 2
lllustration of bone chondrocytes and fibia dyschondroplasia
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Bacterial chondronecrosis with osteomyelitis

Bacterial chondronecrosis with osteomyelitis (BCO) is another com-
mon leg disorder observed in broiler chickens and is described as necro-
sis combined with a bacterial infection, mostly occurring in the proximal
heads of long bones

. The prevalence has rap-
idly increased in last few decades and reached over 1% worldwide

Despite the fact that BCO is known as an infectious bone disorder,
clinical signs have shown that suboptimal bone development can be a
major reason of BCO, because impaired development and vasculariza-
fion of the epiphyseal growth plate allows more bacteria to enter into the
cartilage matrix and bone

Epiphyseal plate abnormalities and epiphysiolysis

Epiphyseal plate abnormalities are described as malformations in
the epiphyseal plate e.g., abnormal length, abnormal thickness and vas-
cularization in cartilage. Epiphysiolysis, which is mostly accompanied with
epiphyseal plate abnormalities, is described as separation between the
bone head and the articular cartilage that leads to a vulnerable bone.
The main reasons of epiphyseal plate abnormalities and epiphysiolysis can
be non-infectious e.g., blockage of blood vessels and cartilage degener-
afion and disorganization, but also infectious e.g., necrofic chondrocytes,
or can be both non-infectious and infectious simultaneously

Foot pad dermatitis

Footpad dermatitis (FPD) isa degenerative andinflammatory disease
ontheplantarsurface of the footpadsand commonly observedinfast-grow-
ing broiler chickens (Figure 3).
FPD presents itself as brown and black coloured lesions on the foot skin with
inflammation and necrosis and is an important problem
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that negatively affects the welfare, health, locomotion, growth perfor-
mance and carcass quality of broiler chickens

.The prevalence of FPD and its fi-
nancial impact show a high variability from 0% to 20% worldwide

because of its dependency on many factors e.g., leg health, litter
type, litter quality, management factors, stocking density, gender, age,
genotype, nutritional factors, diseases and lighting program
.Inthe Netherlands, 65%
of broiler chickens has been reported to suffer from FPD, while almost 38%
of those chickens have severe footpad lesions

& \

Normal fwt pad FED Severe FF]

IFE;:ST?on of normal food pad, food pad dermatitis and severe food pad derma-
ITIS

In this thesis, varus valgus deformation (VV) (Chapter 1, 3 and 5), tib-
ia dyschondroplasia (TD) (Chapter 3, 4 and 5), food pad dermatitis (FPD),
bacterial chondronecrosis with osteomyelitis (BCO), epiphyseal plate ab-
normalities (EPA) and epiphysiolysis (EPI) (Chapter 2, 3, 4 and 5) will be
assessed. Additionally, rotated tibia (RT) and hock burn (HB) will be inves-
tigated as well in Chapter 4. Rotated tibia is defined as lateral rotation of
the distal tibia on its long axis. Hock burn is defined as burn marks on the
leg skin due to sitting and lying on litter containing ammonia.
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Welfare Consequences of Suboptimal Leg Health

Suboptimal leg health leads to inactivity which negatively affects
the welfare of broiler chickens. Because of fast growth and immature
bones, they show a tendency to spend most of their fime sitting and/or ly-
ing, which result in deformation of leg bones

, pain , impaired
natural behaviours such as dustbathing, foraging and preening
, gait abnormalities
, infectious and/or developmental disorders, as
explained in previous section
and, in extreme cases, broken bones and
punctured skin by broken bone . Before
chickens slaughtered, especially when handling the chickens during de-
population and/or when fransporting them fo the slaughter plant, imma-
ture bones may cause bone breakage (mostly in legs and wings), dam-
aged muscles and punctured skins, which all cause severe pain and poor
welfare
. Improving leg health of broiler chickens may
reduce the prevalence of all of these welfare related problems.

Economic Consequences of Suboptimal Leg Health

Suboptimal leg health, besides its welfare consequences, is also a
major economic problem in the broiler industry nowadays. It causes se-
rious financial losses by reducing profit ranging from 10 to 40 % due to
high mortality , low slaughter
revenues , downgrading meat quality
and increased rejections at slaughter plants, because of bone breakage,
damaged muscles, punctured skins and carcass condemnations

, and more contam-

ination as a result of contacting wet litter, which threats the food safety

. In addition to increased wel-

fare, financial losses might be reduced by improving leg health of broiler
chickens.
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BONE QUALITY MEASUREMENTS

Bone is a rigid tissue which has many functions e.g., providing a rigid
skeleton, protecting vital organs, allowing locomotion and storing calcium
to regulate mineral homeostasis

, which are all vital for health and welfare of broiler
chickens. Most of the leg bone health related research in broiler chickens
focused on fibia bone , since the tibiais lo-
cated medially between the femur and metatarsus and is the most load-
ed and affected leg bone during the gowth period, by e.g., heavy load
pressure, infectious and/or non-infectious bone disorders, directly influenc-
ing locomotion of the broiler chickens

. During the growth period, leg bones of broiler chickens
must adapt and modify their morphological, biophysical and mechanical
properties to successfully withstand effects of their rapidly increasing body
weight

In this thesis, tibia morphological characteristics (e.g., weight, proxi-
mal length, lateral cortex thickness, femoral and metatarsal side proximal
head thicknesses and robusticity index), biophysical characteristics (e.g.,
osseous volume, pore volume, total volume, volume fraction, mineral con-
tent and mineral density) and mechanical characteristics (e.g., ulimate
strength, yield strength, stiffness, energy to fracture and elastic modulus)
are assessed in all chapters, due to strong relationship between tibia bone
quality and leg health.

Morphological Characteristics

Bone growth occurs in two directions, (1) interstitial (vertical) growth
is the growing in length and (2) appositional (horizontal) growth is increas-
ing in thickness

. Because of this growth pattern, bone
proximal length and lateral cortex thickness as morphological character-
istics have been used as indicators of bone quality

Proximal length is the longitudinal length (cm), cortex thickness is
the width of the bone center (cm). Tibia weight, femoral and metatarsal
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side proximal head thicknesses and robusticity index are other common
morphological characteristics. Tibia weight is the weight (g) of defleshed
tibia bone. Femoral and metatarsal head thicknesses are the widest dis-
tances on proximal bone heads (cm). Robusticity index is described as
how robust the bone is and calculated by dividing the fibia weight by fibia
length (g/cm)

Biophysical Characteristics

Broiler chickens show fast bone formation, mineralization and remod-
eling due to the genetic selection for high growth rate
. Throughout the growing
phase, a rapid development occurs in tibia
. Bone mineralization is described as a process
by which the organic bone matrix is filled with calcium phosphate, which
starts with growing and reorganizing small particles and ends with a stable
mineralized bone

Osseous volume, pore volume
, mineral content
and mineral density

are the most important biophysical characteristics to assess
bone quality in pouliry.

Osseous volume is the volume of stiff bone (cm?3), pore volume is
the volume of empty spaces inside bone (cm?). Bone mineral content is
total bone mineral weight of bone (g) and measured by determining the
amount of minerals in the bone. Bone mineral density is a tfotal mineral
weight per volume of the bone (g/cm?)

and determined by two factors: (1) how many mineral

atoms are deposited in the osseous bone and (2) how porous the bone is

. Volume frac-

tion is another biophysical parameter and described as proportion of to-

tal bone volume containing osseus bone and calculated by dividing the

osseous volume by the total volume (osseous volume + pore volume). All

bone biophysical characteristics can be measured by using dual-energy
X-ray absorptiometry or X-ray computed tomography.
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Mechanical Characteristics

Ultimate strength, yield strength, stiffness and energy to fracture are
the most important mechanical characteristics to assess bone quality in
poultry

and determined by the bone osseous volume, pore volume and the
degree of mineralization of the bone matrix
. Bone mechanical characteristics can be measured
by using a three-point bending test
. Ultimate strength is the reached
maximal load at the breaking point (N). Yield strength is the reached yield
load just before the angle changed on slope (inflection point) (N). Stiff-
ness is the angular slope of the selected linear part of the curve (N/mm).
Energy to fracture is the total area under the curve of the selected region
(N-mm). Elastic modulus is described as the amount of strain as a result of
a particular amount of stress on bone (GPa)
and calculated by using the following formula

N S8
E_45 TI3

where N is the maximal load (N), Sis the span between the bending
fixtures (mm), Tis the fibia thickness (mm), L is the fibia length (mm) and
is the maximum deflection (mm) at the midpoint of the bone.
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POTENTIAL APPROACHES
TO IMPROVE LEG HEALTH

There have been many studies aimed to enhance leg health in broil-
er chickens since suboptimal leg health became a major welfare issue
and caused considerable economic losses. In this thesis, the potential ap-
proaches to improve leg health of broiler chickens were determined as
use of slower-growing broiler chickens, effects of dietary macro and trace
minerals, incubation conditions and environmental enrichment.

Fast-growing vs. Slower-growing Broiler Chickens

The broiler chicken is one of the fastest growing pouliry species in
the world as a result of an intfense genetic selection for high growth rate
and feed efficiency

, which has result-
ed in an increase in body weight gain by approximately 400% in the last
several decades

. The skeleton of the broiler chicken is sig-
nificantly larger than their wild progenitor. The biggest change has been
observed in lower limb bones, particularly the tibia bone, which shows a
tripling in thickness and a doubling in length
. However, this dimensional improvement in tibia has not been
sufficient enough to respond to a rapidly increasing body mass.

It has been well documented that fast-growing broiler chickens
have shown more leg and locomotion problems than slower-growing
broiler chickens

, mainly because fast-growing chickens have
more porous and less mineralized leg bones than slower-growing broiler
chickens, which results in a higher risk of lameness

impaired locomotion
and more leg disorders

The growth rate also differs between current strains. Fast-growing
chickens reach approximately 2500 to 3100 g slaughter weight in approx-
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imately 38 to 42 days, while slower-growing chickens reach the same
body weight in approximately 56 to 60 days

. Despite many consumers prefer low priced fast-grow-
ing chickens, more and more people have concerns regarding animal
welfare and product quality, which makes them to pay attention to an
additional value when making choices about their purchases

. Aiming at bet-

ter welfare and due to sensibilities of consumers, slower-growing chickens
rank as nearly 24% of French and 11% of British broiler production nowa-
days

In the Netherlands, the broiler production has been changed in this
manner starting from 2014. Slower-growing chickens have been shown a
progressive trend since ‘Beter Leven’ (Better life) project was infroduced in
2007, which was followed by a project called ‘Kip van Morgen’ (Chicken
of tomorrow) .In 2019, slower-growing chickens rank as
around 35-40% of broiler production in the Netherlands

. Consequently, the use of slower-growing broiler chickens has be-
come prominent, since they show better compatibility to higher welfare.
It is anticipated that this welfare approach will play an important role in
future broiler chicken production

In Chapter 3 and Chapter 5 of this thesis, differences between fast
and slower-growing broiler (or broiler breeder) chickens on leg health pa-
rameters of broiler chickens (or offspring broilers) are investigated.

Dietary Macro and Trace Minerals

The most promising nutritional approaches to improve bone health
of broiler chickens are macro and frace minerals. Amount and chemical
form of macro minerals (calcium and phosphorus)

and trace minerals (iron, copper, manganese, zinc
and selenium) in the
diet play important roles on bone development in broiler chickens, since
these minerals are main contributors to bone formation and mineraliza-
fion. A deficiency of any of these minerals might result in retarded bone
growth, strength, morphology and density
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Low or high concentrations of inorganic minerals rather than nutri-
fional requirements in broiler diets have been investigated in several stud-
ies. Deficiency of macro and tfrace minerals in the diet of broiler chickens
resulted in lower bone mineral content and lower bone breaking strength

and increasing the amount
of inorganic minerals in broiler diets have been found to stimulate bone
mineralization and resulted in a stronger bone
. However, a large amount of inorganic minerals that
exceeds the nutritional requirements, may negatively affect each other’s
bioavailabilities and may cause toxic effects in the chicken and also o
the environment . Increasing the amount of inorganic
minerals in broiler chickens diet resulted in lower bioavailability and higher
mineral levels in manure, which largely exceeds the nutrient requirements
of crops . Consequently, it can be questioned whether or
not increasing the amount of inorganic minerals is desired, because of the
potential risk of low bioavailability and waste of minerals info the environ-
ment

Alternatively, the use of organic minerals might be a more beneficial
and sustainable solution . Compared to inorganic miner-
als, organic minerals have a higher bioavailability and a higher intestinal
absorption capability . This is
due to a higher chemical stability and more resistance to changes in pH
throughout the digestive system

. Organic minerals are bound to a carbon complex,
often proteins or amino acids, with covalent bonds that have higher binad-
ing strength compared to electrovalent bonds observed in inorganic min-
erals. These strong bonds protect these minerals from binding with other
compounds in the chickens’ gut

and result in lower antagonistic complex forming with
minerals or other diet ingredients . Inorganic
minerals form insoluble complexes, which negatively affects gastrointes-
tinal digestion. It has been shown that growth performance, digestibility
of minerals and bone mineralization were positively affected when an or-
ganic trace mineral premix was used in a diet of broiler chickens com-
pared to an inorganic trace minerals premix . These
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differences in digestibility can be explained by the fact that organic min-
erals are easily bound to carbohydrates, fats, proteins and amino acids,
which makes them easier to digest

The gastro-intestinal pH has substantial effect on digestion of both
macro and trace minerals. Maintaining low pH in the upper gastrointes-
final is crucial for better digestion, because a low pH breaks the electro-
valent bonds and releases the free ions. Then, soluble ions can be taken
up in the small intestine, large intestine and/or caeca

Regarding macro minerals, it has been observed that imestone, the
most used source of inorganic Ca in broiler and broiler breeder diets, in-
creases the pH of the small intestine, because of alkaline properties of
CaCO,, which negatively affects the digestion and hereby reduces P and
Ca availability . Phytate, the
source of inorganic P in broiler and broiler breeder diets, is largely useless
for avian species, because phytate binds with phytic acid (C,H,,0,,P,) and
form an insoluble and indigestible complex

. Phytic acid contains a high number of protons on the surface, which
creates a high electronegative charge in an environment and increases
the pH of the small intestine, which negatively affects the digestion and

reduces P and Ca availability

Regarding frace minerals, broiler and broiler breeder diets are com-
monly supplemented with inorganic trace minerals, which are bound
by weak ionic bonds to a metal-binding agent e.g., oxide and sulphate

. Whereas organic tfrace minerals consist of strong
covalent bonds and are better absorbed and utilised than
inorganic trace minerals, because they are protected from interactions
with other components, which hamper each other’s bioavailability

. It has been shown that serum
frace mineral concenfrations of broiler chickens were found higher by 22%
for Mn, 17% for Zn and 20% for Cu when minerals were provided in their
organic variety instead of inorganic variety .In arecent
study, digestibility of organic copper in the jejunum was 40.11% compared
to 13.22% for inorganic copper. For organic Zn, the main digestibility differ-
ence was found in the ileum, where inorganic Zn digestibility was 9.08%,
while organic Zn was digested up to 21.23%
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Macro Minerals

Calcium (Ca) is the major macro mineral for the chicken skeleton
and 99% of calcium in the body is stored in bones
. Calcium is also an essential part of enzymes involved in bone devel-
opment and also an essential part of bone
development related hormones, e.g., GH, IGF-1, T3 and T4
. Phosphorus (P) is the second major macro mineral for the chick-
en skeleton and 85% of phosphorus in the body is stored in bones
. P combines with Ca to form calcium
phosphate crystals that builds the bone matrix

Ca and P are known to be essential for bone mineralization as main
components for bone matrix and bone formation

. Bone mineralization, as described

before, is a process by which the organic bone matrix is filled with calci-

um phosphate, which starts with growing and reorganizing small particles

and ends with a stable mineralized bone

. Ca and P levels in broiler chicken diets directly influence the

bone mineralization and determine the strength of bones. Excessive or

deficient level of calcium and/or phosphorus led to bone abnormalities

Regarding the source of macro minerals, Ca is generally sourced

from inorganic limestone and supplied as calcium carbonate (CaCO,)

. Inorganic phosphorus is sourced from phosphate rock

. Ca and P can also be supplied as mono-calcium

phosphate or di-calcium phosphate, which is produced by adding sulfu-

ric acid to rock phosphate, creating phosphoric acid, to which calcium

carbonate (CaCO,) is added after purification . Other

sources of organic Ca and P are as follows: processed porcine and bo-
vine bones, oyster shells and eggshells

Organic sourced Ca in broiler dief resulted in higher tibia proximal
length and lateral cortex thickness compared to inorganic sourced Ca
. Organic sourced P has been found to positively affect

the bone strength as a result of its higher bioavailability

29

oduclion

N
3
X

N

It




Trace minerals

Trace minerals play important roles in bone development
. Copper (Cu), iron (Fe), zinc (Zn) and manganese (Mn) are involved
in enzyme activities that are related to embryonic and post-hatch bone
development . Cuis an element that is part of the cross-
linking of collagen and elastin, which gives bones their flexibility
. Inis a structural component of carbonic anhydrase, which is es-
sential for the function of osteoclasts .Inis
also an important part of alkaline phosphatase, which plays a key func-
fion in the formation of new bone . Mn is required
for formation of extracellular bone matrix . Fe is important
for cross-linking of collagen, which gives the bone its breaking strength
and elasticity . Insufficient amount of available Cu and Fe
resulted in lower bone strength, even if Ca and P levels were adequate
. Fe is involved in many enzymes and it is an important
component of enzymes that are involved in synthesizing bone collagen
. A deficiency in Fe affects bone morphology, strength, and
density . Selenium (Se) is important for the thyroid func-
tion, which is important for bone development, as one of the functions of
thyroid hormones is to help regulate bone growth

Regarding the source of frace minerals, organic frace minerals are
bound to multiple oligo-pepftides rather than to single amino acids, which
make them better absorbed and utilized than inorganic tfrace minerals,
because they are protected from interactions with other components

. Organic trace minerals in
broiler chickens’ diet have been found to be more bioavailable than in-
organic forms , which resulted
in higher bone breaking strength and better leg health

Lastly, frans-generational carry-over effect of both macro and trace
minerals could be important as well. More available pre-packaged miner-
als in the egg might positively affect embryonic bone development and
later life bone health . Research has shown
that newly hatched chickens with a strong and well-formed skeleton might
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show better locomotion and have a lower prevalence of leg problems in
later life

Organic trace minerals in the broiler breeders’ diet have already
been shown to result in better embryonic bone mineralization than inor-
ganic frace minerals . However, these carry-over ef-
fects from broiler breeders’ diet to the offspring embryo are only shown
for frace minerals and there is no study on a combination of macro and
frace minerals or solely macro minerals. Furthermore, effects of organic
minerals in the breeder diet on bone development and leg health of their
offspring is hardly studied. Regarding the broiler strain, almost all studies
on carry-over effects of minerals in broiler chickens were conducted in
fast-growing broiler breeders and not in slower-growing broiler breeders.

Effects of organic macro and trace minerals in the diet of broiler
chickens on their leg health related parameters are investigated in Chap-
ter 1 (a combination of organic macro and frace minerals) and Chapter
2 (organic macro and frace minerals separately). In Chapter 1, besides
organic macro and frace minerals, fish oil and hydrolyzed collagen in the
diet of broiler chickens are investigated as well. Background information
regarding these two nutrients is given in that chapter. In Chapter 3, effects
of a combination of organic macro and frace minerals in the diet of fast
and slower-growing broiler breeders on their offspring’ leg health related
parameters are investigated.

Incubation Conditions

The etiology of suboptimal bone development and bone abnormal-
ifies observed in broiler chickens seems to have their origin during incu-
bation , since the bone development,
cartilage formation and bone mineralisation take place during incubation

. Several environmental factors, e.g., temperature,

light, humidity, ventilation and egg furning, are known to play important
roles on the development of the chicken embryos in general
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Light during incubation

In nature, avian embryos are exposed to daylight when the hen
leaves her nest to eat and drink and ev-
ery fime she rotates her eggs

. Looking at commercial hatcheries worldwide, eggs are
mostly incubated under complete darkness
which may negatively affect some physiological mechanisms, including
embryonic bone development and bone development-related hor-
mones
, because chickens have a light-sensitive
pineal gland under their skull, at the dorsal surface of their brain. The pine-
al gland plays a role in seasonal and diurnal rhythmicity by transforming
photoperiodic information into output of melatonin
, a hormone influencing bone development in chick-
ens . Light can pass
through the eggshell during incubation and it
has been found to be an important factor related to embryonic muscular
and skeletal development

The colour of light during incubation has been found important as
well, since chickens have special extraretinal photoreceptors in their eyes
and brains and they
have an ability to see a large spectrum of colours, including ultraviolet
light. They also show a high sensitivity to blue, green and red light

. Previous studies have
shown that white and red light during incubation resulted in improved
chick quality compared to complete darkness or
blue light

In Chapter 2 of this thesis, effects of green LED light during incuba-

tion on leg health related parameters of broiler chickens are investigated.

Temperature during incubation

Alterations in incubation temperature have been demonstrated to
influence bone development and later life leg health. The optimum tem-
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perature for embryo development throughout incubation has been de-
termined as 37.8°C . However,
a lower or higher temperature than this optimum might influence differ-
ent physiological mechanisms

, including embryonic bone development

Bone development and growth plate differentiation of broiler chick-
ens begin during incubation
. In the first
week of incubation, embryonic bone development starts with cartilage
formation , which is followed by
arapid increase in mineralization from the second week of incubation on-
wards , which reaches the highest level just before
hatch and continues a few days post-hatch
. Temperature might play an important
role in bone development throughout these phases. Consequently, devel-
opmental bone abnormalities and disorders might have their origin during
incubation

A temperature of 38.0°C throughout incubation resulted in longer
fibia in broiler chickens at slaughter age than incubation temperatures
of 36.0°C and 37.0°C . However, increasing the
temperature to 39°C during the last 4 days of incubation resulted in im-
paired bone development compared to incubation temperature of
37.0°C . Additionally, a high eggshell tempera-
ture (EST) of 38.6°C throughout incubation resulted in lower fibia, fe-
mur and metatarsus bone lengths at hatch than an EST of 36.9°C and
37.8°C . An incubation temperature of 38.8°C from
E10 onwards negatively affected tibia characteristics, including growth
plate development, at different days before and at hatch compared to
an incubation temperature of 37.8°C . It has been sug-
gested that an incubation temperature of 41.0°C from E8 to E14 com-
pared to an incubation temperature of 37.8°C can stimulate bone de-
velopment and particularly the ossification process

In Chapter 4 of this thesis, effects of eggshell temperature pattern on
leg health related parameters of broiler chickens are investigated.
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Environmental Enrichment

Another potential approach to stimulate activity and consequently
leg health of broiler chickens is environmental enrichment (reiter and Bes-
sei, 2009; Blatchford et al., 2012; Ohara et al., 2015; Pedersen and Forkman, 2019). In na-
ture, chickens use perches, platforms, ramps and elevated resting areas
throughout their history, from wild ancestors to their modern generations
(Sandilands et al., 2009; Kaukonen et al., 2016; Riber et al., 2018; Pedersen and Forkman,

19). However, modern broiler chickens have been found to spend ap-
proximately 80% of their lifespan with passive behaviours (e.g., lying, sitting
and resting) (Weeks et al., 2000; Reiter and Bessei, 2009; Zuidhof et al., 2014), which
leads to suboptimal leg health (reiter and Bessel, 1998, 2009; Balog et al., 1997; Brad-
shaw et al., 2002).

A lower stocking density (Marfrenchar et al., 2000; Hall, 2001; Zhao et al., 2013;
pedersen and Forkman 2019), platforms and/or ramps (Kaukonen et al., 2016; Peder-
sen et al, 2020), well-designed perches (ventura et al, 2012; 7hao et al., 2013; Kau-
konen et al, 2017), large distance between feed and water (Bizeray et al., 2002;
Reiter and Bessei 2009; Pedersen ef al., 2020), different bedding materials (Toghyani
et al, 2010; Riber et al, 2018) and worms/insects in bedding area (Fichova et al,
201¢) resulted in lower prevalence of leg disorders and lower mortality rate.

Increasing physical activity and locomotion by pen enrichment may
result in lower incidence of leg problems and stimulate fibia morphologi-
cal, biophysical and mechanical properties (rReiter and Bessei, 2009; Yildiz et al.,
2009; Buijs et al., 2012; Kaukonen et al., 2016; Pedersen et al., 2020).

Regarding the relationship between pen enrichment and growth
rate, slower-growing broiler chickens spend more time on perches and
platforms (Estevez et al., 2002; Bokkers and Koene, 2003; Norring et al., 2016; Wallenbeck
et al, 2016), demonstrated better locomotion (Lewis et al, 1997; Reiter and Bessel,

1998; Weeks et al., 2000; Cornetto and Estevez, 2001; Bokkers and Koene, 2004), had less
hock and leg problems (Eokkers and Koene, 2004; Kjaer et al., 2006; Zhao et al., 2013),
and lower mortality (Havenstein et al, 1994) than fast-growing broiler chickens.

In Chapter 5 of this thesis, effects of environmental (pen) enrichment
on leg health related parameters of broiler chickens are investigated.
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AIM OF THE THESIS

The aim of this thesis is fo investigate several potential approaches
e.g., source of dietary macro and frace minerals, incubation conditions
and environmental enrichment in fast and slower-growing broiler chickens
to improve leg health by focusing on tibia characteristics and all other leg
health related parameters.

OUTLINE OF THE THESIS

Chapter 1 of this thesis describes effects of a combination of organic
macro and trace minerals, fish oil and hydrolyzed collagen in the diet of
fast-growing male broiler chickens on (1) growth performance, (2) fibia
characteristics, (3) home pen behaviour, (4) leg disorders, (5) locomotion
and (6) bone development related blood parameters at 28, 35 and 42
days of age.

Chapter 2 of this thesis describes effects of green light-emitting diode
(LED) light during incubation and dietary macro mineral and frace mineral
source separately during rearing of fast-growing male broiler chickens on
(1) growth performance, (2) tibia characteristics (day 42), (3) home pen
behaviour, (4) leg disorders and (5) locomotion. In this experiment, a 2 x
2 x 2 factorial arrangement was applied with the following treatments:
1) light during incubation (green LED light or darkness), 2) macro mineral
source during rearing (organic or inorganic Ca and P) and 3) trace min-
eral source during rearing (organic or inorganic Fe, Cu, Mn, Zn and Se).

Chapter 3 of this thesis describes effects of a combination of or-
ganic macro and trace minerals in the diet of fast and slower-growing
broiler breeders on (1) the amount of minerals in egg and hatchling, (2)
growth performance, (3) fibia characteristics (at similar body weights), (4)
home pen behaviour and (5) leg disorders of their male offspring. In this
experiment, a 2 x 2 factorial arrangement was applied with the following
freatments: 1) broiler breeder strain (slower or fast-growing), 2) macro and
frace mineral source (organic or inorganic) in the broiler breeder diet.

Chapter 4 of this thesis describes effects of eggshell temperature
pattern in week 2 and 3 of incubation of fast-growing male broiler chick-
ens on (1) tibia characteristics (day 41 or 42), (2) leg disorders and (3) lo-
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comotion. In this experiment, a 2 x 2 factorial arrangement with 2 eggshell
temperatures (37.8°C and 38.9°C) from day 8 to 14, and 2 eggshell tem-
peratures (36.7°C and 37.8°C) from day 15 till hatch was applied.

Chapter 5 of this thesis describes effects of pen enrichment consist-
ing ramps, platforms, perches, large distance between feed and water
and live Black Soldier fly larvae in the moss-peat dust bathing area on
(1) growth performance, (2) tibia characteristics (af similar body weights),
(3) home pen behaviour, (4) leg disorders and (5) locomotion of fast and
slower-growing male broiler chickens. In this experiment, a 2 x 2 factorial
arrangement was applied with the following treatments: 1) broiler strain
(fast or slower-growing), 2) pen enrichment (enriched or non-enriched).

The General Discussion of this thesis summarizes main findings and
conclusions from all experiments. How the investigated approaches in-
dividually or together give insight in and improve our understanding of
leg health of broiler chickens will be discussed. This chapter ends with the
main conclusions and future research opportunities.
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Abstract

Nutrition is a crucial factor for growth and bone development in
broiler chickens. Adjustments in dietary ingredients might affect bone
development and consequently locomotion related problems. This
study was designed to evaluate effects of dietary organic minerals
(ORM), fish oil (FISH) and hydrolyzed collagen (COL) on growth per-
formance and tibia characteristics of broiler chickens. A total of three
hundred eighty four 1-day-old Ross 308 male broiler chickens were
used in a complete randomized block design with 4 diet groups and
8 replicates per dief group. In the ORM diet, the inorganic macro and
frace minerals were replaced by their organic varieties. In the FISH dief,
palm oil and soybean oil were partly replaced by FISH. In the COL diet,
soybean meal was partly replaced by COL. Results showed that the
ORM and COL diet groups reached a higher body weight (BW) at 42 D
of age than the FISH diet group, whereas the control group was in be-
tween. The feed conversion ratfio between day 1 and 42 was lower in
the ORM and COL diet groups than in both other diet groups. On day
28, 35, and 42, gait score (GS), Varus Valgus, tibia length (TL), thickness,
femoral and metatarsal head thickness (THT), mineral content (TMC),
mineral density (TMD), breaking strength (TBS), stiffness (TSF) and en-
ergy to fracture (TEF) were measured (n = 3/replicate). The ORM diet
group had higher TL at day 42, higher THT at day 28, higher TMC at
day 42, higher TMD at day 28, 35 and 42, higher TBS at day 42, higher
TSF at day 35 and 42, and higher TEF at day 42 compared to the FISH
diet group, with the COL and control diet groups in between. It can be
concluded that replacing dietary inorganic macro and frace minerals
by their organic varieties seems o stimulate tibia dimensions, strength,
and mineral content of broiler chickens. On the conftrary, FISH appears
to negatively affect tibia characteristics.

Key words
Organic minerals, fish oil, collagen, broiler chicken, fibia




INTRODUCTION

Leg problems is one of the most important factors affecting
health and welfare of broiler chickens nowadays . It has been
demonstrated that over 27.6% of the broiler chickens in the UK suffer from
poor locomotion and 3.3% were unable to walk, especially in the last 2
week of the growing period and this resulted in pain and
inability to reach feed and water . It has been
shown that approximately 50% of broiler chickens in Dutch flocks suffered
from locomotion related problems at slaughter age

. Locomotion related problems, i.e., weak bones or joints may result in
broken bones, punctured skins and/or damaged muscles, especially when
handling the chickens during depopulation or when processing in the
slaughter plant. Next to welfare problems, carcass quality and slaughter
revenues can also be negatively affected by leg problems

Most of the locomotion-related research in broiler chickens focused
on improving tibia bone development and its strength
, because the fibia is the most loaded and affected (by,
e.g., bone pathologies) leg bone during the growth period, probably
influencing the locomotion of the broiler chickens

Various factors to reduce locomotion-related problems in broiler
chickens have been studied and nutritional approaches seem to be
very promising . Specific ingredients or nutrients
in broiler chicken diets might positively influence bone development,
thereby reducing locomotion related problems in later life

. Among others, organic macro and frace minerals,
lipid composition and collagen has been shown or suggested to affect
leg bone development. Replacing inorganic by organic macro and trace
minerals in broiler diets has shown to improve intestinal absorption of those
minerals , resulting in
greater bio-availability and higher bone mineralization in broiler chickens.

Fish oil (FISH) is containing n-6 polyunsaturated fatty acids (PUFA),
which differently affect osteoblast function and bone mineralization than
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the common fat sources of broiler diets containing n-3 PUFA, such as palm
oil, maize oil and soy bean oil , but effects on broiler
chickens bone development is largely unknown.

Finally, supplementation with hydrolyzed collagen (COL) in mice di-
ets resulted in a higher bone mineral content and bone mineral density,
and a higher concentration of type | collagen and proteoglycans in the
bone matrix LIt can
be speculated that COL in broiler chicken diets might stimulate bone de-
velopment, but evidence for that is very limited.

The main objectives of this study were to investigate effects of di-
etary organic macro and frace minerals, fish oil and hydrolyzed collagen
on: 1) growth performance; 2) tibia characteristics; 3) locomotion; 4) leg
disorders and 5) bone development related blood parameters of broiler
chickens.

MATERIALS AND METHODS
Experimental Design

A total of 4 dietary groups, including 1 confrol diet (CON) and 3
modified diets (FISH, COL and ORM) were compared. Each diet group
was replicated 8 times. A fotal of 32 experimental pens within a complete
randomized block design were used. Within each block of 4 pens, diet
groups were randomly distributed. Pen was used as the experimental unit
and each pen contained 12 male broiler chickens.

Animals and Experimental Procedures

The experiment was conducted at the Animal Sciences Department
of Wageningen University and Research, Wageningen, The Netherlands.
All procedures in this study were approved by the Central Commission An-
imal Experiments, The Hague, The Netherlands (Approval number: 2016.D-
0138.001).

A total of 384 one-day-old Ross 308 male broiler chickens from a
38-week-old breeder flock were obtained from a commercial hatch-
ery (Lagerwey, Lunteren, The Netherlands). Chickens were vaccinated
against infectious bronchitis (eye drop; MSD Animal Health, Boxmeer, The
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Netherlands) upon arrival at the research facility and against Newcastle
disease (Nobilis ND Clone 30; eye drop; MSD Animal Health, Boxmeer, The
Netherlands) at day 11 of age. Upon arrival at day 0, all chickens were
individually weighed, wing tfagged and randomly assigned to 32 pensin a
climate-controlled room. Temperature was maintained at 32°C unfil day
3 and thereafter gradually reduced to 22°C at day 42. A confinuous light
program from arrival fo day 3 and a 16L:8D light program from day 4 to 42
was applied. Chickens were raised from arrival fo day 42 with ad libitum
access to feed and water.

Experimental Diets

A 3-phase feeding program was applied; starter diets were provid-
ed from day 0 to 10, grower diets from day 11 to 28 and finisher diets from
day 29 to 42. Dietary treatments were applied throughout all 3 phases.
Four experimental diets were used in this experiment.

They are as follows:
1) control (CON);
2) partly replacement of inorganic by organic macro (Ca, P) and com-
plete replacement of frace minerals (Fe, Cu, Mn, Zn and Se) (ORM);
3) partly replacement of palm oil and soybean oil by fish oil (FISH);
4) partly replacement of soybean meal by hydrolyzed collagen (COL).

In the ORM diet, the inorganic macro minerals Ca and P, provided
by limestone and monocalcium phosphate were partly replaced by Cal-
fos (Darling Ingredients Inc., Eindhoven, The Netherlands), an organic Ca
and P source originating from processed bones. This was done for 70.9%
in the starter diet, for 59.6% in the grower diet and for 44.7% in the finisher
diet. The trace mineral premix with in ORM was completely replaced by a
complete organic sourced frace mineral premix (Optimin, Trouw Nutrition,
Tilburg, The Netherlands).

In the FISH diet, palm oil and soybean oil were partly replaced by
fish oil (100% in starter diet, 86.5% in grower diet, 98.4% in finisher diet; Trouw
Nutrition, Tilourg, The Netherlands). Fish oil content was 39.4 g/kg in the
starter diet and 50 g/kg in the grower and finisher diet.
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In the COL diet, soybean meal was partly (10% in starter diet, 9.2% in
grower dietf, 11% in finisher diet) replaced by hydrolyzed collagen Hydro-P
(Darling Ingredients Inc., Eindhoven, The Netherlands), originating from
pigs. Collagen content was 25 g/kg in starter, grower and finisher dieft.

All diets were produced and pelleted by Research Diet Services
(Wilk bij Duurstede, The Netherlands) and analyzed for ash (ISO5984), dry
matter (ISO6496), crude fibre (ISO6865), crude fat (ISO6492), crude pro-
tein (ISO5983), P (1ISO6941) and Ca (ISO 686%). CON and ORM diets were
analyzed for Fe, Cu, Mn, Zn and Se. CON and FISH diet were analyzed for
fatty acid composition, using the method described by
Diet compositions, calculated and analyzed nutrient values are shown in
Table 1.

Data Collection, Sampling and Measurements

All chickens were individually weighed on d 0, 10, 21, 28, 35 and 42.
Feed intake (Fl) was measured per pen for the starter, grower and finisher
period. Feed conversion rafios were calculated for all the three phases
and over the whole growth period.

Mortality was determined per pen on daily basis. Gait score was
evaluated in 2 randomly chosen chickens per pen, using the method of
on d 27, 34 and 41 and scored within a range of 0 (normal

locomotion) to 5 (unable to stand).

To investigate whether the used diets might affect home pen be-
haviour, observations were performed on d 6, 13, 20, 27, 34 and 41 with
morning and afternoon sessions using the scan sampling technique.
During 6 to 8 min per day per pen, the number of chickens performing the
following activities was scored: eating, drinking, walking, standing, resting,
foraging, comfort behaviour, dust bathing and perching.

On d 28, 35 and 42, three chickens per pen were randomly se-
lected and sacrificed by cervical dislocation. At d 42, immediately after
sacrificing, chickens were decapitated and a blood sample (10 ml) was
obtained. Blood samples were centrifuged at 750 g for 10 min to obtain
serum. Serum of the three samples per pen were pooled (1.5 ml) and fro-
zen at -20°C unfil further analysis. Serum contents of Ca, P and alkaline
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phosphatase (ALP; related to bone mineralisation; ) were an-
alysed photo-metrically, using a Cobas c701 analyser (Roche® Basel,
Switzerland). Serum vitamin D3 (a major Ca and P regulator;

) was analysed using a 1,25-dihydroxyvitamin D3 ELISA Kit (Elab-
science®, Houston, Texas, United States) and serum parathyroid hormone
(PTH a developmental regulator in cartilage and bone; ) was
analysed using a chicken PTH Kit (Elabscience®, Houston, Texas, United
States).

Three slaughtered chickens per pen were checked on Varus Valgus
by a veterinarian at each of three slaughtering days (d 28, 35, 42). Varus
valgus was scored as present or not and each (small) deviation from nor-
mal was scored as present. Both tibia bones were collected, deboned
and frozen at -20°C. After thawing, proximal length (cm), lateral cortex
thickness (cm) and proximal head thickness (cm) at both the femoral and
metatarsal side were measured using a digital calliper (Figure 1). Tibia
mineral content (g) and mineral density (g/cm?) were analysed using a
dual-energy X-ray absorptiometry machine (Horizon® DEXA System by Ho-
logic, Tromp Medical, Castricum, The Netherlands) using pooled samples
(2 pens or 6 fibia of the same group per scan).

Tibia bones were subjected fo a three-point bending test (method
described by ) using an Instron® electromechanical uni-
versal testing machine (Instron®, Norwood, Massachusetts, United States).
Maximum load to break the tibia (N), fibia stiffness (N/mm), and fotal en-
ergy to fracture (N-mm) were calculated, where;

Stiffness (the slope of the linear part of the curve,
N/mm) =dx /dy,

where dx = the initial point (a) from x-axis (N), dy = the ultimate point (b)

from y-axis (mm);
max

f(x).dx

Energy to fracture (the area under the curve, N-mm) = fmin

where f (x) = the curve of y-axis, dx is linear integral equation (Figure 2).
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Femoral side proximal head thickness

—

Lateral cortex thickness — | — Proximal length

Metatarsal side proximal head thickness

Figure 1

Morphological measurements of proximal length, lateral cortex thickness, femoral,
and metatarsal side bone head thickness on tibia (cm)
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Figure 2

Demonstration of breaking strength (breaking point, N), stiffness (the slope of the
linear part of the curve, N/mm), and energy to fracture (the area under the curve,
N-mm) during applied force on tibia

Statistical Analysis

All growth performance data (body weight, feed intake, feed con-
version ratio, mortality), tibia characteristics (proximal length, lateral cor-
tex thickness, proximal head thickness, mineral content, mineral density,
breaking strength, stiffness and energy to fracture), blood parameters (Ca,
P, PTH, ALP and 1.25-dihydroxy vitamin D3) and locomotion-related obser-
vations (home pen behaviour and gait score) were subjected to mixed
model analysis using the PROC MIXED procedure. In one pen of the CON
diet, 3 female chickens were present and this pen was removed from the
experiment for all analyses. Pen was used as the experimental unit, except
for tibia mineral content and mineral density, where the combination of
two pens was used as the experimental unit.
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The overall statistical model used was:
Yi=p + Diet group i + €i

where Yi = the dependent variable, uis overall mean, Diet group = Dietary group (i
= confrol diet, organic minerals diet, fish oil diet, collagen diet) and € = the residual

error term.

Varus valgus was subjected to generalized linear mixed model anal-
ysis, using the PROC GLIMMIX procedure in SAS using same statistical mod-
el (Version 9.4, July 2013, SAS Institute Inc., Cary, North Carolina, United
States). Block was used as a random effect. BW was added to the model
as a covariable for tfibia characteristics. Distribution of the means and re-
siduals were examined to verify model assumptions. Results are presented
as LSmeans £ SEM. When multiple comparisons were performed, the level
of significance was corrected, using Bonferroni. Effects were considered
to be significant when P < 0.05.

RESULTS
Growth Performance

All growth performance parameters are presented in Table 2. At d
10, the FISH diet group had a lower BW compared to the other diet groups
(A=12-18 g, P=0.001). At d 42, the COL and ORM diet groups had a higher
BW than the FISH diet group (A=107-138 g; P=0.026), with the CON diet
group in between and not different from the other diet groups. At the
other measuring days, no difference in BW was observed between diet
groups.

ADFI was not influenced by diet group throughout the experiment.
Chickens of the COL and ORM diet groups had a lower feed conversion
ratio (FCR) during the finisher diet phase (d 29 to 42, A=0.09 - 0.12; P=0.041)
and throughout the experiment (d 0 to 42, A=0.06-0.09; P=0.024) com-
pared to the FISH and CON diet groups. No significant differences in FCR
were found during the starter and grower phase. Mortality was low and
not influenced by diet groups (1.30% on average).

Tibia Characteristics

Tibia characteristics are presented in Table 3. At d 28, the femoral
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side of the proximal tibia head was thicker in ORM diet group compared
to the FISH dief group (A=0.11 cm; P=0.047), with both other diet groups in
between and not different from the ORM and FISH diet groups. Addition-
ally, at d 28, tibia mineral density was higher in the ORM diet group than
the other three diet groups (A=0.09-0.17 g/cm? P=0.039).

At d35, tibia mineral density was higher in the ORM diet group than
in the other three diet groups (A=0.15-0.27 g/cm? P=0.018). Furthermore,
at d 35, tibia stiffness was higher in the ORM diet group than in the FISH
and COL diet groups (A=11 N/mm; P=0.039), with the CON diet group in
between and not different from the other three diet groups.

At d 42, chickens of the COL and ORM diet groups had longer prox-
imal fibia compared to the FISH diet group (A=0.5-0.6 cm; P=0.012), while
the CON diet group was in between and not different from the other diet
groups. Tibia mineral content (A=3.47-5.02 g; P=0.013), fibia mineral den-
sity (A=0.063-0.065 g/cm2; P=0.010) and fibia breaking strength (A=28-32
N; P=0.001) were higher in the ORM diet group than in the three other diet
groups. Tibia stiffness (A=21-23 N/mm; P=0.011) and tibia energy to frac-
ture (A=17-20 N-mm; P=0.013) were higher in the ORM diet group than the
CON and FISH diet groups, with the COL diet group in between and not
different from the other diet groups.

Locomotion-Related Observations and
Bone Development Related Blood Parameters

Home pen behaviour parameters (eating, drinking, walking, stand-
ing, resting, foraging, comfort behaviour, dust bathing and perching) for
each of the scanning days (d 6, 13, 20, 27, 34 and 41) are presented in
Table Al in the Supplementary Data. Locomotion-related observation
parameters (gait score and varus valgus) are presented in Table 4. No
significant differences between diet groups were found for any of these
parameters throughout the experiment. Age based differences were
found in eating (P=0.04), drinking (P=0.003), walking (P=0.003), standing
(P=0.004), resting (P<0.001) and foraging (P=0.007) behaviours. Blood pa-
rameters (Ca, P, ALP, PTH and 1,25-dihydroxyvitamin D3) are presented
in Table 5. No significant differences between diet groups were found for
any of these blood parameters.
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Table 2 Body weight, feed intake, feed conversion ratio, and mortality of
broiler chickens fed a confrol, fish oil, collagen and organic minerals diet

Measurement )
Control | Fish Oil | Collagen | ©'99MC | sem | pvalue
Minerals
n (pens) 7 8 8 8
Body weight (g)
0d 48 48 48 48 1 0.967
0d 248a 2360 2544 254a 3 0.001
21d 983 957 975 988 15 0.445
28 d 1706 1655 1724 1724 27 0.238
35d 2618 2593 2647 2683 30 0.208
42d 357400 3497b 3635¢ 3604c 33 0.026
Feed intake (g)
0-10d 240 243 241 246 7 0.909
11-28d 1957 1953 1956 1934 24 0.853
29 -42d 2901 2813 2891 2845 42 0.633
0-42d 5098 5009 5087 5025 76 0.586
Feed conversion
ratfio (FI/BWG)
0-10d 1.50 1.47 1.49 1.46 0.04 0.897
11-28d 1.54 1.55 1.54 1.48 0.03 0.683
29 -42d 1.64p 1.63p 1.60 b 1.55¢ 0.03 0.041
0-42d 1.54b 1.560 1.550 1.51a 0.02 0.047
Mortality (%) 1.04 1.04 2.08 1.04 0.01 0.887

a-b Values within a row and factor lacking a common superscript differ (P < 0.05).
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Table 3 Tibia characteristics of broiler chickens at 28, 35 and 42 d of age
fed a confrol, fish oil, collagen or organic minerals diet

Measurement :
Control | Fish Oil | Collagen | ©/99MC | ey | P
Minerals values
n (pens) 7 8 8 8
Tibia proximal length (cm)
28 d 8.3 8.3 8.4 8.4 0.02 0.233
35d 10.5 10.5 10.6 10.6 0.04 0.263
42d 13.7ab 13.40 13.9¢ 14.0@ 0.09 0.012
Tibia lateral cortex thickness
(cm)
28 d 0.51 0.44 0.52 0.57 0.003 | 0.052
35d 0.84 0.83 0.84 0.85 0.002 | 0.996
42d 1.22 1.21 1.23 1.25 0.002 | 0.747
Tibia proximal bone head
thickness — femoral side (cm)
28 d 1.58ab 1.54p 1.59ab 1.659 0.02 0.047
35d 2.54 2.52 2.54 2.55 0.03 0.884
42d 3.24 3.23 3.24 3.26 0.03 0.902
Tibia proximal bone head
thickness — metatarsal side
(cm)
28 d 1.27 1.26 1.28 1.34 0.03 0.268
35d 2.22 2.22 2.24 2.25 0.02 0.887
42d 3.01 2.99 2.99 3.05 0.03 0.635
Tibia mineral content! (g)
28 d 7.58 7.57 7.70 7.89 0.17 0.469
35d 12.98 12.68 13.53 15.48 0.83 0.168
42d 17.32p 17.00p 15.77p 20.79¢ 0.84 0.013
Tibia mineral density! (g/cm?)
28 d 0.1410 0.133P 0.140p 0.150a 0.003 | 0.039
35d 0.262> 0.250p 0.251p 0.277a 0.006 | 0.018
42d 0.275P 0.276P 0.274b 0.33%a 0.010 | 0.010
Tibia breaking strength (N)
28 d 287 278 287 295 2.77 0.070
35d 302 297 302 307 3.74 0.651
42d 2970 296b 300p 3272 3.96 0.001
Tibia stiffness (N/mm)
28 d 257 251 257 264 3.41 0.067
35d 2700k 263b 264b 275a 3.35 0.039
42d 263P 261p 26790 284a 4.91 0.011
Tibia energy fo fracture (N-
mm)
28 d 279 273 280 287 3.51 0.066
35d 293 283 289 295 3.84 0.158
42d 290p 2870 29500 3072 4.54 0.013

a-b Values within a row, lacking a common superscript differ (P <0.05).
1 Two pens were combined and used as the experimental unit for mineral content and
mineral density parameters.
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Table 4 Locomotion-related observations (gait score and varus valgus) of
broiler chickens fed a control, fish oil, collagen and organic minerals diet

Measurement )
Confrol | Fish Ol | Collagen S{gon'c sem | P
inerals values
n (pens) 7 8 8 8
Gait score (score 1 to 5)!
27d 2.0 2.0 2.0 2.0 -2 -2
34d 2.47 2.33 2.34 2.22 0.02 | 0.254
414 2.61 2.66 2.58 2.48 0.03 | 0.125
Varus valgus (%)3
28d 21 17 17 17 0.07 | 0.511
35d 58 66 58 45 0.09 | 0.083
42d 66 70 66 63 0.06 | 0.114

a-b Values within a row, lacking a common superscript differ (P <0.05).

1 Method of Kestin et al. (1992), scored within a range of 0 (hormal locomotion) to 5
(unable fo stand).

2 Due to same scores in each diet group, SEM and P values were not calculated.

3 The percentage of chickens per diet group.

Table 5 Blood parameters of broiler chickens at 42 D of age fed a control,
fish oil, collagen and organic minerals diet.

Measurement i
Confrol | Fish Oil | Collagen | 2r99MC | sgpm| P

Minerals values

n (pens) 7 8 8 8

Calcium (mmol/l) 2.60 2.51 2.58 2.64 0.05| 0.506

Phosphorus (mmol/l) 1.83 1.91 1.86 1.82 0.03 | 0.242

Parathyroid (pg/ml) 331.3 371.3 385.8 483.9 46.5 | 0.900

Alkaline phosphatase (U/1) 1134.9 1115.2 1137.2 1204.7 73.3 | 0.860

Vitamin D3 (pg/ml) 463.2 468.3 493.3 502.1 37.6 | 0.931

DISCUSSION

Growth Performance

The results of this study showed that replacement of inorgan-
ic sourced macro and frace minerals by their organic varieties and re-
placement of soybean meal by hydrolysed collagen in broiler chicken
diets might stimulate growth performance. At d 42, the chickens of the
COL and ORM diet groups had a higher BW compared to the FISH diet
group. The findings of the ORM diet group are in line with previous stud-
ies that showed that dietary organic sourced Ca and P
and Cu, Fe, Mn, Zn resulted
in higher growth performance than their inorganic varieties, because of
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their functions in numerous biochemical reactions, increased bio-avail-
ability and less antagonistic impact among each other. It can be specu-
lated whether or not an increase of inorganic minerals compared to the
current guidelines will result in comparable effects as when organic min-
erals are used.

Since hardly any research has been performed on the effects of
dietary hydrolysed collagen and fish oil on growth performance of broiler
chickens, it requires further investigation to understand the mechanisms in-
volved. Possible explanations for a higher BW results of the COL diet group
might be the protein quality and digestibility of collagen. In chickens, mice
and humans, hydrolysed collagen or gelatin has been demonstrated to
improve protein digestion and absorption of peptides, rich in proline, hy-
droxyproline, and glycine

. In addition, the higher BW of the COL diet group might
be explained by the high protein content of the COL diets. The FISH diet
group had a lower BW than the COL and ORM diet groups. These findings
were opposite as compared to other studies, where the dietary fish oil
resulted in higher BW and lower FCR of broiler chickens

. The lower BW of the FISH diet group might possibly
explained by unknown interferences by n-6 PUFA in broiler dieft, it requires
further investigation to understand the mechanisms involved. Another
possible explanation might be the lipid peroxidization of fish oil in feed.
Many studies have shown that this peroxidation can negatively affect the
growth performance of broiler chickens and some other animal species,
such as turkeys, rats and pigs, mostly due to decreased bio-availability
. However, in the current study,

lipid peroxidation in feed is not analysed.

Despite a higher BW in the ORM and COL diet groups compared
fo the FISH diet group, Fl was similar for all diet groups. As a result of this,
lower FCR values for ORM and COL diet groups throughout the grow-
ing period, specifically during the finisher diet phase were found. These
results on FCR are in accordance with previous studies, stating that
broiler chickens fed organic Ca, P, Cu, Fe, Mn, Zn had lower FCR lev-
els

than broiler chickens fed inorganic mineral varieties, probably
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again due to the higher bio-availability of the organic mineral varieties.

Locomotion-related Observations and
Bone Development Related Blood Parameters

In general, fast-growing broiler chickens suffering from leg problems
demonstrated by low locomotion activities and gait abnormalities
. Whether this
can be influenced by diet composition cannot be concluded from
the current study, because no influence of the used diet compositions
was found for home pen behaviour observations, gait score and varus
valgus. Whether the lack of effects of the used diet composition is indeed
frue or due to e.g. the non-commercial setup (small pens; low stocking
density) and consequently the good litter quality in our study needs further
investigations. However, looking more intfo detail to the results of the gait
score and rotated ftibia, the ORM diet group showed, not significantly,
the best gait scores and the lowest prevalence of varus valgus at d 34
and 41. This might suggest that organic minerals not only affecting fibia
characteristics, but also result in better leg quality and locomotion.

Looking fo the age based behavioural changes, we expected less
walking and more resting toward to slaughter age. However, this was not
found in the current study, but more or less the opposite was found, which
might be explained by the low stocking density in the pen, partficularly
after the removal of chickens at d 28 and 34 for slaughtering.

Regarding bone related blood parameters, literature demonstrates
ambiguous results. Organic sourced Zn and Mn in broiler diets resulted in
a lower serum ALP level than inorganic varieties of Zn and Mn

. Higher serum Cu and Fe levels were found in another broiler study
applying organic sourced Zn in diet of broiler chickens compared to inor-
ganic Zn . Organic sourced Zn in broiler chickens diet
resulted in higher Ca content in plasma compared to control diet contain-
ing inorganic sourced Zn

It has been concluded that organic sourced Cu in laying hen di-
ets resulted in higher Cu levels in blood compared to inorganic sourced
Cu in diet . To our knowledge, no studies have been
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conducted to determine the relationship between dietary hydrolysed
collagen or fish oil on bone related blood parameters in chickens. In the
current study, serum Ca, P, ALP, vitamin D3 and PTH levels were not influ-
enced by diet groups. Due to limited comparative studies and theirincon-
sistent results regarding the effects of dietary organic macro and tfrace
minerals, hydrolysed collagen and fish oil on blood parameters in poultry
or other species, further research is needed.

Tibia characteristics

Tibia morphological measurements, such as fibia proximal length,
and lateral cortex thickness have been used as indicators of bone quality
in pouliry . The re-
sults obtained in this study indicated that chickens of the ORM diet group
had significantly longer fibia at d 42 and thicker femoral and metatarsal
side tibia heads at d 28 compared to the FISH diet group. These findings
are in agreement with previous studies, indicating the stimulative effects
of organic sourced minerals on tibia morphologic characteristics. It has
been reported that organic sourced Ca in broiler chicken diets resulted in
higher tibia proximal length and lateral cortex thickness

. It has been reported that lower bio-availability of Zn and Mn led
to shorter tibia proximal length, shorter lateral cortex thickness and mal-
formations on fibia . A low concentration of Zn in broiler
diets also resulted in shorter tibia length, due to its role in bone develop-
ment by mechanisms influencing longitudinal bone growth at the growth
plate . In the cur-
rent study, morphological tibia characteristics of the ORM diet group
were stimulated, which can be explained by higher mineral absorption
and greater bio-availability. Dietary fish oil had a negative effect on fibia
morphological characteristics, which might be explained by different in-
terferences of n-6 PUFA in the mineralisation and ossification mechanisms,
and required further investigation.

Tibia mechanical and biophysical measurements, such as
bone mineral density
, bone mineral content
and bone breaking sfrength
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have been the
most promising parameters to assess bone health in pouliry, because of
their relationships with locomotion and leg pathologies. A deficiency of
Ca, P and tfrace minerals in the diet result in lower bone mineral content
and lower breaking strength
. Ca and P are primarily essential for bone mineralisation
and increasing Ca and P in broiler
chicken diets might positively influence bone mineralisation and bone Ca
content, leading to a stronger bone
. Current diets were optimised based on the
CVB , but the advices for Ca and P in this table are not based on
bone quality. It can be speculated that the current advised minimal levels
are too limited for optimal bone development and bone strength. Instead
of increasing dietary inorganic Ca and P content, changing the source
of Ca and P and thereby increasing the bio-availability might work in the
same way. In the current study, the highest fibia mineral content and the
highest fibia mineral density at slaughter age were observed in the ORM
diet group compared to all other diet groups. These findings are in accor-
dance with who evaluated effects of replacement of
organic Zn, Mn and Cu on tibia mineralisation.

Bone strength is generally assumed to be suboptfimalin broiler chick-
ens and the strength is mostly
related to the inorganic part of the bone, which is responsible for the hard-
ness . It has been
shown that even if the mineral content of the diet can fulfil the require-
ments for growth performance, the mineral content level might be insuf-
ficient fo meet the requirements for maximal bone strength

reported that organic sourced P, because
of its h|gher bio-availability, positively affected bone strength. Cu and Fe
are vitally important for crosslinking of collagen, which gives the bone its
breaking strength and elasticity . Insufficient amount of
available Cu and Fe resulted in lower bone strength, even if Ca and P
levels were adequate . In the present study, tibia break-
ing strength of the ORM diet group was highest at the slaughter age (d
42). This confirms previous studies that dietary organic Zn, Mn, Cu, Fe, Se
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and more available Ca and P resulted in higher bone breaking strength

Tibia stiffness and energy to fracture parameters are mostly related
to the organic part of bone, which is responsible for flexibility
. In the current study, tibia stiffness and energy to fracture
reached the highest values in the ORM diet group. It is known that espe-
cially essential trace minerals play a role in the linkage between elasfin
and collagen, which supplies bone its stiffness and flexibility
. These two parameters of COL diet group were also
high at the slaughter age compared to CON and FISH diet groups, which
might be explained by the increased collagen amount in bone and con-
sequently more flexible bone structure.

In conclusion, the hypothesis of this study was that dietary organ-
ic minerals, fish oil and hydrolysed collagen might positively affect fibia
development in broiler chickens. The results of this study indeed showed
that organic macro and trace minerals in the diet positively affect tibia
characteristics, but these effects have not been found for the fish oil and
hydrolysed collagen. Because of the best tibia characteristics for the or-
ganic mineral diet group and the lowest (not significant) values for gait
score and rotated fibia, it can be suggested that organic minerals in the
diet of fast growing broiler chickens might improve animal welfare and risk
on injuries during depopulation, transport and slaughtering.
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SUPPLEMENTARY DATA

Table A1 Home pen behaviour observation parameters of broiler chickens (%) fed fish oil,
collagen and organic minerals diets

Measurement . .
Control F(;T Collagen AOATE(e]rr:::I(; Overall | SEM P values
. Diet
Diet
n (pens) 7 8 8 8 group Age grgup
ge
Eating 033 | 0.16 0.04 0.88
6d 20.1 14.8 15.5 19.8 17.5¢
13d 21.8 21.5 24.5 23.8 22.9v
20d 20.8 20.0 21.0 20.0 20.4bc
27d 34.5 35.6 39.3 37.0 36.6¢
34d 22.5 19.8 18.6 20.2 20.3bc
41 d 20.1 20.3 18.5 23.4 20.6bc
Drinking 0.11 0.10 0.003 0.60
6d 9.1 6.4 6.5 6.0 7.0p
13d 13.7 12.7 12.5 14.7 13.4¢
20d 13.6 11.5 12.3 11.9 12.3ab
27 d 11.3 9.3 9.5 7.0 9.3b
34d 16.1 12.8 16.5 13.0 14.6a
41 d 16.0 13.4 14.8 14.4 14.6¢
Walking 0.15 | 0.50 0.003 0.79
6d 13.0 15.5 12.7 15.9 14.3bc
13d 13.0 11.3 12.5 11.0 11.9¢
20d 14.0 17.5 13.1 12.7 14.3bc
27 d 15.5 15.0 13.5 14.6 14.6bc
34d 15.0 17.0 15.5 15.7 15.8ak
41d 16.5 19.2 21.7 20.2 19.4a
Standing 0.31 0.13 0.004 0.62
6d 16.1 19.1 16.6 20.5 18.0@
13d 11.6 13.1 13.0 10.0 11.90
20d 14.1 12.8 12.3 15.8 13.70
27 d 16.5 18.3 16.3 20.9 18.0@
34d 19.0 19.8 20.1 22.3 20.3¢@
41 d 19.4 20.8 20.6 19.2 20.0@
Resting 0.55 | 0.18 | <0001 | 0.26
6d 40.2 41.4 46.1 35.2 40.79
13d 36.3 38.0 34.5 37.0 36.4¢
20d 33.6 36.0 3%9.0 35.3 35.9a
27d 34.5 35.6 39.3 37.0 36.6¢
34d 20.4 27.0 26.8 25.0 24.8b
41d 22.0 22.5 22.3 19.2 21.5p
Forage 0.07 | 0.80 0.007 0.91
6d 0 0.7 0 0.5 0.3bc
13d 1.5 0.5 2.1 1.5 1.40b
20d 1.6 0.1 0.2 1.0 0.7bc
27 d 0.2 0 0 0 0.05¢
34d 0 0 0 0 Oc
41d 1.4 2.0 1.5 2.6 1.8a

(continued on next page)
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Table A1 (Continued)

Measurement | Confrol F|s_h Collagen OTQO”'C Overall | SEM P values
Oil Minerals
Comfort 0.05 | 0.84 0.33 0.33
Behaviour
6d 1.0 1.5 2.6 1.8 1.7
13d 2.0 2.3 1.0 1.0 1.6
20d 2.3 1.8 2.1 3.3 2.4
27d 2.0 2.7 2.2 2.1 2.2
34d 3.0 3.4 2.0 3.7 3.0
41d 4.5 1.5 0.5 1.0 1.9
Dustbathing 0.01 0.67 0.19 0.71
6d 0 0.5 0 0.2 0.2
13d 0 0.5 0 0.2 0.2
20d 0 0.2 0 0 0.05
27d 0 0 0 0 0
34d 0 0 0.3 0.3 0.2
41d 0 0 0 0 0

a-b Values within a row, lacking a common superscript differ (P <0.05).
* Due fo same scores in each diet group in Perching, SEM and P value were not shown in

the table.
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Abstract

This study was designed to evaluate the effects of green light
emitting diode (LED) light during incubation and dietary organic mac-
ro and trace minerals during rearing on tibia morphological, biophys-
ical, and mechanical characteristics of broiler chickens at slaughter
age. The experiment was setup as a 2 x 2 x 2 factorial arrangement,
with the following treatments: 1) light during incubation (green LED light
or darkness), 2) macro mineral source during rearing (organic or inor-
ganic Ca and P) and 3) frace mineral source during rearing (organic
or inorganic Fe, Cu, Mn, Zn, and Se). A total of 2,400 eggs (Ross 308)
were either incubated under green LED light (16L:8D) or in complete
darkness. After hatch, a total of 864 male broiler chickens were reared
until slaughter age (day 42) and provided with 1 of 4 diets, differing
in macro and/or trace mineral source. During rearing, the experiment
had a complete randomized block design with 9 replicate pens per
treatment and 12 chickens per pen. At slaughter age (day 42), 2 chick-
ens per replicate were randomly selected and tibia bones were ob-
tained. Tibia weight, length, thickness, osseous volume, pore volume,
total volume, mineral content, mineral density, ultimate strength and
stiffness were determined. Green LED light during incubation did not
affect any of the tibia characteristics. Dietary organic macro minerals
positively affected most of the fibia morphological, biophysical, and
mechanical characteristics compared to the inorganic macro miner-
als, whereas frace mineral sources did not affect tibia characteristics.
It can be concluded that dietary organic macro minerals Ca and P
stimulated tibia characteristics, whereas green LED light during incu-
bation and dietary frace minerals during rearing did not affect tibia
characteristics, locomotion or leg disorders.

Key words
green LED, incubation, organic mineral, tibia, broiler chicken




INTRODUCTION

Increased aftention is being focused on improving leg health of
broiler chickens, due to an imbalance between high growth rate and im-
mature bones and joints

. Suboptimal leg health is known to result in pain and
thereby negatively affects welfare and natural locomotion-related be-
haviours, such as accessing water and feed, especially in the last weeks
of broilers rearing period

. In terms of economy, suboptimal leg health can cause higher
mortality, lower slaughter revenues and consequently results in financial
losses

Two important factors, among others, that seem to affect bone de-
velopment in broilers are light during incubation
and macro and/or trace mineral sources during rear-
ing
In commercial hatcheries, eggs are mostly incubated under com-
plete darkness . However, in nature, most de-
veloping avian embryos are regularly exposed to daylight for short periods
of time when the hen leaves her nest to eat and drink
and when she rotates her eggs several times in a day
. Itis known that light ex-
posure during incubation affects chicken embryo development
, because broilers have
a lightsensitive pineal gland, which produces melatonin
. Melatonin influences skeletal development in
chickens

In addition to light itself, the colour of light might be an import-
ant factor, since chickens have special extraretinal photoreceptors in
their eyes and brains

. Green is a common colour in the natural habitat of avian spe-
cies and eggs are exposed to green light when the nest is located be-
neath green leaves. Several studies evaluating green light emitting di-
ode (LED) light during incubation in broiler chickens showed higher body
weight and post-hatch pectoral muscle growth compared to complete
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darkness during incubation

, as well as higher liver weight, higher antioxidant activity and
higher melatonin levels . Because of the effect of green
light on melatonin levels, an effect of incubation with green light on bone
development can be expected, but, fo our knowledge, this has not been
investigated yet.

Once embryonic bone development is stimulated by green light, it
is necessary to provide chickens with sufficient minerals for further bone
development during rearing as well. This means that bioavailability of min-
erals is important for optimal bone development during the rearing period

. Organic macro (Ca and P) and trace
(Fe, Cu, Mn, Zn and Se) minerals have been shown to have a higher bio-
availability than inorganic minerals in broilers’ diet, due to higher intes-
tinal absorption of those minerals
This higher bioavailability resulted in higher bone mineralization in broiler
chickens and befter bone quality
. Most studies related to organic minerals
in broilers’ diets have focused on trace minerals only
., or on combinations with organic macro min-
erals (Caand P) , but effects of organic macro minerals only
are less clear.

The main objective of this study was to investigate the effect of green
LED light during incubation and dietary organic macro and/or trace min-
erals during rearing on: 1) fibia characteristics, 2) locomotion and 3) leg
disorders at slaughter age in fast-growing broiler chickens.

MATERIALS AND METHODS
Experimental Design

The incubation phase of the experiment was conducted at Wagen-
ingen University and Research (Wageningen, The Netherlands). The rearing
phase was conducted at the experimental facility of a commercial com-
pany (ForFarmers N.V., Lochem, The Netherlands). All procedures in this
study were approved by the Central Commission for Animal Experiments,
The Hague, The Netherlands (Approval number: AVD401002016686).
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The experiment was setup as a 2 x 2 x 2 factorial arrangement with
two phases (incubation and rearing). Factors included were 1) light during
incubation (green LED or complete darkness), 2) macro mineral source
(inorganic vs organic) and 3) tfrace mineral source (inorganic vs organic)
during rearing. In total, there were eight freatments and each treatment
was replicated nine times during the rearing phase. As a result, a total of
72 experimental pens within a complete randomized block design were
used. Within each block of eight pens, freatment groups were randomly
distributed. Pen was used as the experimental unit and each pen con-
tained 12 male broiler chickens.

Incubation Phase

A total of 2,400 Ross 308 eggs from a 44-week-old breeder flock were
obtained from a commercial hatchery (Lagerwey, Lunteren, The Nether-
lands). All eggs were selected on weight between 61.0 - 65.0 g, transport-
ed from the hatchery to the research facility of Wageningen University and
Research (Wageningen, The Netherlands) and stored at 18.0°C for 48 h.
After storage, eggs were randomly distributed over 4 incubators; two large
incubators, containing 960 eggs each and two small incubators, contain-
ing 240 eggs each. In the large incubators, trays contained 88 eggs in a
honey-structure. In the small incubator, trays contained 150 eggs in a row
structure (see Figure 1). Per incubator, 4 or 5 eggshell temperature sensors
(Pt-100, Sensor Data BV, Rijswijk, The Netherlands) were attached to 4 or
5 individual eggs. All sensors were placed at the equator of the chosen
eggs by using heat conducting paste (Dow Corning 340 Heat Sink Com-
pound, Dow Corning GmbH, Wiesbaden, Germany) and a small piece
of tape (2 x 2 cm). The incubator temperature was continuously adjusted
based on the median egg shell temperature to maintain an egg shell tem-
perature of 37.8°C throughout incubation. Eggs were turned every 30 min
at an angle of 90° At embryonic day 8 (E8), all eggs were candled and in-
ferfile eggs were removed. At E18, all eggs were candled again and eggs
containing a vital embryo were fransferred from the trays into hatching
baskets, which were placed back in the same incubator. At E21, chicks
were taken from the hatching baskets and feather-sexed. Chick quality
parameters (red hock, red beak, and navel score) of all hatched chicks
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(both males and females; n=1,810) were assessed. Red hock and red
beak were scored as 0 (absent) or 1 (present). Navel score was assessed
as 1 (good), 2 (moderate) or 3 (poor). Thereafter, 30 female chicks per
freatment (darkness and green LED light) were randomly selected and
body weight, residual yolk weight, yolk free body mass, heart weight, liver
weight, stomach weight and intestinal weight were measured. A total of
864 male chicks were individually weighed and tagged with a neck-la-
bel, vaccinated against infectious bronchitis (eye drop; MSD Animal
Health, Boxmeer, The Netherlands) and transported for half an hour in a
climate-controlled van to the rearing facility (Nijkerk, The Netherlands).

Green LED Setup

Two incubators (1 large and 1 small) were equipped with plastic
covered and water resistant green LED strips (Josef Barthelme Green LED
strips, Barthelme GmbH & Co., NUrnberg, Germany). These strips were aft-
tached underneath hatching trays, meaning that eggs underneath that
hatching tray were lighted (Figure 1). Light intensities at egg shell level
(approximately 7 cm distant from the LED strip), measured by a Lux me-
ter (Testo Model 540 Lux meter, Testo BV, Almere, The Netherlands), were
on average 288 lux. Green light was applied with a 16L:8D light schedule
throughout incubation.

At E18, after transfer of eggs to the hatching baskets, LED strips were
attached to metal frames holding the hatching baskets fo maintain the
green lighting during the last 3 d of incubation.

Spectrum Measurement Through Egg Shell

To determine the light spectrum of the green LED light passing
through the eggshell, sixteen Ross 308 broiler breeder eggs were chosen
from aforementioned collected eggs and egg confents were removed
(shell membranes remained).

The shells were placed individually over a LED spectrum meter sensor
(AvaSpec ULS2048 Spectrometer, Avantes, Apeldoorn, The Netherlands).
Green LED strips were placed 7 cm distant from the eggshell (comparable
to the distance during incubation). The light spectrum passing through the
eggshells and average spectrum was determined.
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The peak in light spectrum without an eggshell was obtained at a
wavelength of 522 nm at approximately 57,000 counts, whereas the peak
in light spectrum passing through the eggshell was obtained at a wave-

length of 536 nm at approximately 19,000 counts (Figure 2)
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Figure 1
Assembling of green LED light strips beneath egg trays for the (A) large and (B)

small incubator
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Figure 2

Unfiltered spectrum measurements, using the LED spectrometer without eggshell
(direct impose) and through the eggshell of broiler breeder eggs, illuminated by
the green LED light strips used in the incubators

Abbreviation: LED, light emitting diode
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Rearing Phase

Upon arrival at the rearing facility, chickens were randomly assigned
to 72 floor pens within 9 blocks of 8 pens in a climate-confrolled broiler
house. Each pen contained 12 male broiler chickens. Pen size was 0.90
m2 (1.2 x 0.75 m) and the floor was covered with 4-6 cm wood shavings.
Temperature was maintained at 32°C until d 3 and thereafter gradually re-
duced to 22°C at d 42. A contfinuous light program from arrival to d 3 and
a 16L:8D light program from d 4 to 42 was applied. Chickens were reared
from arrival to d 42 with ad libitum access to feed and water.

At d 11, chickens were individually vaccinated against Newcastle
disease (Clone 30; eye drop, MSD Animal Health, Boxmeer, The Nether-
lands).

Experimental Diets
A 3-phase feeding program was applied; starter diets were provid-
ed from d 0 to 10, grower diets from d 11 to 28 and finisher diets from d
29 to 42. Dietary freatments were applied throughout all three phases.
Four experimental diets were used in this experiment in a 2 x 2 factorial
arrangement.,

They were:
1. inorganic macro and inorganic frace minerals (IMIT);
2. inorganic macro and organic trace minerals (IMOT);
3. organic macro and inorganic frace minerals (OMIT);
4

. organic macro and organic trace minerals (OMOT).

In the inorganic macro and organic frace minerals diet, inorganic
sourced Ca and P were used, but the inorganic trace mineral premix was
replaced by a 100% organic sourced trace mineral premix (Optimin, Trouw
Nuftrition, Tilburg, The Netherlands). In the organic macro and inorganic
frace minerals diet, only the inorganic macro minerals (Ca and P), provid-
ed by limestone and monocalcium phosphate, were largely replaced by
Calfos (Sonac Vuren B.V., Vuren, The Netherlands), an organic hydroxyap-
atite form of Ca and P source originating from processed porcine bones.
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An inorganic sourced trace mineral premix was used. In the organic mac-
ro and organic trace minerals diet, inorganic macro minerals were largely
replaced by Calfos and the trace mineral premix with inorganic minerals
was completely replaced by a complete organic sourced trace mineral
premix (Table 1).

All diets were produced and pelleted by ForFarmers N.V. (Lochem,
The Netherlands) and analysed for ash (ISO 5984), dry maftter (ISO 6496),
crude fibre (ISO 6865), crude fat (ISO 6492), crude protein (ISO 5983),
starch (ISO 6493), Na (ISO 6869), P (ISO 6941), Ca (ISO 6869), and Fe, Cu,
Mn, Zn, and Se. Diet compositions and calculated and analysed nutrient
values are shown in Table 1.

Data Collection, Sampling and Measurements

All chickens were individually weighed on d 0, 10, 21, 27, 34 and 41.
Feed intake (Fl) was measured per pen for the starter, grower and finisher
period. Feed conversion ratios (FCR) were calculated for the three phases
and over the whole growth period, taking mortality info account. Mor-
tality was recorded per pen per day. Gait score of 2 randomly selected
chickens per pen was evaluated on d 27, 34 and 39 by using the method
of and scored within a range of 0 (normal locomotion) to 5
(unable to walk). To determine whether the light and diet factors might af-
fect home pen behaviour, observations were performed in morning and
afternoon sessions on d 6, 13, 20, 27, 34 and 41, using the scan sampling
fechnique . During 3 to 4 min per session per day
per pen, the number of chickens performing the following activities was
scored: eating, drinking, walking, standing, resting, foraging, comfort be-
haviour, dust bathing and perching.

On d 42, two chickens per pen were randomly selected. Food pad
dermatitis (FPD) was scored on both legs as 0 (no lesions), 1T (mild lesion)
or 2 (severe lesion) . Thereafter, chickens were subjected
to electrical stunning, after which they were cut and bled. Breast weight,
heart weight, and carcass weight were determined. Breast weight is de-
scribed as the breast meat which was completely detached from ster-
num. Carcass weight is defined as the weight of body of the chicken with-
out breast, legs and wings.
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The left leg of each chicken was assessed by a veterinarian on bac-
terial chondronecrosis with osteomyelitis (BCO), epiphyseal plate abnor-
malities (EPA) and epiphysiolysis (EPI). All these leg abnormalities were
scored in the range of 0 (no abnormalities), 1 (minor abnormality) or 2
(severe abnormality). Right legs were deboned and tibias were obtained,
packed, and frozen at -20°C. After thawing, tibia weight was determined.
Tibia proximal length, lateral cortex thickness, femoral and metatarsal side
proximal head thickness, osseous volume, pore volume, total volume (os-
seous volume + pore volume), volume fraction (osseous volume / total
volume), mineral content and mineral density were analysed on individual
fibia, using a GE Phoenix 3D X-ray microfocus CT scanner (General Electric
Company®, Boston, Massachusetts, US) (method described by

(Figure 3). Robusticity index was calculated, using the formula of

Robusticity index (cm/g) = bone proximal length (cm) / bone weight (g)

The same tibias, scanned in 3D X-ray measures, were subjected
tfo a three-point bending test (method described by ).
using an Instron® electromechanical universal testing machine (Instron®,
Norwood, Massachusetts, United States). Ultimate stress (maximal load of
breaking point) data was used as the fibia ultimate strength; yield point
(reached yield load just before the angle has changed on slope, inflec-
tion point) data was used as the tibia yield strength; the slope of the se-
lected linear part of the curve data was used as the tibia stiffness; the area
under the curve of selected region data was used as the fibia energy to
fracture. Elastic modulus (GPa), which is the amount of strain as a result of
a partficular amount of stress and directly related to the density of bone

. was calculated using the following formula of

N §3
E_45 TI3

where E = the elastic modulus (GPa), N = the maximal load (N), S = the span
between bending fixtures (mm), T = tibia thickness(mm), L = tibia length (mm), and
6 = the maximum deflection (mm) at the midpoint of the bone. For more details

about X-ray and Instron related bone variables, see
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*(A) Three-dimensional fibia outer view. Color scale represents the
mineralization areas of bone from blue (less mineralization, 0) to green
(more mineralization, 2). (B) Two-dimensional black and white (gray scale)
tibia outer layer view. Shades of gray represent the mineralization areas
of bone from dark gray (less mineralization) to white (more mineralization).
(C) Two-dimensional colored tibia outer layer view. Color scale represents
the mineralization areas of bone from blue (less mineralization, 0) to red
(more mineralization, 2). (D) Three-dimensional tibia inner view scanned
by 3D Micro-CT X-Ray scanner. Different colors represent different densi-
ties of bone materials and pores.

Statistical Analysis

All statistical analyses were performed in SAS (Version 9.4, 2013, SAS
Institute Inc., Cary, North Carolina, United States).

Hatch data (red hock, red beak, navel score, residual yolk weight,
yolk free body mass, heart weight, liver weight, stomach weight and in-
testines weight) were subjected to mixed model analysis, using the PROC
MIXED procedure. Hatchling was used as the experimental unit and incu-
bator was added to the model as a random effect. The statistical model
used was:

Y = u + Light during incubation + €, [1]

where Y = dependent variable, u = overall mean, Light = green LED light or com-

plete darkness during incubation, € = residual error.

All growth performance data (BW, Fl, FCR, mortality), fibia morpho-
logical, biophysical, and mechanical characteristics, slaughter character-
istics, and home pen behaviour were subjected to mixed model analysis,
using the PROC MIXED procedure. The statistical model used was:

Y = u + Light during incubation + Macro minerals + Trace minerals

+ Interactions + €, [2]

where Y = dependent variable, y = overall mean, Light during incubation = green
LED light or complete darkness, Macro minerals = Inorganic or organic Ca and P
during rearing, Trace minerals = Inorganic or organic frace minerals during rear-
ing, Interactions = 2-way and 3-way interactions between light during incubation,

macro minerals, and frace minerals, € = residual error.
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Pen was used as the experimental unit for all analyses (n=72). The
different blocks within the broiler house (n=8) were used as a random ef-
fect. Body weight at slaughter age was added to the model as a covari-
able for tibia characteristics. Model assumptions were approved at both
means and residuals. Non-normal distributed data were log-transformed
before analyses. Results are provided as LSmeans + SEM. When multiple
comparisons were performed, the level of significance was corrected, us-
ing Bonferroni correction.

Gait score and leg disorders (HB, FPD, EPA, BCO and EPI) were sub-
jected to generalized linear mixed model analysis, using the PROC GLIM-
MIX procedure, using model 2. Gait score, FPD, EPA, BCO and EPI were
analysed at multinomial level. Body weight at slaughter age was added
to the model as a covariable for gait score and leg disorders. Effects were
considered to be significant at P < 0.05.

RESULTS

Only main effects are shown in all the tables (Table 2, 3 and 4) be-
cause only 1 three-way interaction and a few two way interactions were
found and these will be discussed in the text.

General Hatch Data

Hatchability of fertile eggs was on average 87.8% and was not af-
fected by green LED light or darkness during incubation (P=0.11). Chick
quality characteristics (red hock, red beak and navel score of all chickens;
and residual yolk weight, yolk free body mass, heart weight, liver weight,
stomach weight and intestines weight of 30 female chickens per treat-
ment) are shown in Table Al in the Supplementary Data. No differences
were found in any of those parameters between green LED light incubat-
ed chickens and dark incubated chickens (P>0.06).

Growth performance

No two or three-way interactions between incubation light, macro
mineral, and frace mineral source were found for performance charac-
teristics from d 0 to d 42. Mortality was not affected by any of the treat-
ments (Table 2).
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At d 10 (A=11 g; P<0.001), d 35 (A=51 g; P=0.06) and d 42 (A=93 g;
P=0.005) of age chickens incubated under green LED light had or tended
to have a higher body weight compared to chickens incubated under
complete darkness (Table 2). Fl between d 11 and 28 was lower in the
green light incubated chickens than in the complete darkness incubated
chickens (A=26 g; P=0.001). FCR between d 0 and 10 was lower in the dark-
ness incubated chickens (A=0.05; P=0.004) than in green light incubated
chickens. FCR (A=0.06; P=0.004) and corrected FCR (A=0.08; P=0.004) be-
tween d 0 and 42 were lower in green light incubated chickens than in
darkness incubated chickens (Table 2).

At day 10 (A=6 g; P=0.02), day 28 (A=49 g; P=0.05), day 35 (A 66 g;
P=0.02) and day 42 (A=74 g; P=0.03), chickens fed with organic macro
minerals had a higher BW compared to chickens fed with inorganic mac-
ro minerals (Table 2). FCR between day 0 and 10 was lower in the chickens
fed with inorganic macro minerals (A=0.03; P=0.03) than chickens fed with
inorganic macro minerals. FCR between day 0 and 42 (A=0.05; P=0.008)
and corrected FCR (A=0.07; P=0.02) were lower in chickens fed with or-
ganic macro minerals than in chickens fed with inorganic macro minerals
(Table 2).

At d 21 (A=31 g; P=0.03) and d 28 (A=54 g; P=0.03) chickens fed with
organic tfrace minerals had a higher BW compared to chickens fed with
inorganic frace minerals (Table 2). Fl between d 29 and 42 was higher in
the chickens fed with inorganic tfrace minerals (A=61 g; P<0.001) than in
the chickens fed with organic trace minerals. FCR between d 0 and 42
was lower in chickens fed with organic trace minerals (A=0.03; P=0.03)
than chickens fed with inorganic trace minerals.

Tibia Morphological Characteristics

A three-way interaction between light during incubation, mac-
ro mineral source and frace mineral source was found on fibia length.
However, after correction for Bonferroni, this inferaction disappeared. No
two-way interaction effects among light during incubation, macro miner-
al source, and trace mineral source were found for tibia morphological
characteristics. No main effects of green LED light were found on fibia
morphological characteristics. Main effects of macro and trace mineral
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source were found on tibia length. Chickens fed with organic macro min-
erals (A=0.27 cm; P=0.04) or trace minerals (A=0.21 cm; P=0.01) had a
higher tibia length than chickens fed with inorganic varieties (Table 3).

Tibia Biophysical Characteristics

No three-way or two-way interactions between light during incuba-
fion, macro mineral source, and trace mineral source were found on fibia
biophysical characteristics. Additionally, no main effects of green LED light
and dietary tfrace mineral source were found on tibia biophysical charac-
teristics. Chickens fed with organic macro minerals had a higher osseous
volume (A=1.6 cm?; P=0.02), higher mineral content (A=2.2 g; P=0.001)and
higher mineral density (A=0.10 g/cm?; P=0.001) compared to chickens fed
with inorganic macro minerals (Table 3).

Tibia Mechanical Characteristics

No two-way or three-way interactions between light during in-
cubation, macro mineral source and frace mineral source were found
on tibia mechanical characteristics. No main effects of green LED light
and dietary frace mineral source were found on tibia mechanical char-
acteristics. Chickens fed organic macro minerals had a higher ultimate
strength (A=11 N; P=0.006), higher yield strength (A=8 N; P=0.04), higher
stiffness (A=12 N/mm; P=0.002) and higher energy to fracture (A=10 N-mm;
P=0.002) compared to chickens fed inorganic macro minerals (Table 3).

Locomotion Related Observations (Leg Disorders
and Gait Score), Slaughter Characteristics and
Home Pen Behaviour

No two-way or three-way interactions between light during incubao-
fion, macro mineral source, and trace mineral source were found on gait
scores and leg disorders. Chickens incubated under green LED light had
higher gait scores on d 34 (A=0.19; P=0.02) and d 39 (A=0.31; P=0.001)
compared to chickens incubated under complete darkness (Table 4). The
incidence of leg disorders (FPD, BCO, EPA and EPI) in all treatment groups
was very low. EPA was not scored at all in any of the treatment groups. FPD,
BCO, and EPI had an average score of 0.28, 0.10 and 0.20, respectively,
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and no significant differences were observed between treatment groups.

Slaughter characteristics (breast weight, heart weight and carcass
weight) are presented in Table A2 in the Supplementary Data. Home pen
behaviour parameters (eating, drinking, walking, standing, resting, forag-
ing, comfort behaviour, dust bathing and perching) for each of the scan-
ning days (day 6, 13, 20, 27, 34 and 41) are presented in Table A3 in the
Supplementary Data. No difference was found in any of slaughter char-
acteristics and behaviour parameters among treatment groups.

DISCUSSION
Green LED Light

Several environmental factors, such as temperature, humidity, venti-
lation, and egg furning, are known to play important roles on the develop-
ment of the chicken emlbryos

Light during incubation is another important factor related to em-
bryonic muscular development
. Light can pass through the egg-
shell, as demonstrated in the current study, and by and
with light of several wave lengths, meaning that embryos were
indeed exposed to light during incubation. The current study showed
higher BW at several ages of chickens incubated under green LED light
compared to chickens incubated under darkness. This is in agreement
with studies of and , Where green
LED light during incubation resulted in higher body weights and especially
post-hatch pectoral muscle growth by enhancing proliferation and differ-
entiation of satellite cells during embryonic development and post hatch
period, compared to chickens incubated under complete darkness.
also demonstrated higher liver weight, higher antioxidant activ-
ity, and higher melatonin levels in broiler chickens exposed to green LED
light during incubation compared to darkness incubated chickens.

Regarding bone development, green LED light during incubation
has been found to increase bone development related hormones, such
as plasma growth hormone (GH), prolactin (PRL), melatonin

and hypothalamic growth
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hormone releasing hormone (GHRH), growth hormone receptor (GHR),
and insulin-like growth factor-1 (IGF-1) of broiler chickens
However, in the current study, no effect of green LED light during incuba-
tion was found on tibia morphological, biophysical or mechanical charac-
teristics at slaughter age. Results of the current study suggest that although
green light during incubation has been found to stimulate abovemen-
tioned hormones, receptors and growth factors
, and to accelerate body weight gain

, its effect on bone development appears
limited. It can be speculated that despite green LED light during incuba-
fion having a positive influence on growth factors and pectoral muscle
growth, by enhancing abovementioned hormones and receptors, these
influences seem not sufficient to stimulate bone development.

Although no effect of green LED light during incubation was found
on bone characteristics at slaughter age, gait score was worse in chickens
incubated in green LED light compared to chickens incubated in dark-
ness, even after correction for differences in BW. This suggests that other
factors than bone characteristics (muscles, joints, fendons) may play a
role as well in locomotion of broiler chickens, but how these different leg
parts intferact with locomotion is still unclear. That other factors play a role
in locomotion is also demonstrated by the almost complete lack of leg
bone pathologies in the current study, whereas the gait score differed
between tfreatments.

Macro Minerals

This study showed that replacement of inorganic sourced mac-
ro minerals (Ca and P) by their organic varieties resulted in higher body
weight in most phases of the rearing period, while preserving similar feed
infake, which resulted in lower FCR. These findings are in line with previous
studies in which was found that supplying organic macro minerals to broil-
er chickens stimulated growth performance . Or-
ganic sourced macro minerals have covalent bonds that provide a better
binding strength compared to electrovalent bonds in inorganic minerals.
This provides these minerals to bind with other compounds more efficiently

, resulfing in a better chemical stability and in
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more resistance to pH changes throughout the digestive system

. Finally, this results in lower antagonistic complex form-
ing with minerals or other diet ingredients, resulting in a higher bio-avail-
ability and an overall lower FCR.

Thus, replacement of inorganic macro minerals by a similar amount
of organic macro minerals in the diet appears to result in comparable
or even higher growth performance. Results of the current study suggest
that the current broiler diets can be improved related to macro mineral
availability for fast growing male broiler chickens, leading to enhanced
performance. It can be questioned whether or not a further increase in
inorganic macro minerals is desired, because of the potential risk of min-
eral complex forming and waste of minerals in the environment

. Alternatively, the use of organic varieties of macro
minerals might be a more sustainable solution.

The replacement of inorganic by organic macro minerals (Ca, P) did
not only result in enhanced growth, but also in better bone characteristics.
Almost all fibia morphological, biophysical, and mechanical characteris-
fics were positively affected by dietary organic macro minerals. Ca and
P are known to be essential for bone development as a main component
of the bone matrix , as an essential
part of enzymes involved in bone development and
also as an essential part of bone development related hormones, such as
GH, IGF-1, T3 and T4 . Increasing Ca
and P levels in broiler chicken diets has been shown to positively influence
bone mineralization, leading to a stronger bone

. A deficiency of Ca or P may impair bone growth,
mineral density, and strength

. A fast increase in bone mineralisation and bone growth
during the rearing period of fast growing broilers, expressed in high fibia

Ca and P level, is crucial for leg bone strength .
reported that increasing dietary Ca and P amount resulted in
increased fibia mineral content of broiler chickens. re-
ported that organic sourced Ca in broiler chicken diets resulted in higher
tibia proximal length and lateral cortex thickness compared to inorganic
sourced Ca. This is in accordance with results of the current study and
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overall, it can be suggested that organic dietary Ca and P may provide
better bone health to broiler chickens than the inorganic Ca and P sourc-
es.

Trace Minerals

The current study showed that replacement of inorganic frace min-
erals (Fe, Cu, Mn, Zn and Se) by their organic varieties resulted in (tenden-
cies to a) higher body weight during the rearing period. These findings
are in accordance with previous studies that showed that dietary organic
sourced Cu, Fe, Mn, Zn

resulted in higher growth performance than their inorganic vari-
eties. This is probably because of an increased bio-availability and less an-
tagonistic complex forming with each other, as explained above.

showed that serum mineral concentrations of broiler chickens
were found higher by 22% for Mn, 17% for Zn and 20% for Cu when min-
erals were provided in their organic variety instead of inorganic variety,
which indicates that organic minerals have a higher bio-availability for
chickens than inorganic minerals. This higher bio-availability is supported
by the findings that the difference in BW gain is particularly due to a high-
er feed efficiency, rather than due to an increase in Fl. It appears that
levels of inorganic frace minerals used in the current experiment might be
suboptimal to reach the genetic potential in weight gain of fast growing
male broiler chickens. However, a further increase of dietary tfrace miner-
als may result in higher wastage of minerals in the environment and even
foxic effects . Switching to organic frace minerals may
reduce mineral losses in the environment

Trace minerals are known to play maijor roles in metabolism, par-
ficularly in hormone and enzyme systems , from which some
are related to embryonic and post-hatch bone development

. Cu has an essential role in bone strength and flexibility

. Zn is essential for the functioning of bone

osteoclast cells . Mn is required for the synthesis of bone
cartilage . Iron (Fe), iodine (I) and selenium (Se)
are also essential trace minerals for bone development by regulating
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thyroid functions, which is known to regulate bone growth
. Based on these functions in bone

related metabolism, it can be suggested that a higher bio-availability of
frace minerals, due to the use of organic trace mineral varieties, might im-
prove bone characteristics. Although some previous studies, using organic
frace minerals did find a positive effect on bone development

. in the current study, fibia morphological, biophys-
ical and mechanical characteristics were not affected by tfrace mineral
source. These results are in agreement with other previous studies

. As a result of no effects of frace mineral sources
on bone characteristics in this study, it can be speculated that the current
guidelines for frace minerals are sufficient for bone development, where-
as this does not appear to be the case for growth performance.

In conclusion, using green LED light during incubation, dietary
organic macro minerals, and organic frace minerals resulted in higher
BW gain of broiler chickens compared to darkness during incubation,
inorganic macro minerals, and inorganic trace minerals, respectively.
However, only dietary organic macro minerals positively affected most
of the fibia morphological, biophysical, and mechanical characteristics.
This suggests, on one hand, that macro mineral source rather than frace
mineral source appears to be more important for leg bone development
in current broiler chicken strains. However, on the other hand, effects of
macro or trace mineral source on locomotion and leg pathologies appear
tfo be marginal.
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SUPPLEMENTARY DATA

Table A1 Effects of green LED light during incubation on hatchling characteristics (red hock,
red beak, navel score, residual yolk weight, yolk free body mass, heart weight, liver weight,
stomach weight and infestines weight) of female broiler chickens

Parameter' Incubation light condition
SEM P values
Darkness Green LED light

Chick weight (g) 42.2 42.4 0.31 0.79
Residual yolk weight (g) 3.96 3.88 0.16 0.71
Yolk-free body mass (g) 38.3 38.5 0.28 0.60
Heart weight (% of YFBM) 0.81 0.84 0.02 0.18
Liver weight (% of YFBM) 2.94 2.98 0.05 0.60
Intestines weight (% of YFBM) 6.07 5.99 0.41 0.68
Stomach weight (% of YFBM) 6.00 6.28 0.14 0.06
Red hock? (%) 1.8 2.4 0.01 0.36
Red beak? (%) 6.3 2.9 0.02 0.07
Navel score? 1.26 1.29 0.03 0.37

1 30 chicks per treatment were assessed for all chick quality parameters, except for red
hocks, red beaks, and navel score (n=864).

2 Red hock and red beak of all chicks were scored as 0 (absent) or 1 (present) and expressed
as percentage chickens with score 1; navel score was assessed as 1 (good), 2 (moderate),
or 3 (poor) and expressed as average score.

Table A2 Effects of green LED light during incubation and dietary macro and frace mineral
source during rearing on average body weight and percentages of breast, carcass and
heart of male broiler chickens at d 42 of age

Parameter . Macro Trace
Incubation minerals minerals P values
« 0 0 S “
& < c | £ S 2 |sem | 2| 23| 0B
C 0] O o O o} o] (Sl (SIS
X 0 o) > o) > 2|8l |g?
o] 6} 5 s 6 s =) Sz = <
o) < O < O Q € 1S
Body weight' (g) 30540 3,1300 3,117 3,066 3,058 3,125 26 005 0.8 008
Breast weight? (%) 21.8 21.7 21.8 21.8 21.7 21.8 0.7 0.39 0.50 0.21
Carcass weight23 (%) 53.2 52.8 53.1 53.0 53.3 52.8 1.3 0.30 0.26 0.52
Heart weight? (%) 0.5 0.5 0.5 0.5 0.5 0.5 0.001 045 073 0.50

1 Average body weight of slaughtered chickens at d 42.

2 Percentages of pectoralis major plus pectoralis minor and hearth weight of average body
weight.

3 Carcass weight (feathers and skin are attached) without both wings (detached from
humerus head) and legs (detached from femur head).

a-b Values within a row and factor lacking a common superscript differ (P < 0.05).

n = 2 chickens per pen; 9 pens per treatment; LSMeans.
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Table A3 Effects of green LED light during incubation and dietary macro and trace mineral

source during rearing on home pen behaviour of male broilers (eating, drinking, walking,

standing, resting, foraging, comfort behaviour, dustbathing and perching, expressed as

percentage of chickens performing each behaviour) for each of the scanning days (day 6,
13, 20, 27, 34 and 41)

E z Incubation Macro minerals Trace minerals P values

£ o a 2 XS] 2 0 S 2 @
= g5 |0 2 5| ¢ S S | 2E | 7¢
Eating
6d 21.8 19.8 22.3 19.4 18.1p 23.5¢ 1.7 0.40 0.23 0.03
13d 19.8 22.5 21.2 21.1 22.3 19.9 1.2 0.11 0.95 0.17
20d 18.1 22.0 21.3 18.9 19.6 20.6 2.5 0.28 0.51 0.78
27 d 19.9 18.5 17.6 20.8 20.3 18.1 2.5 0.71 0.39 0.54
34d 19.1 20.1 20.1 19.1 19.9 20.0 1.7 0.45 0.45 0.98
41d 18.7 23.4 22.1 20.0 20.3 21.8 1.9 0.09 0.43 0.57
Drinking

6d 12.2 10.7 11.8 11.2 11.0 12.0 1.3 0.42 0.77 0.59
13d 10.6 12.8 10.2 13.3 12.3 1.1 1.5 0.30 0.15 0.58
20d 13.1 16.1 12.7 16.5 15.2 13.9 2.1 0.33 0.22 0.68
27 d 15.7 14.3 13.7 16.3 15.5 14.5 2.3 0.67 0.42 0.77
34d 12.9 13.4 15.8 12.7 12.1 14.3 1.6 0.84 0.08 0.32
41d 13.8 13.8 13.5 14.0 14.2 13.4 1.7 0.99 0.84 0.73
Walking

6d 16.3 11.4 141 13.7 13.9 13.8 1.7 0.06 0.87 0.96
13d 17.1 15.1 16.4 15.8 16.7 15.5 1.7 0.42 0.78 0.62
20 d 20.7 17.0 20.3 17.3 18.2 19.5 2.1 0.22 0.31 0.67
27d 21.2 18.2 20.0 19.4 19.7 19.6 2.2 0.35 0.85 0.98
34d 15.5 14.5 15.8 14.2 15.9 141 1.8 0.72 0.55 0.49
41d 20.3 18.5 17.4 17.3 18.4 16.4 1.8 0.21 0.98 0.44
Standing

6d 16.4 18.7 17.7 17.4 17.7 17.4 1.9 0.41 0.93 0.93
13d 16.1 16.9 18.1 14.9 15.2 17.9 1.8 0.72 0.21 0.28
20d 18.4 20.1 19.8 18.7 22.3 16.2 2.2 0.59 0.73 0.06
27 d 17.2 19.4 19.2 17.5 17.2 19.5 2.3 0.49 0.62 0.47
34d 15.5 14.6 14.1 16.0 14.8 15.4 1.9 0.74 0.50 0.83
41 d 18.7 22.9 20.8 20.8 20.9 20.6 2.0 0.15 0.99 0.90
Resting

6d 34.3 31.0 30.6 34.8 35.7 29.7 2.6 0.36 0.25 0.10
13d 33.7 28.8 31.3 31.3 29.9 32.6 2.7 0.19 0.99 0.49
20d 24.5 22.3 23.2 23.5 21.0 257 2.2 0.49 0.94 0.15
27 d 20.9 26.7 24.6 23.0 23.0 24.5 2.2 0.07 0.63 0.65
34d 33.5 32.8 30.3 35.9 33.5 32.8 2.7 0.88 0.14 0.86
41d 27.5 22.4 24.5 25.7 24.3 25.9 2.3 0.14 0.70 0.62
Forage

6d 0.9 0.7 0.9 0.7 1.2 0.5 0.04 0.69 0.72 0.24
13d 0.3 0.6 0.3 0.6 0.7 0.08 0.03 0.50 0.50 0.09
20d 3.7 0.9 1.4 3.3 2.8 1.9 0.09 0.05 0.17 0.52
27 d 3.7 1.4 2.8 2.4 2.8 2.3 0.1 0.1 0.79 0.75
34d 0.7 1.7 0.9 1.5 1.0 1.5 0.06 0.25 0.47 0.54
41d 0.4 0.4 0.5 0.1 0.1 0.4 0.03 0.34 0.37 0.33

(continued on next page)
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Table A3 (Continued)

Comfort
behaviour
6d

13d
20d
27d
34d
41d
Dust
bathing
6d

13d
20d

27 d
34d
41d

2.1
2.7
1.7
1.6
2.2
1.2

2.2
3.3
1.8
1.6
22
2.6

0.7
0.3
0
0
0.2
0

2.5
2.8
1.4
2.3
2.4
1.5

0.5
0
0
0

0.1
0

1.8
3.2
2.1
0.8
1.9
23

1.2
0.3
0
0
0.9
0

0.7
2.8
1.2
1.59
2.6
2.2

0.9
0.3
0
0
0.5
0

2.6
3.2
2.4
1.54
1.7
1.7

0.7

0.1
0
0

0.5
0

0.07
0.08
0.07
0.07
0.06
0.07

0.05
0.01
0
0
0.03
0

0.91
0.65
0.96
0.97
0.96
0.18

0.77
0.31

0.11
0

0.53
0.77
0.57
0.17
0.65
0.40

0.29
0.31

0.10
0

0.37
0.77
0.28
0.97
0.35
0.66

0.80
0.34

0.99
0

a-b Values within a row, lacking a common superscript differ (P <0.05).
Due to same scores in each freatment group for perching, values are not shown.

776




REFERENCES

Abdallah, A. G., O. M. El-Husseiny, and K. O. Abdel-Latif. 2009. Influence of some dietary
organic mineral supplementations. International journal of pouliry science. 8:291-298.

Aige-Gil, V. and N. Murillo-Ferrol. 1992. Effects of white light on the pineal gland of the chick
embryo. Histology and histopathology. 7:1-6.

Angel, R. 2007. Metabolic disorders: limitations to growth of and mineral deposition into the
broiler skeleton after hatch and potential implications for leg problems. Journal of
applied poultry research. 16:138-149.

Ao, T., J. L. Pierce, R. Power, A. J. Pescatore, A. H. Cantor, K. A. Dawson, and M. J. Ford. 2009.
Effects of feeding different forms of zinc and copper on the performance and tissue
mineral content of chick. Poultry science. 88:2171-2175.

Archer, G. S. and J. A. Mench. 2017. Exposing avian embryos to light affects post-hatch an-
ti-predator fear responses. Applied animal behaviour science. 186:80-84.

Archer, G. S. 2017. Exposing broiler eggs to green, red and white light during incubation.
Animal. 11:1203-1209.

Archer, G. S., H. L. Shivaprasad, and J. A. Mench. 2009. Effect of providing light during incu-
bation on the health, productivity, and behavior of broiler chickens. Poultry science.
88:29-37.

Archer, G. S. and J. A. Mench. 2014. The effects of the duration and onset of light stimulation
during incubation on the behavior, plasma melatonin levels, and productivity of broil-
er chickens. Journal of animal science. 92:1753-1758.

Bao, Y. M. and M. Choct. 2009. Trace mineral nutrition for broiler chickens and prospects of
application of organically complexed trace minerals: a review. Animal production
science. 49:269-282.

Bao, Y. M., M. Choct, P. A. lji, and K. Bruerton. 2007. Effect of organically complexed copper,
iron, manganese, and zinc on broiler performance, mineral excretion, and accumu-
lation in tissues. Journal of applied poultry research. 16:448-455.

Bar, A., D. Shinder, S. Yosefi, E. Vax, and I. Plavnik. 2003. Metabolism and requirements for cal-
cium and phosphorus in the fast-growing chicken as affected by age. British journal
of nutrition. 89:51-60.

Bessei, W. 2006. Welfare of broilers: a review. World poultry science. J. 62:455-466.

Blake, G. M. and I. Fogelman. 2002. Methods and clinical issues in bone densitometry and
quantitative ultrasonometry. In: Principles of bone biology (1573-1585). Academic
Press.

Bradbury, E. J., S. J. Wilkinson, G. M. Cronin, P. C. Thomson, M. R. Bedford, and A. J. Cowie-
son. 2014. Nutritional geometry of calcium and phosphorus nutrition in broiler chicks.
Growth performance, skeletal health and intake arrays. Animal. 8:1071-1079.

Bouxsein, M. L., S. K. Boyd, B. A. Christiansen, R. E. Guldberg, K. J. Jepsen, and R. MUller. 2010.
Guidelines for assessment of bone microstructure in rodents using micro-computed
tfomography. Journal of bone and mineral research. 25:1468-1486.

Bradbury, E. J., S. J. Wilkinson, G. M. Cronin, P. Thomson, C. L. Walk, and A. J. Cowieson. 2017.
Evaluation of the effect of a highly soluble calcium source in broiler diets supple-
mented with phytase on performance, nutrient digestibility, foot ash, mobility and leg
weakness. Animal production science. 57:2016-2026.

Bradbury, E. J., S. J. Wilkinson, G. M. Cronin, C. L. Walk, and A. J. Cowieson. 2018. Effects of
phytase, calcium source, calcium concentration and particle size on broiler perfor-
mance, nutrient digestibility and skeletal integrity. Animal production science. 58:271-
283.

Bradshaw, R. H., R. D Kirkden, and D.M. Broom. 2002. A review of the aetiology and patholo-
gy of leg weakness in broilers in relation to welfare. Avian and poultry biology reviews.
13:45-103.

De Jong, I. C. and H. Gunnink. 2019. Effects of a commercial broiler enrichment programme
with or without natural light on behaviour and other welfare indicators. Animal.
13:384-391.

Decuypere, E., K. Tona, V. Bruggeman, and F. Bamelis. 2001. The day-old chick: a crucial
hinge between breeders and broilers. World's poulfry science journal. 57:127-138.

777




Dibner, J. J., J. D. Richards, M. L. Kitchell, and M. A. Quiroz. 2007. Metabolic challenges and
early bone development. Journal of applied poultry research. 16:126-137.

Dishon, L., N. Avital-Cohen, D. Malamud, R. Heiblum, S. Druyan, T. E. Porter, M. Gumutka and
I. Rozenboim. 2017. In-ovo monochromatic green light photostimulation enhances
embryonic somatotropic axis activity. Pouliry science. 96:1884-189%0.

Driver, J. P., G. M. Pesti, R. I. Bakalli, and H. M. Edwards, Jr. 2005a. Calcium requirements of the
modern broiler chicken as influenced by dietary profein and age. Poultry science.
84:1629-1639.

Driver, J. P., G. M. Pesti, R. I. Bakalli, and H. M. Edwards, Jr. 2005b. Effects of calcium and
nonphytate phosphorus concentrations on phytase efficacy in broiler chicks. Poultry
science. 84:1406-1417.

Dozier Ill, W. A., A. J. Davis, M. E. Freeman, and T. L. Ward. 2003. Early growth and environ-
mental implications of dietary zinc and copper concentrations and sources of broiler
chicks. British poultry science. 44:726-731.

Duncan, I. J. H., C. J. Savory, and D. G. M. Wood-Gush. 1978. Observations on the reproduc-
tive behaviour of domestic fowl in the wild. Applied animal ethology. 4:29-42.

Ekstrand, C., T. E. Carpenter, I. Andersson, and B. Algers. 1998. Prevalence and confrol of
foot-pad dermatitis in broilers in Sweden. British poultry science. 39:318-324.

El-Husseiny, O. M., S. M. Hashish, R. A. Ali, S. A. Arafa, L. D. A. El-Samee, and A. A. Olemy. 2012.
Effects of feeding organic zinc, manganese and copper on broiler growth, carcass
characteristics, bone quality and mineral content in bone, liver and excreta. Interna-
fional journal of poultry science. 11:368-377.

Eyre, D. R. 2004. Collagens and cartilage matrix homeostasis. Clinical orthopaedics and
related research. 427:118-122.

Ferket, P. R., E. O. Oviedo-Rondon, P. L. Mente, D. V. Bohorquez, A. A. Santos, Jr, J. L. Grimes,
J.D. Richards, J. J. Dibner, and V. Fe Its. 2009. Organic trace minerals and 25- hydroxy-
cholecalciferol affect performance characteristics, leg abnormalities, and biome-
chanical properties of leg bones of turkeys. Poultry science. 88:118-131.

Gocsik, E., A. M. Silvera, H. Hansson, H. W. Saatkamp, and H. J. Blokhuis. 2017. Exploring the
economic potential of reducing broiler lameness. British poultry science. 58:337-347.

Guinotte, F., Y. Nys, and F. De Monredon. 1991. The effects of particle size and origin of
calcium carbonate on performance and ossification characteristics in broiler chicks.
Poultry science. 70:1908-1920.

GuUz, B. C., R. Molenaar, I. C. de Jong, B. Kemp, H. van den Brand, and M. van Krimpen. 2019.
Effects of dietary organic minerals, fish oil, and hydrolyzed collagen on growth per-
formance and tibia characteristics of broiler chickens. Poultry science. 98:6552-6563.

GuUz, B. C., R. Molenaar, I. C. de Jong, B. Kemp, M. van Krimpen, and H. van den Brand. 2020.
Effects of eggshell temperature pattern during incubation on tibia characteristics of
broiler chickens at slaughter age. Poultry science. 99:3020-3029.

Halevy, O., Y. Piestun, I. Rozenboim, and Z. Yablonka-Reuveni. 2006. In ovo exposure to
monochromatic green light promotes skeletal muscle cell proliferation and affects
myofiber growth in posthatch chicks. American journal of physiology - regulatory in-
tegrative and comparative physiology. 290:1062-1070.

Hemme, A., M. Spark, P. Wolf, H. Paschertz, and J. Kaomphues. 2005. Effects of different phos-
phorus sources in the diet on bone composition and stability (breaking strength) in
broilers. Journal of animal physiology and animal nutrition. 89:129-133.

Huang, Y. L., L. Lu, S. F. Li, X. G. Luo, and B. Liu. 2009. Relative bio availabilities of organic zinc
sources with different chelation strengths for broilers fed a conventional corn-soy-
bean meal diet. Journal of animal science. 87:2038-2046.

Huth, J. C. and G. S. Archer. 2015. Comparison of two LED light bulbs to a dimmable CFL and
their effects on broiler chicken growth, stress, and fear. Poultry science. 94:2027-2036.

Huth, J. C. and G. S. Archer. 2015. Effects of LED lighting during incubation on layer and
broiler hatchability, chick quality, stress susceptibility and post-hatch growth. Poultry
science. 94:3052-3058.

Jianhua, H., A. Ohtsuka, and K. Hayashi. 2000. Selenium influences growth via thyroid hor-
mone status in broiler chickens. British journal of nutrition. 84:727-732.

Jungmann, R., G. Schitter, G. E. Fantner, M. E. Lauer, P. K. Hansma, and P. J. Thurner. 2007.
Real-time microdamage and strain detection during micromechanical testing of

778



single trabeculae. In Experimental and Applied Mechanics: SEM Annual Conference and
Exposition.

Kestin, S. C., S. Gordon, G. Su, and P. Sgrensen. 2001. Relationships in broiler chickens be-
tween lameness, liveweight, growth rate and age. Veterinary record. 148:195-197.

Kestin, S. C., T. G. Knowles, A. F. Tinch, and N. G. Gregory. 1992. The prevalence of leg weak-
ness in broiler chickens and its relationship with genotype. Veterinary record. 131:190-
194.

Kestin, S. C., G. Su, and P. Sgrensen. 1999. Different commercial broiler crosses have different
susceptfibilities to leg weakness. Pouliry science. 78:1085-1090.

Knowles, T. G., S. C. Kestin, S. M. Haslam, S. N. Brown, L. E. Green, A. Butterworth, S. J. Pope, D.
Pfeiffer, and C. J. Nicol. 2008. Leg disorders in broiler chickens: prevalence, risk factors
and prevention. PLoS One. 3:1545-1549.

Leeson, S., and L. Caston. 2008. Using minimal supplements of trace minerals as a method of
reducing frace mineral content of pouliry manure. Animal feed science and tech-
nology. 142:339-347.

Letourneau-Montminy, M. P., P. Lescoat, A. Narcy, D. Sauvant, J. F. Bernier, M. Magnin, C.
Pomar, Y. Nys, and C. Jondreville. 2008. Effects of reduced dietary calcium and phy-
tase supplementation on calcium and phosphorus utilisation in broilers with modified
mineral status. British poultry science. 49:705-715.

Lewis, P. D., and T. R. Morris. 2000. Poultry and coloured light. World poultry science. J. 56:189-
207.

McDevitt, R. M., G. M. McEntee, and K. A. Rance. 2006. Bone breaking strength and appar-
ent metabolisability of calcium and phosphorus in selected and unselected broiler
chicken genotypes. British poultry science. 47:613-621.

McKay, J. C., N. F. Barton, A. N. M. Koerhuis, and J. McAdam. 2000. The challenge of genetic
change in the broiler chicken. BSAP Occasional Publication. 27:1-7.

Medeiros, D. M., A. Plattner, D. Jennings, and B. Stoecker. 2002. Bone morphology, strength
and density are compromised in iron-deficient rats and exacerbated by calcium re-
striction. Journal of nutrition. 132:3135-3141.

Medeiros, D. M., J. llich, J. Ireton, V. Matkovic, L. Shiry, and R. Wildman. 1997. Femurs from
rats fed diets deficient in copper or iron have decreased mechanical strength and
altered mineral composition. The journal of frace elements in experimental medicine.
10:197-203.

Mench, J. 2004. Lameness. Pages 3-17 in Measuring and auditing broiler welfare. C. A. Weeks,
and A. Butterworth, ed. CABI, Wallingford, UK.

Molenaar, R., I. A. M. Reijrink, R. Meijerhof, and H. van den Brand. 2010. Meeting embryonic
requirements of broilers throughout incubation: a review. Brazilian journal of poultry
science. 12:137-148.

Nollet, L., J. D. van der Klis, M. Lensing, and P. Spring. 2007. The effect of replacing inorganic
with organic trace minerals in broiler diets on productive performance and mineral
excretion. Journal of applied poultry research. 16:592-597.

Novitskaya, E., P. Y. Chen, E. Hamed, L. Jun, V. A. Lubarda, I. Jasiuk, and J. McKittrick. 2011.
Recent advances on the measurement and calculation of the elastic moduli of cor-
fical and trabecular bone: a review. Theoretical and applied mechanics. 38:209-297.

Onyango, E. M., P. Y. Hester, R. Stroshine, and O. Adeola. 2003. Bone densitometry as an
indicator of percentage fibia ash in broiler chicks fed varying dietary calcium and
phosphorus levels. Poultry science. 82:1787-1791.

Oviedo-Ronddn, E. O., P. R. Ferket, and G. B. Havestein. 2006. Nutritional factors that affect
leg problems in broilers and turkeys. Avian and poultry biology reviews. 17:89-103.

Ozkan, S., S. Yalcin, E. Babacanoglu, S. Uysal, F. Karadas, and H. Kozanoglu. 2012. Photope-
riodic lighting (16 hours of light: 8 hours of dark) programs during incubation: 2. Ef-
fects on early posthatching growth, blood physiology, and production performance
in broiler chickens in relation to posthatching lighting programs. Poultry science.
91:2922-2930.

Parmer, T. G., L. B. Carew, F. A. Alster, and C. G. Scanes. 1987. Thyroid function, growth hor-
mone, and organ growth in broilers deficient in phosphorus. Poultry science. 66:1995-
2004.

779




Rao, S. V. R., B. Prakash, K. Kumari, M. V. L. N. Raju, and A. K. Panda. 2013. Effect of supple-
menting different concentrations of organic trace minerals on performance, anti-
oxidant activity, and bone mineralization in Vanaraja chickens developed for free
range farming. Tropical animal health and production. 45:1447-1451.

Rath, N. C., J. M. Balog, W. E. Huff, G. R. Huff, G. B. Kulkarni, and J. F. Tierce. 1999. Com-
parative differences in the composition and biomechanical properties of tibiae of
seven-and seventy-two-week-old male and female broiler breeder chickens. Poulfry
science. 78:1232-1239.

Riesenfeld, A. 1972. Metatarsal robusticity in bipedal rats. American Journal of Physical An-
thropology. 36:229-233.

Richards, J. D., J. Zhao, R. J. Harrell, C. A. Atwell, and J. J. Dibner. 2010. Trace mineral nutrition
in pouliry and swine. Asian-Australas. Journal of animal science. 23:1527-1534.

Richards, M. P. 1997. Trace mineral metabolism in the avian embryo. Poult. Sci. 76:152-164.

Rosol, T. J. and C. C. Capen. 1997. Calcium-regulating hormones and diseases of abnormal
mineral (calcium, phosphorus, magnesium) metabolism. Clinical biochemistry of do-
mestic animals. 23:619-702.

Rottger, A. S., I. Halle, H. Wagner, G. Breves, and G. Flachowsky. 2011. The effect of various
iodine supplementations and two different iodine sources on performance and io-
dine concentrations in different tissues of broilers. British poultry science. 52:115-123.

Rozenboim, I., Y. Piestun, N. Mobarkey, M. Barak, A. Hoyzman, and O. Halevy. 2004. Mono-
chromatic light stimuli during embryogenesis enhance embryo development and
posthatch growth. Pouliry science. 83:1413-1419.

Rucker, R. B., T. Kosonen, M. S. Clegg. A. E. Mitchell, B. R. Rucker, J. Y. Uriu-Hare, and C. L.
Keen. 1998. Copper, lysyl oxidase, and extracellular matrix protein cross-linking. The
american journal of clinical nutrition. 67:996-1002.

S&, L. M., P. C. Gomes, H. S. Rostagno, L. F. T. Albino, P. R. Cecon, and P. D'Agostini. 2004.
Calcium requirement for broiler chicks from 22 to 42 and 43 to 53 days old. Brazilian
journal of animal science. 33:397-406.

Selle, P. H., A. J. Cowieson, and V. Ravindran. 2009. Consequences of calcium interactions
with phytate and phytase for poultry and pigs. Livestock science. 124:126-141.

Shafey, T. M. 2004. Effect of lighted incubation on embryonic growth and hatchability perfor-
mance of two strains of layer breeder eggs. Brifish poultry science. 45:223-229.

Shafey, T. M., H. A. Al-Bafshan, M. M. Ghannam, and M. S. Al-Ayed. 2005. Effect of intensity
of eggshell pigment and illuminated incubation on hatchability of brown eggs. Brifish
pouliry science. 46:190-198.

Shao, Y., G.Sun, S. Cao, L. Ly, L. Zhang, X. Liao, and X. Luo. 2019. Bone phosphorus retentfion
and bone development of broilers at different ages. Pouliry science. 98:2114-2121.

Sherlock, L., T. G. M. Demmers, A. E. Goodship, I. D. McCarthy, and C. M. Wathes. 2010. The
relationship between physical activity and leg health in the broiler chicken. Brifish
poultry science. 51:22-30.

Sobolewska, A., G. EIminowska-Wenda, J. Bogucka, M. Szpinda, K. Walasik, A. Dankowiakow-
ska, W. Jozwicki., H. Wisniewska, and M. Bednarczyk. 2019. The effect of two different
green lighting schedules during embryogenesis on myogenesis in broiler chickens.
European pouliry science. 83.

Tong, Q., I. M. McGonnell, T. G. M. Demmers, N. Roulston, H. Bergoug, C. E. Romanini, R. Ver-
helst, M. Guinebretiére, N. Eterradossi, D. Berckmans, and V. Exadaktylos. 2018. Effect
of a photoperiodic green light programme during incubation on embryo develop-
ment and hatch process. Animal. 12:765-773.

Turner, C. H. and Burr, D. B. 1993. Basic biomechanical measurements of bone: a tutorial.
Bone. 14:595-608.

Van der Pol, C. W., van I. A. M. Roovert-Reijrink, G. Aalbers, B. Kemp, and H. van den Brand.
2017. Incubation lighting schedules and their interaction with maftched or mis-
matched post hatch lighting schedules: Effects on broiler bone development and
leg health at slaughter age. Research in Veterinary Science. 114:416-422.

Van der Pol, C. W., I. A. M. van Roovert-Reijrink, C. M. Maatjens, S. W. Gussekloo, S. Kranen-
barg, J. Wijnen, R. P. Pieters, H. Schipper, B. Kemp, and H. van den Brand. 2019. Light-
dark rhythms during incubation of broiler chicken embryos and their effects on em-
bryonic and post hatch leg bone development. PloS One. 14:0210886.

720



Vieira, S. L. 2008. Chelated minerals for poultry. Brazilian journal of poultry science. 10:73-79.

Wang,

G., L. J. Liu, W. J. Tao, Z. P. Xiao, X. Pei, B. J. Liu, M. Q. Wang, G. Lin, and T. Y. Ao.
2019. Effects of replacing inorganic trace minerals with organic trace minerals on the
production performance, blood profiles, and antioxidant status of broiler breeders.
Poultry science. 98:2888-2895.

Wedekind, K. J., E. C. Titgemeyer, A. R. Twardock, and D.H. Baker. 1991. Phosphorus, but not

Yenice

Zhang,

Zhang,

calcium, affects manganese absorption and turnover in chicks. Journal of nuftrition.
121:1776-1786.

, E., C. Mizrak, M. Gdltekin, Z. Atik, and M. Tunca. 2015. Effects of organic and inor-

ganic forms of manganese, zinc, copper, and chromium on bioavailability of these
minerals and calcium in late-phase laying hens. Biological tfrace element research.
167:300-307.

L., H. J. Zhang, J. Wang, S. G. Wu, X. Qiao, H. Y. Yue, J. H. Yao, and G. H. Qi. 2014. Stim-
ulation with monochromatic green light during incubation alters satellite cell mitotic
activity and gene expression in relation to embryonic and posthatch muscle growth
of broiler chickens. Animal. 8:86-93.

L., X. D. Zhu, X. F. Wang, J. L. Li, F. Gao, and G. H. Zhou. 2016. Green light-emitting
diodes light stimuli during incubation enhances posthatch growth without disrupting
normal eye development of broiler embryos and hatchlings. Asian-Australasian jour-
nal of animal sciences. 29:1562.

Zhao, J., R. B. Shirley, M. Vazquez-Anon, J. J. Dibner, J. D. Richards, P. Fisher, T. Hampton, K.

D. Christensen, J. P. Allard, and A. F. Giesen. 2010. Effects of chelated trace minerals
on growth performance, breast meat yield, and footpad health in commercial meat
broilers. Journal of applied poultry research.19:365-372.

727




B. C. Guz

l. C. de Jong?

U. Bol'

B. Kemp!

M. van Krimpen?

R. Molenaar!
H. van den Brand'

Submitted

1 Adaptation Physiology Group,
Wageningen University and Research,
6708 PB

Wageningen,

Gelderland,

The Netherlands

2 Wageningen Livestock Research,
Wageningen University and Research,
6708 WD

Wageningen,

Gelderland,

The Netherlands




W5

54@0 ter 3

EFFECTS OF ORGANIC MACRO
AND TRACE MINERALS IN FAST
AND SLOWER-GROWING BROILER
BREEDERS’ DIET ON OFFSPRING
GROWTH PERFORMANCE AND
TIBIA CHARACTERISTICS







Abstract

This study was designed to evaluate effects of source of macro
and frace minerals (inorganic vs organic) in fast and slower-growing
broiler breeders’ diets on egg and hatchling mineral content and on
offspring tibia morphological, biophysical and mechanical character-
istics. After 10 weeks feeding the breeders, eggs were collected and
incubated. Eggs and hatchlings were analysed on mineral content.
Male chickens were assigned to 32 pens with 12 chickens per pen. At
approximately 1700 and 2600 gram BW, three chickens per pen were
slaughtered. Tibia characteristics were determined. Organic minerals
in the broiler breeder diet resulted in higher Fe and Se concentration in
the egg and in higher Se concentration in the hatchling. Despite effects
of mineral source on mineral concentration in the eggs and hatchlings
were limited, organic minerals in the slower-growing broiler breeder
diet resulted in higher offspring BW (day 42, A=115 g; P=0.03) and ad-
vanced tibia development (higher thickness (A=0.38 cm; P<0.001), os-
seous volume (A=5.1 cm?; P=0.01) and mineral density (A=0.13 g/cm?;
P=0.03) at 2600 gram BW), but this was not observed in fast-growing
chickens. This suggests that (1) the difference in feed intake between
strains might affect offspring performance, which might indicate that
current slower-growing breeder diefs might be subopfimal in minerals
or that tfrans-generational mineral availability in slower-growing chick-
ens appears to be more effective on bone development, which might
be related to time available for bone development. (2) frans-genera-
fional mineral availability in offspring appears to play a role via other
mechanisms than via absolute mineral concentrations.

Key words
organic minerals, tibia characteristics, broiler breeder, broiler chicken




INTRODUCTION

In modern broiler chickens, the prevalence of suboptimal leg health
is considerable . A potential
reason is an imbalance between a high growth rate and insufficiently
developed leg bones

. Suboptimal leg health negatively affects broiler chickens’
locomotion . welfare
and slaughter revenues as a consequence of higher mortality and
increased rejections at slaughter plants

Fast-growing broiler chickens reach an average slaughter weight of
2500 to 3000 gram in approximately 38 to 42 days, while slower-growing
broiler chickens reach the same weight in approximately 48 to 54 days
. Genetic selection for fast
growth in broiler chickens has resulted in high feed efficiency and shorter
rearing period, but also in more porous and less mineralised leg bones
than slower-growing broiler chickens
. Consequently, fast-growing broilers have more leg and locomotion
problems than slower-growing broilers
, expressed
a higher risk of lameness and bone breakage

One of the most important factors for bone development is the
macro (Ca, P) and trace (Fe, Cu, Mn, Zn, Se) mineral availability

. Macro minerals are main components of the

bone matrix . whereas both macro

and frace

minerals are essential parts of bone development related

hormones and enzymes. Mineral availability is not only determined by the

amount of minerals provided in the diet, but also by the source or origin of

the minerals. Minerals used in poultry diets mostly consist of an inorganic

form . However, minerals can also be

processed and bound to e.g., an amino acid or a protein
and are then called organic minerals. Organic macro and
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frace minerals in broiler’s diet and organic
frace minerals in broiler breeders’ diet

have been shown to have a higher bio-
availability than inorganic minerals, due to a higher chemical stability and
consequently a better intestinal absorption

Pre-packaged minerals in the egg are important for embryonic
bone development and later life bone health
. Newly hatched chickens with a strong and well-formed skeletal
frame might be able to move better and have lower prevalence of leg
problems in later life . Organic frace minerals in the
breeders’ diet have already been shown fo result in better embryonic
bone mineralization than inorganic trace minerals .
However, these carmy-over effects from breeders’ diet to the offspring
embryo are only studied for trace minerals and not for macro minerals.
Additionally, effects of mineral source in the breeder diet on offspring bone
development and leg health at slaughter age are also hardly studied.
Moreover, almost all studies on trans-generational effects of minerals in
broiler chickens were conducted in fast-growing broiler breeders and not
in slower-growing broiler breeders.

The aim of this study was therefore to investigate effects of mineral
source (inorganic vs. organic) in fast and slower-growing broiler breeders’
diet on egg and hatchling mineral content and on offspring fibia
morphological, biophysical and mechanical characteristics.

MATERIALS AND METHODS
Experimental Design

The experiment was sefup as a 2 x 2 factorial arrangement with
two broiler breeder strains (fast and slower-growing) and two macro and
frace mineral sources in the broiler breeder diets (organic and inorganic).
Effects of the broiler breeder diet were investigated in the eggs and
offspring (hatchlings and later life). During offspring rearing, no treatments
were applied. The experiment was conducted at the experimental facility
of Wageningen University and Research (Wageningen, The Netherlands).
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All procedures in this study were approved by the Central Commission
on Animal Experiments (The Hague, The Netherlands; approval number:
2016.D-0138.005).

Breeder Feeding Phase and Experimental Diets

At an age of 20 weeks, 132 fast-growing Ross 308 breeders (120
females and 12 males) and 132 slower-growing Hubbard JA57 breeders
(120 females and 12 males) were obtained from two commercial rearing
farms. Breeders were allocated to 8 pens (4 pens per strain with 30 females
and 3 males per pen) and provided with a pre-layer diet (different for fast
and slower-growing breeders; see Table 1). After 5 weeks of adaptation,
they were provided with one of two different layer diets (2 pens per strain
per diet), containing either inorganic or organic macro (Ca, P) and trace
(Fe, Cu, Mn, Zn, Se) minerals for a period of 10 weeks (25 to 34 weeks of
age). Composition of these layer diets differed between fast and slower-
growing broiler breeders (Table 1). Consequently, four freatment groups
were used. They are as follows:

1) fast-growing broiler breeders fed with inorganic macro and
trace minerals (IF);

2) fast-growing broiler breeders fed with organic macro and frace
minerals (OF);

3) slower-growing broiler breeders fed with inorganic macro and
trace minerals (IS);

4) slower-growing broiler breeders fed with organic macro and
frace minerals (OS).

Inorganic macro minerals (Ca, P) were provided by limestone and
monocalcium phosphate. In the organic diets, Ca and P were largely (see
Table 1) replaced by Calfos ® (Sonac Vuren B.V., Vuren, The Netherlands),
a hydroxyapatite form of Ca and P, originating from processed porcine
bones. Inorganic trace minerals (Fe, Cu, Mn, Zn, Se) were completely
replaced by an organic sourced frace mineral premix (Optimin, Trouw
Nutrition, Tilburg, The Netherlands).
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All other raw materials remained the same in both diets, although
inclusion levels were different. Breeder diets were produced by ForFarmers
N.V. (Heijen, The Netherlands) and analysed for Ca, P, Fe, Cu, Mn, Zn
and Se (NutriControl, Veghel, The Netherlands). Diet compositions and
calculated and analysed nutrient values are shown in Table 1.

Egg Collection, Storage and Mineral Analysis

In week 34 of breeders’ age, first grade eggs were collected for
5 days, fransferred to a storage room and stored at 15 fo 16 °C and a
relative humidity of 65 to 70%. In the same week, 5 eggs per treatment
(1 egg per day for 5 days) were collected and analysed for macro (Ca,
P) and trace (Fe, Cu, Mn, Zn, Se) minerals by a commercial laboratory
(NutriConftrol, Veghel, The Netherlands), using inductively coupled plasma
- opfical emission spectromeftry (ICP-OES).

Incubation and Hatching Phase

After a storage duration of 4 to 8 days, 60 eggs per treatment per
collection day (300 eggs per treatment, 1200 eggs in total) were randomly
distributed over 4 incubators; two large incubators with 440 eggs each
(8 trays of 55 eggs per fray) and two small incubators with 160 eggs
each (4 tfrays of 40 eggs per fray). Each incubator contained eggs from
all four freatments and each fray contained eggs of one treatment. Per
incubator, 4 or 5 eggshell temperature (EST) sensors (Pt-100, Sensor Data
BV, Rijswijk, The Netherlands) were attached to 4 or 5 individual eggs.
All sensors were placed at the equator of the chosen eggs, using heat
conducting paste (Dow Corning 340 Heat Sink Compound, Dow Corning
GmbH, Wiesbaden, Germany) and a small piece of tape (2 x 2 cm). The
incubator temperature was contfinuously adjusted based on the median
temperature of the EST sensors to maintain an EST of 37.8°C throughout
incubation. Relative humidity of incubators was maintained between 50
and 65% throughout incubation. Eggs were turned every 30 min at an
angle of 90° and not exposed to light during incubation. At embryonic
day 8 (E8), all eggs were candled and infertile eggs were removed. At
E18, all eggs were candled again and eggs containing a vital embryo
were fransferred from frays to hatching baskets, which were placed back
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in the same incubator.

After all chickens had hatched, they were taken from the hatching
baskets (day E21.5). Chicken quality parameters (red hock, red beak and
navel score) of all hatched chickens (both males and females, n=1032)
were assessed. Red hock and red beak were scored as 0 or 1 (absent or
present). Navel score was assessed as 1 (good), 2 (moderate) or 3 (poor)
as described by . After chicken quality assessment, all
chickens were feather-sexed. Male chickens were individually weighed
and numbered by using a neck-label, vaccinated against infectious
bronchitis (eye drop; MSD Animal Health, Boxmeer, The Netherlands) and
fransported to one of two adjacent rearing rooms at the same location.

After hatch, 5 randomly chosen male chickens per treatment were
kiled by cervical dislocation and residual yolks were removed. Yolk-
free bodies and residual yolks were analysed separately for macro (Ca,
P) and trace (Fe, Cu, Mn, Zn, Se) minerals by a commercial laboratory
(NutriControl, Veghel, The Netherlands), using inductively coupled plasma
- opftical emission spectrometry (ICP-OES).

Broiler Rearing Phase

Upon arrival at the rearing rooms, male chickens per broiler breeder
strain and diet were randomly assigned fo 32 pens (16 pens per room)
within 8 blocks of 4 pens, 12 chickens per pen. Pens (1.25 x 2.00 m) were
covered with 4-6 cm wood shavings. Temperature was maintained at
32-C until day 3 of age and thereafter gradually reduced to 24-C at day
21 and to 20-C from day 28 onward. A continuous light program from
arrival to day 3 of age and a 16L:8D light program from day 4 to 49 was
applied. Chickens were raised from arrival to day 42 (fast-growing) or
day 49 (slower-growing) with ad libitum access to a similar commercially
available diet (ForFarmers, Lochem, The Netherlands). A 3-phase feeding
program was applied; a starter diet (ME=2925 kcal/kg, CP=203 g/kg,
dLys=11.1 g/kg) was provided from day 0 to 14, a grower diet (ME=2975
kcal/kg, CP=173 g/kg, dLys=9.1 g/kg) from day 14 to 35 and a finisher diet
(ME=3025 kcal/kg, CP=172 g/kg, dLys=8.6 g/kg) from day 35 to 42 (fast-
growing) or 49 (slower-growing).
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Water was available ad libitum throughout the rearing phase
via drinking nipples. At day 11, chickens were vaccinated against
Newcastle disease (Clone 30; eye drop, MSD Animal Health, Boxmeer, The
Netherlands).

Data Collection, Sampling and Measurements

All chickens were individually weighed on day 0, 10, 14, 21, 28, 35,
42 and 49 of age. Feed intake (FI) was measured per pen for the starter,
grower and finisher period and over the whole rearing period. Feed
conversion ratios (FCR) were calculated for the same periods, taking
mortality info account. Mortality was recorded per pen per day and dead
chickens were weighed.

Home pen behaviour was scored on day 16, 23, 30, 37 and 44
with one morning and one afternoon session, using the scan sampling
technique(44). During 3 to 4 min per session per pen per day, the number
of chickens performing the following activities was scored: eating, drinking,
walking, standing, resting, foraging, sitting, dust bathing or perching.

At a body weight (BW) of approximately 1700 gram (day 29 and 38
of age for fast and slower-growing chickens, respectively) and at a BW
of approximately 2600 gram (day 38 and 49 of age for fast and slower-
growing chickens, respectively) three chickens per pen were selected
for slaughtering. Chickens with a BW close to 1700 or 2600 gram were
selected. Chickens were stunned by electrocution, cut and bled. Varus
Valgus (VV; each angulation was scored as present, 1; or no angulation,
0) was scored on both legs by visual appraisal. The left leg of all chickens
was assessed by a veterinarian on fibia dyschondroplasia (TD), bacterial
chondronecrosis with osteomyelitis (BCO), epiphyseal plate abnormalities
(EPA) and epiphysiolysis (EPI). These abnormalities were scored in the range
of 0 (no abnormalities), 1 (minor abnormality), or 2 (severe abnormality),
but analyzed as 0 (no abnormality) or 1 (abnormality), because no score
2 was observed.

The tibia of the right leg was obtained from each chicken and frozen
at -20°C. After thawing, tibia of two chickens per pen were selected for
further analyses. Tibia weight was determined. Tibia proximal length,
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lateral cortex thickness, femoral and metatarsal side proximal head
thickness, osseous volume, pore volume, total volume (osseous volume +
pore volume), volume fraction (osseous volume / total volume), mineral
content and mineral density were analysed on each tibia, using a GE
Phoenix 3D X-ray microfocus CT scanner (General Electric Company®,
Boston, Massachusetts, US) . Robusticity
index was calculated, using the following formula

Robusticity index (cm/g) = bone proximal length (cm) / bone weight (g).

The same tibias were then subjected to a three-point bending test

, using an Instron® electromechanical universal testing

machine (Instron®, Norwood, Massachusetts, United States). Ultimate

strength (maximal load at breaking point); yield strength (reached yield

load the angulation point on slope); tibia stiffness (the slope of the selected

linear part of the curve) and energy to fracture (the area under the curve)

were measured . Elastic modulus (GPa), which is the

amount of strain caused by stress , was calculated
using the following formula

N S3
46 TL?

where E is the elastic modulus (GPa), N is the maximal load (N), Sis the span
between bending fixtures (mm), T is the fibia thickness (mm), L is the fibia length
(mm) and & is the maximum deflection (mm) at the midpoint of the bone.

E =

Statistical Analysis

All statistical analyses were performed in SAS (Version 9.4, 2013, SAS
Institute Inc., Cary, North Carolina, US).

Hatch data (red hock, red beak and navel score) was subjected to
generalized linear mixed model analysis, using PROC GLIMMIX with model
1:

Y= u + Mineral + Strain + Interaction + €, [1]

where Y = the dependent variable, p is the overall mean, Mineral = minerall

source in the broiler breeder diet (organic or inorganic), Strain = broiler breeder

strain (fast-growing Ross 308 or slower-growing Hubbard JA757), Interaction =
interaction between mineral source and strain, € = residual error. Incubator was
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added to the model as a random effect.

Red hock and red beak were analysed at binary level (present
or not) with a logit link; navel score was analysed at multinomial level
(good, moderate or poor) with a cumlogit link. Hatchling was used as the
experimental unit.

All growth performance data from day 0 to 42 (BW, FI, FCR, mortality)
was subjected to general linear mixed model analysis, using PROC MIXED
with model 1. Pen was used as the experimental unit. Block was used as a
random factor.

From day 42 onward, only chickens from the slower-growing strain
were present. Consequently, all growth performance data (BW, Fl, FCR,
mortality) was subjected to general linear mixed model analysis, using
PROC MIXED with model 2. Pen was used as the experimental unit. The
statistical model used was:

Y=u + Mineral + €, [2]

where Y = the dependent variable, p is the overall mean, Mineral = mineral
source in the broiler breeder diet (organic or inorganic), € = residual error. Block
was used as a random factor.

Tibia morphological, biophysical and mechanical characteristics, at
two BW classes (1700 and 2600 gram), were subjected to general linear
mixed model analysis, using PROC MIXED with model 1, added with BW
(actual BW of the individual chickens at slaughter age) as a covariate.
Pen was used as the experimental unit. Block was used as a random
factor. Chicken nested within pen was added as a random factor to use
pen as the experimental unit in the analyses.

Home pen behaviour (eatfing, drinking, walking, standing, resting,
sitting, dust bathing and perching) was subjected to general linear
mixed model analysis, using PROC MIXED with model 1. Pen was used
as the experimental unit. Block was used as a random factor. Only main
effects were analysed and presented, because preliminary analyses
demonstrated a lack of interaction effects between mineral source and
breeder strain.
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Leg disorders (VV, TD, EPA, BCO and EPI) were subjected to
generalized linear mixed model analysis, at two BW classes (1700 and
2600 gram), using PROC GLIMMIX with model 1. VV was scored as
present or not (each angulation was scored as 0O (no angulation) or 1
(angulation present). TD was scored in the range of 0 (no abnormalities),
1 (minor abnormality), or 2 (severe abnormality), but analyzed as 0 (no
abnormalities) or 1 (abnormalities present), because no score 2 was
found. For all these analyses, a logit link was used. Pen was used as
the experimental unit. EPA, BCO and EPI were not statistically analysed,
because there was only one BCO disorder in the OF group at 1700 gram
BW class and no observations were recorded for EPA and EPI.

For confinuous data, model assumptions were checked for both
means and residuals. Non-normal distributed data were log-transformed
before analyses. Results are provided as LSmeans + SEM, unless indicated
otherwise. When multiple comparisons were performed, the level of
significance was corrected, using Bonferroni. Effects were considered to
be significant at P <0.05.

RESULTS
Mineral Analysis

By incidence, eggs selected for mineral analyses differed in weight
between mineral source in the breeder diet and did not represent the
average egg weight of the freatments. Consequenily, egg mineral
compositionis expressed as concentration. No interaction effects between
mineral source and breeder strain were found in mineral concentrations
of albumen + yolk, eggshell, residual yolk or yolk free body (Table 2 and
3). Iron (A=3.2 mg/kg, P=0.008) and selenium (A=0.073 mg/kg, P<0.001)
were higher in aloumen + yolk of eggs originating from organic minerals
fed broiler breeders compared to eggs of inorganic minerals fed broiler
breeders, whereas the opposite was found for copper (A=0.1 mg/kg,
P=0.05) (Table 2). No strain effect was found for albumen + yolk mineral
concentrations.

Selenium concentration was higher (A=0.11 mg/kg, P=0.05) in
residual yolk of hatchlings originating from organic minerals fed broiler

737




breeders compared to inorganic minerals fed broiler breeders (Table 3).
In the residual yolk, calcium (A=0.65 g/kg, P<0.001), copper (A=0.2 mg/
kg, P=0.05) and manganese (A=0.4 mg/kg, P=0.003) concentrations were
lower in fast-growing chickens compared to slower-growing chickens,
whereas the opposite was found for phosphorus (A=0.04 g/kg, P=0.009),
iron (A=7.7 mg/kg, P=0.002) and selenium (A=0.19 mg/kg, P=0.003)
concentrations.

Selenium concentration was higher (A=0.04 mg/kg, P=0.009) in yolk
free bodies of hatchlings originating from organic minerals fed broiler
breeders compared o inorganic minerals fed broiler breeders. Iron (A=4.4
mg/kg. P<0.001) and selenium concentration (A=0.4 mg/kg, P=0.03) were
lower in yolk free bodies of slower-growing hatchlings compared to fast-
growing hatchlings (Table 3).

General Hatch Data

Hatchability of fertile eggs was on average 86%. Hatch characteristics
(red hock, red beak and navel score of all chickens) are shown in Table
Alin Supplementary Data. No interaction effects between mineral source
and breeder strain nor mineral source effects were found forred hock, red
beak and navel score. Slower-growing chickens had a higher incidence
of red hocks (A=3.73 %, P=0.02) and red beaks (A=3.06 %, P=0.05) than fast-
growing chickens. Navel score was not affected by breeder strain.

Growth Performance

BW atday 10, 14, 21, 28, 35 and 42 of the broilerrearing phase showed
a significant interaction between mineral source and breeder strain (Table
4). In fast-growing chickens, no effect of mineral source was found on BW
at any of the weighing days, but slower-growing chickens originating from
organic minerals fed broiler breeders had a higher BW at day 10 (A=20 g;
P=0.04), day 14 (A=20 g; P=0.04), day 21 (A=39 g; P=0.04), day 28 (A=65
g; P=0.04), day 35 (A=78 g; P=0.03) and day 42 (A=115 g; P=0.03) than
the ones originating from inorganic mineral fed broiler breeders. Slower-
growing chickens originating from organic mineral fed broiler breeders
had a higher BW at day 49 (A=132 g, P=0.004) than chickens originating
from inorganic minerals fed broiler breeders.
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Chickens of the slower- growing strain had a lower BW than fast-
growing strain af day 0 (A=3.4 g, P<0.001).

Feed intake between days 0-14 showed a significant interaction
between mineral source and breeder strain (Table 5), but this effect
disappeared after correction for Bonferroni. No further interactions
between mineral source and breeder strain were found for Fl or FCR and
neither mineral source effects were found. Slower-growing chickens had a
lower feed intake between days 14-35 (A=906 g, P<0.001), 35-42 (A=253 g,
P<0.001) and 0-42 (A=1270 g, P<0.001) than fast-growing chickens. Slower-
growing chickens had a higher FCR than fast-growing chickens between
days0-14 (A=0.10, P <0.001), 14-35 (A=0.16, P<0.001), 35-42 (A=0.30, P<0.001)
and 0-42 (A=0.18, P<0.001).

A total of 12 (3.1%) dead chickens were recorded during the rearing
period. No inferaction between mineral source and breeder strain or main
effects were found on mortality.

Tibia Morphological Characteristics

At the 1700 gram BW class, interaction effects between mineral
source and broiler breeder strain were found on all fibia morphological
characteristics, except for tibia lateral cortex thickness (Table 6). The
OS group had a higher tibia weight compared to the other treatment
groups (A=0.86 g on average; P=0.006), which were similar. For proximal
fibia length, fibia femoral side head thickness, tibia metatarsal side head
thickness and ftibia robusticity index, no effects of mineral source were
found in the slower-growing broilers. However, in fast-growing broilers,
chickens originating from organic minerals fed broiler breeders had higher
proximal fibia length (A=0.88 cm; P=0.02), tibia femoral side head thickness
(A=0.21 cm; P=0.03), tibia metatarsal side head thickness (A=0.23 cm;
P=0.04) and fibia robusticity index (A=0.07 cm/g; P<0.001) than chickens
originating from inorganic minerals fed broiler breeders. For the 1700 gram
BW class, the lateral tibia cortex thickness was higher in slower-growing
chickens than in fast-growing chickens (A=0.17 cm; P<0.001).

At 2600 gram BW class, interaction effects between mineral source
and broiler breeder strain were found on lateral fibia cortex thickness,
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femoral side proximal tibia head thickness and tibia metatarsal side
proximal tibia head thickness (Table 6). In fast-growing chickens, no effects
of mineral source in the breeder diet were found, but slower-growing
chickens, originating from organic minerals fed broiler breeders had a
higher tibia lateral cortex thickness (A=0.38 cm; P<0.001), tibia femoral side
proximal head thickness (A=0.26 cm; P=0.00%9) and tibia metatarsal side
proximal head thickness (A=0.15 cm; P=0.02) than chickens originating
from inorganic minerals fed broiler breeders. Slower-growing chickens
showed a higher fibia weight (A=1.65 g; P<0.001), proximal fibia length
(A=0.30 cm; P=0.02) and a lower tibia robusticity index (A=0.07 cm/g;
P<0.001) than fast-growing chickens.

Tibia Biophysical Characteristics

At 1700 gram BW class, no interaction effects between mineral
source and broiler breeder strain were found on tibia biophysical
characteristics (Table 7). Chickens originating from organic minerals fed
broiler breeders had a higher tibia osseous volume (A=1.7 cm?3; P=0.03),
tibia mineral content (A=1.1 g; P=0.009) and fibia mineral density (A=0.07 g/
cm?; P=0.003) than chickens originating from inorganic minerals fed broiler
breeders. Slower-growing chickens showed a higher tibia osseous volume
(A=7.1 cm?; P<0.001), tibia pore volume (A=1.2 cm3; P<0.001), tibia total
volume (A=8.4 cm3; P<0.001) and tibia mineral content (A=1.9 g; P<0.001)
than fast-growing chickens.

At 2600 gram BW class, interaction effects between mineral source
and broiler breeder strain were found on tibia osseous volume, fibia total
volume and tibia mineral density (Table 7). In fast-growing chickens, no
effect of mineral source in the breeder diet was found, but slower-growing
chickens originating from organic minerals fed breeders showed a higher
tibia osseous volume (A=5.1 cm?; P=0.01), tibia total volume (A=5.6 cm3;
P=0.005) and fibia mineral density (A=0.13 g/cm?; P=0.03) than chickens
originating from inorganic minerals fed breeders. Chickens originating from
organic minerals fed broiler breeders had a lower tibia volume fraction
(A=1.8 %; P=0.03) and a higher tibia mineral content (A=1.4 g; P<0.001)
than chickens originating from inorganic minerals fed broiler breeders.
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Slower-growing chickens showed a higher fibia pore volume (A=2.6 cm?3;
P<0.001), fibia mineral content (A=2.8 g; P<0.001) and lower tibia volume
fraction (A=3.4 %; P<0.001) than fast-growing chickens.

Tibia Mechanical Characteristics

At 1700 gram BW class, nointeraction effects between mineral source
and broiler breeder strain were found on tibia mechanical characteristics
(Table 8). Chickens originating from organic minerals fed broiler breeders
had a higher fibia ultimate strength (A=22.1 N; P<0.001), fibia yield strength
(A=20.8 N; P<0.001), tibia stiffness (A=19.2 N/mm; P<0.001) and fibia
energy to fracture (A=18.8 N-mm; P<0.001) than chickens originating from
inorganic minerals fed broiler breeders. Slower-growing chickens showed
a higher fibia ultimate strength (A=37.9 N; P<0.001), tibia yield strength
(A=39.1 N; P<0.001), fibia stiffness (A=39.1 N/mm; P<0.001) and fibia energy
to fracture (A=35.7 N-mm; P<0.001) than fast-growing chickens.

At2600 gram BW class, nointeraction effects between mineral source
and broiler breeder strain were found on tibia mechanical characteristics
(Table 8). Chickens originating from organic minerals fed broiler breeders
had a higher tibia ultimate strength (A=14.1 N; P=0.04), tibia yield strength
(A=14.8 N; P=0.03), fibia stiffness (A=16.0 N/mm; P=0.04) and tibia energy to
fracture (A=14.2 N-mm; P=0.03) than chickens originating from inorganic
minerals fed broiler breeders. Slower-growing chickens showed a higher
tibia ultimate strength (A=18.1 N; P=0.008), tibia yield strength (A=22.6 N;
P<0.002), tibia stiffness (A=24.6 N/mm; P=0.003) and fibia energy fo fracture
(A=20.0 N-mm; P=0.004) than fast-growing chickens.

Home Pen Behaviour

Home pen behaviour parameters (eating, drinking, walking,
standing, resting, sitting, dust bathing and perching) for each of the
observation days (day 16, 23, 30, 37 and 44) are presented in Table A2 in
Supplementary Data. Hardly any effect of mineral source in the breeder
diet was found on behaviour parameters. Fast-growing chickens showed
less walking (day 30 and 37), less standing (all days), less perching (all
days) and more resting behaviour (day 30) than slower-growing chickens.
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Leg Disorders

No interaction effects between mineral source and broiler breeder
strain were found on VV and TD atf both 1700 and 2600 gram BW classes
and furthermore, no main effects were found on TD. At 1700 gram and 2600
gram BW classes, fast-growing chickens showed a higher VV incidence
than slower-growing chickens (1700 gr: 25.0 vs 4.2%, respectively; P=0.02;
2600 gr: 37.5 vs 23.0%, respectively; P=0.04).

DISCUSSION
Minerals in Eggs and Hatchlings

Results of mineral analyses in the current study demonstrated
that source of the macro and frace minerals in the broiler breeder diet
affected the concentrations of some minerals in eggs of both fast and
slower-growing broiler breeders. Fe and Se concentrations were found
higher in the mixture of yolk and albumen, whereas Cu was found
lower after feeding organic minerals to the breeders compared to their
inorganic forms. The other minerals (Ca, P, Mn, Zn) were not influenced by
mineral source in the breeder diet nor by broiler breeder strain. The yolk
is the main source of nutrients for the embryo and supplies phosphorus
and frace minerals, while the eggshell is the main calcium source

. Studies have shown that increasing the concentration
of macro and trace minerals in the diet of broiler breeder or laying hens
hardly influenced their concentrations in the egg, since the amounts of
minerals in the egg have certain limits, which is mainly determined by the
genetic background of the breeder

Changing the mineral source in the maternal diet might be
an alternative way to influence mineral concenirafions in the egg
and consequently in the offspring. Effects of trace mineral source in
broiler breeder diets on mineral concentrations in their eggs are hardly
investigated, whereas studies on macro mineral source in broiler breeder
diets are completely lacking. Furthermore, the exact pathways of macro
and tfrace mineral fransfer from the hen to the egg yolk, albumen and egg
shell are stillunclear and even more interesting, it is unclear
whether or not pathways of inorganic and organic mineral transfer from
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breeder to egg differ. Results of the current study about iron and selenium
concentration in the egg are in line with previous studies, indicating that
organic selenium was found to be transferred more efficiently from broiler
breeders and laying hens
to the egg than inorganic selenium. Organic iron in laying hen
diet resulted in higher amount of iron in eggs
than inorganic iron in the laying diet. These and our findings
suggest that organic selenium and iron in the broiler breeder diet affect
the physiological transfer and deposition pathways and finally ends up
with increased concentrations in the egg. Regarding manganese, copper
and zinc, several studies with laying hens have shown that an organic
form of those minerals in the diet also resulted in higher concentrations in
eggs than an inorganic form
, but this increase was not found in the current
study. This may be explained by different genetic backgrounds between
broiler breeders and laying hens, but further investigation is needed to
understand the exact pathways.

Looking atf the results of residual yolkk and yolk free bodies of
hatchlings, selenium appeared o be the only mineral which was affected
by the mineral source in the breeder diet in both residual yolk and yolk free
bodies. It can be speculated that the higher concentration of selenium in
eggs was effectively absorbed and retained in the yolk free body during
embryonic development and also more selenium was still left in the residual
yolk. The fact that only selenium was affected in the hatchling body and
not the other minerals might indicate that selective absorption of minerals
through the yolk sac membrane into the blood stream is occurring

. However, the exact pathways and factors
affecting these pathways remain unclear and need to be investigated.

Despite the fact that breeder strain did not show any effect on
mineral concentration in the mixture of yolk and albumen nor the
eggshell, differences in mineral concentration were found in the residual
yolk and yolk free body, but effects were ambiguous. Calcium, copper
and manganese were higher in residual yolk of slower-growing hatchlings
compared to fast-growing hatchlings, whereas the opposite was found
for phosphorus, iron and selenium. This again suggests that selective
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absorption of minerals takes place as indicated above.

Based on the mineral concentrations in the egg, residual yolk
and yolk free body, it can be concluded that effects of mineral sources
in the breeders’ diet on concentrations in the eggs and hatchlings are
marginal. However, effects on body weight and tibia characteristics are
found (see below), suggesting that other mechanisms than only mineral
concentration appears to play arole in frans-generational mineral transfer
in broiler chickens.

Growth Performance

Although effects of mineral source in the broiler breeder diet were
limited in relation to mineral concentrations in both eggs and hatchlings,
effects on offspring BW were evident, particularly in the slower-growing
chickens. From day 10 of age onward, in the slower-growing strain, chickens
originating from organic minerals fed broiler breeders had higher BW than
chickens originating from inorganic minerals fed broiler breeders, while this
effect was not seen in fast-growing chickens. Earlier studies demonstrated
that organic frace minerals had a higher bioavailability in fast-growing
breeders and finally resulted in higher post-hatch growth performance

than inorganic trace

minerals. It can be speculated why offspring growth rate in the current
study was positively affected by organic minerals in the breeder diet of
the only slower-growing strain and not in the fast-growing strain. The first
reason, as difference in feed intake, might be due to different absorption,
mineral deposition or mineral transferring physiologies between slower and
fast-growing chickens, because of their different genetic backgrounds
. Secondly, related to first reason and

differences in feed intake, because fast and slower-growing breeders
received different diets, it can be speculated that the inorganic diet of
the slower-growing breeders might have been suboptimal in minerals
and consequently they benefit from organic minerals, whereas this was
not the case for the fast-growing breeder diet. Thirdly, it might be that
slower-growing chickens with better developed bones are more active
and better able to reach the feed and water. This is supported by the
numerically higher Fl in the slower-growing chickens originating from

757




organic minerals fed breeders compared to the ones originating from
inorganic minerals fed breeders. It appears that organic minerals in broiler
breeder diets and sufficiently developed and mineralised bones could
work together to reach a better growth performance.

Regarding the strain, in the current study, fast-growing broiler
chickens, as expected, showed higher body weight and feed efficiency
compared to the slower-growing broiler chickens on the same ages. This
is in accordance with previous studies showing that fast-growing chickens
have been specifically selected for these two parameters

Tibia Characteristics

Calcium mobilization, bone mineralization and growth plate
differentiation in the chicken embryo start during the first week of
incubation
During this first week, the yolk is the main source of calcium for embryonic
bone development. During the second embryonic week, almost all macro
and trace minerals are absorbed by the embryo, while calcium from the
shell and phosphorus from the yolk sac membrane are released

. Towards the last days of incubation and
first days after hatch, phosphorus and tfrace minerals are suggested to be
foo low in the residual yolk
which might limit bone development of chickens. This suggests that pre-
packaged mineral concentrations in the egg are very important for bone
development and later life bone health

Macro minerals that are involved in bone development are Ca and
P , which work together to form calcium-phosphate crystals that
build the bone matrix
They also work as an essential part of enzymes and hormones involved in
bone development, such as GH, IGF-1, T3 and T4
. Trace minerals also play an important
role in bone development. Copper, zinc and manganese are involved
in enzyme activities that are related to embryonic and post-hatch bone
development . Copper, zinc and manganese are stored
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mainly in the egg yolk and are mobilized
throughout incubation to support development of the growth plate of
the bone . Other trace minerals that are
essential for bone development are iron and selenium. Iron is involved
in many enzymes and protein systems and an important component of
synthesising collagen . A deficiency in iron has been
reported to negatively affect bone morphology, strength and density in
ratfs . Iron, manganese and selenium are also important
for the thyroid function, which helps to regulate bone growth

Changing the mineral sources from inorganic to organic has been
found to positively affect embryonic bone development and later life leg
health, due to their higher mineral mobilization and bioavailability

. The main reason of the higher mobilization and bioavailability of
organic minerals compared to inorganic minerals is related to their bonds.
Organic minerals contain covalent bonds that provide a better binding
strength with other compounds and result in better chemical stability
compared fo inorganic minerals, which are bound by weak electrovalent
and/or ionic bonds

. Results of the current study provided evidence that organic
macro and trace minerals in the maternal diet of slower-growing chickens
resulted in better offspring tibia characteristics compared to inorganic
form of those minerals in the maternal diet. These findings are in line with
previous research, indicating that a higher trace mineral availability in the
diet of broiler breederleads to more advanced bone development of their
offspring from embryonic phase till slaughter age

. Despite the
fact that concentrations of minerals in the eggs and hatchlings originated
from organic and inorganic minerals fed broiler breeders hardly differed,
it appears that other mechanisms have played arole on post-hatch body
weight gain and bone development, but these mechanisms are currently
unclear.

Regarding the strain, slower-growing chickens showed better tibia
morphological, biophysical and mechanical characteristics compared
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to fast-growing chickens at both 1700 and 2600 gram BW classes. This
difference can probably be explained by the negative correlation
between growth rate and bone development. Fast-growing broiler
chickens have been shown to have poorer mineralised bones compared
to slower-growing broilers

Fast growth is known to result in poorer mineralised bones, due to the
fact that mechanisms involved in bone development cannot keep up
with fast growth of the broiler, particularly during the first two weeks of
the growth phase. Slower growth ensures that there is more time for bone
mineralisation, which compensates for the lack of mineralisation in the
early growth phase

In conclusion, despite the fact that effects on mineral concentration
in eggs and hatchlings were limited, organic macro and frace minerals in
the broiler breeder diet showed positive effects on both offspring BW and
tibia characteristics in slower-growing chickens, whereas this effect was
hardly seen in fast-growing chickens. This suggests that (1) the difference
in feed intake between fast and slower-growing broiler breeders might
affect offspring performance, which might indicate that current slower-
growing broiler breeder diets might be suboptimal in minerals or that trans-
generational mineral availability in slower-growing chickens appears to
be more effective on bone development than in fast-growing chickens,
which might be related to fime available for bone development. (2) trans-
generational mineral availability in offspring appears to play a role via
other mechanisms than via absolute mineral concenfrations in the egg.
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SUPPLEMENTARY DATA

Table A1 Effects of broiler breeder strain (fast-growing Ross 308 or slower-growing Hubbard
JA 757), dietary mineral source (inorganic or organic) and their interaction on hatchling
characteristics (LSmeanstSEM)

Egg Red Red Navel
Parameter n weight! | hock? beak? score
(9) (%) (%)
Mineral source
Inorganic 517 53.54 5.06 6.19 1.21
Organic 515 52.7v 6.62 6.80 1.20
SEM - 0.22 1.03 1.10 0.02
Strain
Fast 498 55.5¢ 3.97° 4,970 1.19
Slower 534 50.6P 7.709 8.03¢ 1.22
SEM - 0.22 1.03 1.10 0.02
Mineral source*strain
Inorganic fast 238 56.1 2.94 3.78 1.19
Organic fast 259 55.0 5.00 6.15 1.20
Inorganic slower 278 50.9 7.17 8.60 1.23
Organic slower 257 50.4 8.24 7.45 1.21
SEM - 0.31 1.47 1.53 0.03
P-values
Mineral source - 0.03 0.29 0.70 0.83
Strain - <0.001 0.02 0.05 0.35
Mineral source*strain - 0.44 0.74 0.26 0.74

a-b Values within a column and factor, lacking a common superscript differ (P <0.05).

1 Average egg weight per tfreatment before incubation by weighing egg trays.

2 Red hock and red beak of all hatchlings were scored as 0 (absent) or 1 (present) and
expressed as percentage of chickens with red hocks or red beaks.

3 Navel score was assessed as 1 (good), 2 (moderate) or 3 (poor), analysed binary (good vs
moderate plus poor) and expressed as LSmeans.

Table A2 Effects of broiler breeder strain (fast-growing Ross 308 or slower-growing Hubbard

JA 757) and dietary mineral source (inorganic or organic) on percentage of male offspring

chickens showing the following behaviours in their home pen (eating, drinking, walking,

standing, resting, sitting, dustbathing and perching) at day 16, 23, 30, 37 and 44 of age (all
chickens in the pen, n=8 pens per treatment).

Mineral source Strain P-values?
Parameter SEM .
and day Inorganic | Organic Fast Slower Mineral Strain

source

Eating
16 d 3.46 2.60 4.17 1.90 1.13 0.60 0.17
23d 2.65 2.33 4.47a 0.51p 0.83 0.79 0.003
30d 5.70 3.06 6.57 2.19 1.59 0.25 0.06
37d 4.84 3.83 6.56 2.11 1.64 0.67 0.06
44 d! 2.78 0.00 - - 1.52 0.21 -
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Table A2 (Continued)

Mineral source Strain P-values?
Parameter
SEM -
and day Inorganic | Organic Fast Slower Mineral Strain
source
Drinking
16d 4.50 2.86 4.69 2.68 1.32 0.39 0.29
23d 4.05 7.22 6.84 4.42 1.35 0.11 0.22
30d 3.59 2.42 2.78 3.23 1.20 0.50 0.79
37d 3.58 3.41 4.25 2.75 1.50 0.94 0.49
44 d! 0.70 0.00 - - 0.49 0.33 -
Walking
16 d 7.60 7.77 6.25 9.12 1.73 0.95 0.25
23d 8.74 10.81 8.40 11.14 2.02 0.48 0.35
30d 6.22 7.58 3.86b 9.94a 1.92 0.62 0.03
37d 4.42 2.40 0.35v 6.47¢a 1.07 0.19 <0.001
44 d 8.12 6.61 - - 3.10 0.74 -
Standing
16 d 9.50 7.29 3.91p 12.88¢ 1.77 0.39 0.002
23d 3.70 7.46 3.41b 7.75¢ 1.50 0.09 0.05
30d 3.80 5.51 1.820 7.49a 1.69 0.48 0.03
37d 5.27 3.68 2.47p 6.47¢ 1.31 0.40 0.04
44 d 2.37 5.48 - - 1.83 0.24 -
Resting
16 d 12.98 10.16 13.92 9.21 1.99 0.33 0.1
23d 18.82¢ 9.00b 14.42 13.40 2.62 0.02 0.79
30d 11.75 15.29 19.36@ 7.67° 2.69 0.36 0.004
37d 9.08 10.56 11.33 8.31 2.53 0.68 0.41
44 d 7.81 8.86 - - 3.65 0.85 -
Sitting
16 d 57.19 63.20 63.79 56.60 3.41 0.23 0.15
23d 55.45 58.24 55.45 55.24 3.56 0.59 0.52
30d 64.73 62.96 65.61 62.08 3.26 0.71 0.45
37d 69.54 73.33 74.00 68.88 3.46 0.30 0.45
44 d 75.97 77.57 - - 5.3 0.84 -
Dust
bathing
16 d 1.59 2.49 2.75 1.33 1.30 0.63 0.45
23d 2.37 2.60 2.89 2.08 0.81 0.84 0.49
30d 0.26 0.26 0.00 0.52 0.26 1.00 0.16
37d 1.39 0.69 1.04 1.04 0.85 0.57 1.00
44 d 0.69 0.69 - - 0.69 1.00 -
Perching
16 d 3.20 3.62 0.52v 6.302 1.40 0.84 0.007
23d 4.24 2.34 1.07 5.51 1.56 0.40 0.06
30d 3.97 2.92 0.00p 6.88a 1.18 0.54 <0.001
37d 1.89 2.08 0.00» 3.98¢ 0.90 0.89 0.003
44 d 1.56 0.78 - - 1.24 0.66 -

a-b Values within a row and factor, lacking a common superscript differ (P <0 .05).

1 Only slower-growing chickens.

2 No interactions between broiler breeder strain and mineral source were observed for any
of the behaviours and any of the sampling days.
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EFFECTS OF EGGSHELL
TEMPERATURE PATTERN
DURING INCUBATION ON
TIBIA CHARACTERISTICS
OF BROILER CHICKENS AT
SLAUGHTER AGE







Abstract

This study was designed to determine effects of eggshell tem-
perature (EST) pattern in week 2 and week 3 of incubation on tibia de-
velopment of broiler chickens at slaughter age. A total of 468 Ross 308
eggs were incubated at an EST of 37.8°C from incubation day (E) O to
E7. Thereafter, a 2 x 2 factorial arangement with 2 EST (37.8 and 38.9°C)
from E8 to E14 and 2 EST (36.7 and 37.8°C) from E15 fill hatch was ap-
plied. After hatching, chickens were reared until slaughter age with
the four EST treatments and 8 replicates per treatment. At d 41 and 42,
one male chicken per replicate per day was selected and hock burn
and food pad dermatitis were scored. Rotated tibia, fibia dyschondro-
plasia, epiphyseal plate abnormalities, bacterial chondronecrosis with
osteomyelitis and epiphysiolysis were assessed. Tibia weight, length,
thickness, head thickness and robusticity index were determined. X-ray
analyses (osseous volume, pore volume, total volume, volume fraction,
mineral content and mineral density) and a 3-point bending test (ulti-
mate strength, yield strength, stiffness, energy to fracture and elastic
modulus) were performed. A high EST (38.9°C) in week 2 of incubation,
followed by a normal EST (37.8°C) in week 3 resulted in higher mineral
content (P=0.001), mineral density (P=0.002), ultimate strength (P=0.04),
yield strength (P=0.03) and stiffness (P=0.05) compared to the other 3
EST groups (week 2 x week 3 interaction). A high EST (38.9°C) in week 2
of incubation, regardless of the EST in week 3, resulted in a higher fibia
weight (P<0.001), thickness (P=0.05), osseous volume (P<0.001),and to-
tal volume (P<0.001) than a normal EST (37.8°C). It can be concluded
that 1.1°C higher EST than normal in week 2 of incubation appears to
stimulate tibia morphological, biophysical, and mechanical character-
istics of broiler chickens at slaughter age. Additionally, a 1.1°C lower
EST in week 3 of incubation appears to have negative effects on tibia
characteristics, particularly in intferaction with the EST in week 2 of incu-
bation.

Key words
eggshell temperature, incubation, tibia, leg health, broiler chickens




INTRODUCTION

Leg health has been demonstrated to be suboptimal in fast-growing
broiler chickens . The underlying reason might
be related to a developmental imbalance between a high growth rate
and immaturity of bones and joints . Suboptimal leg
health can cause pain and may negatively affect natural locomoftion-re-
lated behaviours of broiler chickens, such as accessing water and feed,
especially in the last weeks of their life . More-
over, leg problems can cause financial losses due to higher mortality, low-
er slaughter revenues, and increased rejections at slaughter plants

One factor that might play a role in bone development is incu-
bation temperature. An optimal temperature for embryo development
throughout incubation has been determined as 37.8°C LA
lower or higher temperature than this optimum might influence the quality
of hatchlings and embryonic bone
development as well. Bone development and growth plate differentiation
begins during incubation and incubation temperature has been demon-
strated to affect bone development and later life leg health of broiler
chickens

. Effects of incubation temperature on embryonic
bone development and later life leg health might be related to the speed
of bone mineralisation during incubation. Embryonic bone development
starts with cartfilage formation in the first week of incubation

, which is followed by a rapid increase in
mineralisation from the second week of incubation onward
. This is due to growth plate differentiation
. which reaches the highest level just before hatch till a
few days post-hatch

A temperature of 38.0°C throughout incubation resulted in lon-
ger fibia in broiler chickens at slaughter age compared to incubation
temperatfures of 36.0°C and 37.0°C

concluded that both low (36.9°C) or high (39.6°C) incubation
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temperatures from incubation day (E) 10 until E18 resulted in lower fibia
weights at slaughter age compared to a control temperature (37.8°C).

found comparable results at slaughter age when
applying a high eggshell temperature (EST, 38.9°C) during the last 4 d of in-
cubation compared to an EST of 36.9°C. observed that
a high EST (38.6°C) throughout incubation appears to result in lower tibia,
femur, and metatarsus lengths at hatch compared to an EST of 36.9°C
and 37.8°C. demonstrated that a 1.0°C higher incubation
temperature (38.8°C vs. 37.8°C) from E10 onward negatively affected tib-
ia characteristics, including growth plate development, at different sam-
pling days before and at hatch.

These different results among studies might be related to the mo-
ment, duration, and level of the incubation temperature that was ap-
plied. Moreover, studies differed in using incubation temperature or EST,
which might result in differences in actual embryo temperature

It has been suggested that a higherincubation temperature (41.0°C)
than normal (37.8°C) can stimulate bone development in general and the
ossification process (E8 to E14) in particular . Contrary
fo the potential beneficial effects of a higher incubation temperature in
the second week of incubation, a higher temperature (39.0°C) than nor-
mal (37.8°C) in the last week of incubation has been shown to negatively
affect chicken development in general and leg bone health in later life in
particular

Based on these findings, it can be hypothesised that a combination
of a higher temperature than normal in the second week of incubation
combined with a lower temperature in the last week of incubation might
result in most optimal bone development and later life leg health.

The objectives of this study were to investigate effects of a combina-
fion of EST in week 2 (37.8 or 38.9°C) and EST in week 3 (36.7 or 37.8°C) of
incubation on 1) fibia characteristics, 2) locomotion during rearing, and 3)
leg disorders at slaughter age in fast-growing broiler chickens.
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MATERIALS AND METHODS
Experimental Design

The experiment was setup as a 2 x 2 factorial arrangement with 2
EST (37.8 or 38.9°C) from E8 to E14 and 2 EST (36.7 or 37.8°C) from E15 fill
hatch. From EO to E7 of incubation, EST was maintained at 37.8°C for alll
eggs. After hatching, chickens were reared in a completely randomized
block design until slaughter age and leg bone measurements were per-
formed after slaughtering. All procedures in this study were approved by
the Governmental Commission on Animal Experiments, The Hague, The
Netherlands; Approval number: 2016.W-0087.001).

Animals, Incubation, Rearing
and Housing Management

A total of 468 Ross 308 eggs from a 44-week-old breeder flock were
obtained from a commercial hatchery (Lagerwey, Lunteren, The Nether-
lands). All eggs were selected on weight within three weight classes: 62.0
- 62.9 g (n=156), 63.0-63.9 g (n=156) and 64.0-64.9 g (n=156) and stored
at 20.0°C for 48 h. Thereafter, all eggs were fransported from the hatch-
ery to the research facility of Wageningen University and Research (Wa-
geningen, The Netherlands). At the research facility, all eggs were placed
in one incubator with a capacity of 4,800 eggs (HatchTech Incubation
Technology, B.V., Veenendaal, The Netherlands) for the first 7 d of incu-
bation. Eggs were equally divided over the four treatment groups (n=117/
freatment group) and placed on eight plastic trays (58 eggs x 4 trays +
59 eggs x 4 trays), in the middle layers of the incubator. Each tray con-
tains Four EST sensors (NTC Thermistors: type DC 95; Thermometrics, Som-
erset, UK) were attached to four individual eggs, which each egg is on
different tray and layer. All sensors were placed at the equator of the
chosen eggs by using a heat conducting paste (Dow Corning 340 Heat
Sink Compound, Dow Corning, Michigan, USA) and a small piece of tape
(2 x 2 cm). The incubator temperature was continuously adjusted based
on the median temperature of the four EST sensors fo maintain an EST of
37.8°C. Throughout incubation, relative humidity of incubators and CRCs
was maintained between 50% and 65%. Eggs were turned every 30 min at
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an angle of 90° and not exposed to light during incubation.

At E8, all eggs were candled and fertile eggs were divided over the
same two HatchTech incubators and two small climate respiration cham-
bers (CRC). The CRC had a capacity of 550 eggs. Eggs of the different
weight classes were divided equally over the two incubators and the two
CRCs. One incubator and one CRC were set at an EST of 37.8°C and the
other ones were set at an EST of 38.9°C. Within each incubator and CRC,
five EST sensors (Pt-100, Sensor Data BV, Rijswijk, The Netherlands) were at-
tached to five randomly chosen eggs, as described above.

At E15, all eggs were candled again and infertile eggs or eggs lack-
ing a vital embryo were removed and a break-out analysis was performed
(data not included in this paper). All eggs containing a vital embryo were
redistributed over the same two incubators and two CRCs, after which
one incubator and one CRC were set at an EST of 36.7°C and the other in-
cubator and CRC were set at an EST of 37.8°C. EST was maintained based
on the median temperature of the four EST sensors as described above.
The combination of EST in week 2 and week 3 resulted in a 2 x 2 facto-
rial arrangement with 4 freatments in total: EST 37.8 x 36.7°C; EST 37.8 x
37.8°C; EST 38.9 x 36.7°C; EST 38.9 x 37.8°C (week 2 x week 3, respectively).

At E18, all eggs were candled again and eggs containing a vital
embryo were transferred from the trays to hatching baskets, which were
placed back in the same incubator or CRC. From E20 onwards, hatched
chicks were counted at every 6 hours of periods and marked as an early
(at 486 and 492 h of incubation), mid (498 and 504 h of incubation) or late
(510 and 516 h of incubation) hatchers.

At E21, chickens were collected then individually weighed and
numbered by using a paw-ring, and fransferred to a separate room,
where they were placed in specially designed baskets with ad libitum ac-
cess to feed and water fill all chickens had hatched (HatchCare system,
Hatchtech BV, Veenendaal, The Netherlands).

Thereafter, chickens were feather-sexed and ftransferred to two
adjacent houses, each having 16 floor pens (2 x 1 m), containing saw
dust as litter. Chickens were vaccinated against infectious bronchitis (eye
drop; MSD Animal Health, Boxmeer, The Netherlands) at d 0 and against

777




Newcastle disease (Clone 30; eye drop, MSD Animal Health, Boxmeer, The
Netherlands) atd 11. Each pen contained five male and five female chick-
ens (consisted of early, mid and late hatchers) from the same freatment.
Both houses were divided into 4 blocks and the four treatments were ran-
domly divided within each block. Both houses were identical and climate
controlled with continuous light from d O till d 3 and 16 h of light and 8 h of
darkness thereafter. The chickens were raised from d 1 to 42 with ad libi-
fum access to feed and water. All chickens obtained the same pelleted
available starter diet (MEbroiler = 2,850 kcal/kg; CP = 220 g/kg; apparent
dLys = 11.81 g/kg) from d 0 unfil 10 of age, a grower diet (MEbroiler = 2,952
kcal/kg; CP =209.7 g/kg; apparent dLys = 12.52 g/kg) from d 10 until 28 of
age, and a finisher diet (MEbroiler = 2,999 kcal/kg; CP = 199.8 g/kg; appar-
entdLys = 11.14 g/kg) from d 28 until 42 of age (Reseach Diet Service, Wijk
bij Duurstede, The Netherlands).

Data Collection, Sampling and Measurements

At d 28, 35 and 39, the gait score of each individual broiler chicken
(n=320) was measured, using the gait scoring method, described by
with a range from 0 (normal locomotion) to 5 (unable to stand).
At d 41 and 42, one male chicken per pen per day was selected from
mid-hatchers randomly fo determine leg bone characteristics (8 chickens
per treatment per slaughtering day, 64 chickens in total). After weighing
the chicken, food pad dermatitis (FPD) and hock burns (HB) were scored.
HB was scored as 0 (not affected), 1 (colour changes), 2 (minor lesions) or
3 (severe lesions). FPD was scored as 0 (no lesions), 1 (mild lesion) or 2 (se-
vere lesion). Thereafter, chickens were stunned, cut and bleeded. The left
leg of each chicken was assessed by a veterinarian on rotated tibia (RT),
fibia dyschondroplasia (TD), bacterial chondronecrosis with osteomyelitis
(BCO), epiphyseal plate abnormalities (EPA) and epiphysiolysis (EPI). All
abnormalities were scored in the range of 0 (no abnormalities), 1 (minor
abnormality) or 2 (severe abnormality).

Right legs were deboned and fibias were obtained, packed and
frozen at -20°C. After thawing, tibia weight, proximal length, lateral cortex
thickness and femoral and metatarsal side proximal head thickness were
measured, using a digital caliper. Robusticity index was calculated using
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the formula of
Robusticity index (cm/g) = bone proximal length (cm) / bone weight (g)

Tibia osseous volume, tibia pore volume, tibia total volume (osseous
volume + pore volume), tibia volume fraction (osseous volume / total vol-
ume), tibia mineral content and tibia mineral density were analysed on
individual fibia, using a GE Phoenix 3D X-ray microfocus CT scanner (Gen-
eral Electric Company®, Boston, Massachusetts, United States) (method
described by ) (Figure 1).

The same tibias, used for X-ray measures, were subjected to a three-
point bending test (method described by ). using an In-
stron® electromechanical universal testing machine (Instron®, Norwood,
Massachusetts, United States). Ultimate stress (maximal load of breaking
point) data was used as the fibia ultimate strength; yield point (reached
yield load just before the angle has changed on slope) data was used as
the tibia yield strength; the slope of the selected linear part of the curve-
data was used as the fibia stiffness; the area under the curve of selected
region data was used as the tibia energy to fracture.

Elastic modulus (GPa) , was calculated using the
following formula of

N S?

E= T

where E = the elastic modulus (GPa), N is the maximal load (N), S = the span
between bending fixtures (mm), T = the tibia thickness(mm), L = the tibia length
(mm), and & = the maximum deflection (mm) at the midpoint of the bone. For

more details about X-ray and Instron related bone variables, see

Statistical Analysis

All statistical analyses were performed in SAS (Version 9.4, July 2013,
SAS Institute Inc., Cary, North Carolina, United States). Body weight, all tib-
ia morphological, biophysical, and mechanical characteristics, and gait
score were subjected to mixed model analysis, using the PROC MIXED pro-
cedure. The statistical model used was:
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Y =y + ESTweek 2 + ESTweek 3 + ESTweek 2 x ESTweek 3 + house + €,

where Y = dependent variable, y = overall mean, ESTweek 2 = egg shell
temperature of week 2 (37.8 or 38.9°C), ESTweek3 = egg shell temperature of
week 3 (36.7 or 37.8°C), ESTweek 2 x ESTweek 3 = interaction between egg shell
temperature of week 2 and week 3, house =rearing house (1, 2), € =residual error.

Pen was used as the experimental unit for all analyses. Block in the
house was used as a random effect. Body weight at slaughter age was
added to the model as a covariable for tibia characteristics. Model as-
sumptions were approved at both means and residuals. Non-normal dis-
fributed data were fransformed using a log-transformation before analy-
ses. Results are provided as LSmeans = SEM. When multiple comparisons
were performed, the level of significance was corrected, using Bonferroni.

Leg disorders (RT, TD, HB, FPD, EPA, BCO and EPI) were subjected to
generalized linear mixed model analysis, using the PROC GLIMMIX proce-
dure, using the same model. Variables of HB, RT and TD were analysed
at binary level (present or not); variables of FPD, EPA, BCO and EPI were
analysed at multinomial level. Effects were considered to be significant at
P <0.05.

Tibia morphological, biophysical, and mechanical characteristics
were subjected to correlation analysis, using the PROC CORR procedure,
to investigate whether or not a relationship among these characteristics
exists.

RESULTS
Tibia Morphological Characteristics

No interaction effects between EST in week 2 and week 3 were
found on tibia morphological characteristics. Main effects were found
of EST in week 2 on tibia weight, lateral cortex thickness, metatarsal fibia
head thickness and robusticity index (Table 1). Chickens of the high EST
(38.9°C) in week 2 had a higher tibia weight (A=0.68 g; P<0.001), lateral
cortex thickness (A=0.04 cm; P=0.05), metatarsal side proximal tibia head
thickness (A=0.05 cm; P=0.05) and lower robusticity index (A=0.04 cm/g;
P<0.001) compared to the normal EST (37.8°C) in week 2. No main effects
of EST in week 3 were found on tibia morphological parameters.
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Figure 1

lllustration of scanned bone by 3D Micro-CT X-Ray and visualised in Avizo 3D
viewer software

A: Three-dimensional fibia inner view scanned by 3D Micro-CT X-Ray scanner.
Different colours represent different densities of bone materials and pores

B: Two-dimensional coloured tibia layer view (side) and the layer of middle
point of the bone (top). Colour scale represent the mineralisation areas of
bone from blue (less mineralisation, 0) o red (more mineralisation, 2)

C: Two dimensional black and white (grey scale) tibia layer view (side) and
the layer of middle point of the bone (top). Shades of grey represent the min-
eralisation areas of bone from dark grey (less mineralisation) to white (more
mineralisation).
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Tibia Biophysical Characteristics

Interaction effects between EST freatments in week 2 and week 3
were found on bone mineral content and tibia mineral density. A nor-
mal EST (37.8°C) in week 2, followed by a normal EST (37.8°C) in week 3
resulted in a lower tibia mineral content at slaughter age (A=1.1-1.7 g;
P=0.001) compared to other three treatment groups. The 37.8 x 37.8°C
freatment group (week 2 and 3, respectively) had a lower bone miner-
al density (A=0.02-0.05 g/cm? P=0.002) than the 37.8 x 36.7°C and 38.9
x 37.8°C treatment groups, with the 38.9 x 36.7°C treatment group in be-
tween and not different from the other three groups.

Main effects of EST in week 2 were found on osseous volume, pore
volume, and total volume. Chickens of the high EST (38.9°C) treatment
group in week 2 had a higher osseous volume (A=5.0 cm?; P<0.001), pore
volume (A=0.7 cm?; P=0.05) and total volume (A=5.9 cm3; P<0.001) com-
pared to the normal EST (37.8°C) treatment group. Chickens incubated
at a normal EST (37.8°C) in week 3 had a higher volume fraction (A=2%;
P=0.008) compared to the lower EST (36.7°C) group (Table 2).

Tibia Mechanical Characteristics

Interaction effects between ESTin week 2 and week 3 were found on
ultimate strength, yield strength, and stiffness (Table 3). A high EST (38.9°C)
in week 2 followed by a normal EST (37.8°C) in week 3 resulted in a higher
bone ultimate strength (A=23.2-29.0 N; P=0.04), yield strength (A=21.3-26.5
N; P=0.03), and sfiffness (A=22.9-29.0 N/mm; P=0.05) at slaughter age than
the other three EST freatment groups. Main effects were found for EST in
week 2 on energy to fracture and elastic modulus.

Chickens of the high EST (38.9°C) treatment group had a higher en-
ergy to fracture (A=16.4 N-mm; P<0.001) and elastic modulus (A=0.4 GPa;
P=0.02) compared to the normal EST (37.8°C) treatment group in week 2.
Looking at the main effects in week 3, chickens incubated at a normal EST
(37.8°C) in week 3 had a higher energy to fracture (A=12.9 N-mm; P=0.03)
than chickens incubated at a lower EST (36.7°C) (Table 3).
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Relationship Between Tibia Morphological,
Biophysical and Mechanical Characteristics

Correlation analysis between tibial morphological, biophysical and
mechanical characteristics showed the strongest relafionships between
tibia weight, length, thickness, ultimate strength, stiffness and volume (Ta-
ble 4). Tibia weight was positively correlated to length (r=0.262; P=0.03),
thickness (r=0.306; P=0.01), ultimate strength (r=0.425; P=0.005), stiffness
(r=0.404; P=0.009) and osseous volume (r=0.548; P<0.001). Tibia length was
positively correlated to tibia thickness (r=0.669; P<0.001), ultimate strength
(r=0.535; P<0.001) and stiffness (r=0.584; P<0.001). Tibia thickness was
positively correlated to ultimate strength (r=0.658; P<0.001) and stiffness
(r=0.651; P<0.001). Ultimate strength was positively correlated to stiffness
(r=0.995; P<0.001) and osseous volume (r=0.395; P=0.02). Stiffness was pos-
itively correlated to osseous volume (r=0.389; P=0.005).

Body Weight, Locomotion Related
Observations and Leg Disorders

Even if the group of higher EST (38.9°C) in week 2 and also the same
group when interacted with a normal EST (37.8°C) in week 3 resulted in
higher body weight, no interaction between EST in week 2 and week 3 of
incubation (P=0.38) or a main effect of EST in week 2 (P=0.23) or week 3
(P=0.90) were found on BW of selected chickens at slaughter age (Table
5). Main effects were found of EST in week 2 on gait score at d 39 (Table
5). Chickens of the high EST (38.9°C) in week 2 of incubation had a lower
(better) gait score compared to the normal EST (37.8°C). No interaction
effects between EST in week 2 and week 3, nor a main effect of EST in
week 2 or week 3 were found on gait score at d 28 or 35 (Table 5) or FDP,
HB, TD, BCO, EPA and EPI at slaughter age (Table 6).
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Table 4 Spearman correlation coefficients between fibia morphological, biophys-
ical, and mechanical characteristics1at d 41 or 42 of age in male broiler chickens

Variable# Weight  Llength  Thickness  Yfimate  quee oo
strength
(9) (cm) (cm) (N) (N/mm)
Weight (g) -
Length (cm) 0.262™ -
Thickness (cm) 0.306™ 0.669" -
Ultimate " . «
strength (N] 0.425 0.535 0.658 -
Stiffness 0.404' 0.584" 0.651° 0.995" -
(N/mm)
Osseous 0.548" 0.039 0.081 0.395" 0.389"
volume (cm3)

1 Significant coefficients are indicated with asterisks, * P <0.01 and ** P <0.05.

# A total of 64 bones from 64 chickens were used.

Table 5 Effects of eggshell femperature in week 2 and week 3 of incubation on
body weight (BW) at day 41 or 42 of age, gait scorel at day 28, 35 and 39 of age

in male broiler chickens

Parameter BW Gait score at | Gait score at | Gait score at
(9) d28 d3s d39
EST week 2
37.8°C 3469 1.9 2.1 2.4b
38.9°C 3558 1.8 2.1 2.3@
SEM 51 0.02 0.03 0.04
EST week 3
36.7°C 3508 1.7 2.1 2.3
37.8°C 3518 1.8 2.0 2.2
SEM 51 0.02 0.02 0.04
EST week 2 x week 3
37.8°C*36.7°C 3496 1.9 2.0 2.4
37.8°C*37.8°C 3442 2.0 2.1 2.3
38.9°C *36.7°C 3521 1.8 2.1 2.3
38.9°C *37.8°C 3594 1.9 2.1 2.3
SEM 72 0.03 0.02 0.04
P values
EST week 2 0.23 0.12 0.10 0.04
EST week 3 0.90 0.63 0.12 0.81
EST week 2 x week 3 0.38 0.30 0.32 0.31
1 Method of , scored within a range of 0 (hormal locomotion) to 5 (unable to stand).

Abbreviations: EST, eggshell temperature.
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DISCUSSION

Tibia morphological, biophysical and mechanical characteristics, as
assessed in the current experiment, are considered as the most important
indicators of bone quality and are interconnected to each other

. Calcium mobilization, mineralization and ossification of
tibia of the chicken embryo begin between E7 and E8 of incubation
. Fast
growing broiler chickens have been shown to have lower tibia mineralisa-
fion compared to slower growing broilers and other birds and mammails,
mostly because of fast growth rate, and consequently they have lower
bone volume, mineral content and mineral density
. Tibia mineralisation and ossification can be af-
fected by environmental factors (such as incubation temperature) from
E7 onward. The rate of mineralisation in the tibia has been shown to be
affected by incubation temperature, due to interferences of thyroid hor-
mones, insulin-like growth factor 1 and growth hormone
, which all play critical roles in growth plate chondrocyte
differentiation . Moreover, several studies have shown that
melatonin can promote the osteoblast differentiation and bone formation
and thus plays a role in regulating bone growth
. Melatonin levels, in furn, can also be affected by the temperature
during incubation . Rate of osteoblast division in the tib-
ia has been positively affected by higher incubation temperature com-
pared to normal . also indicated
that biochemical mechanisms that control endochondral ossification of
long bones can be affected by incubation temperatures, mainly during
the plateau stage of embryonic development, from the second week of
incubation until hatch.

Effects of Incubation Temperature in Week 2

In the current study, most of the tibia morphological characteristics
were positively affected by a higher temperature in the second week of
incubation. These results are in agreement with previous research, which
indicated that bone mineralisation and ossification are stimulated by a
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higher temperature during the second week of incubation

. This is probably due
to stimulation of mineralisation, growth plate formation and chondrocyte
differentiation by a higher incubation temperature

One of the first studies on incubation temperature and bone mor-
phological characteristics showed that an increase in incubation tem-
perature from 35°C to 40°C in steps of 1°C, during the first 10 d of incu-
bation resulted in higher tibia weight and length at E10

. Particularly, tibia weight appeared to be stimulated by a higher EST
in week 2 of incubation, as reflected in a lower robusticity index, which
suggests a stronger bone structure
showed that a high temperature (41°C) for 3 h per doy during the second
week of incubation stimulated fibia morphological development, result-
ing in longer and thicker fibia.

With respect to leg disorders and gait score, fast-growing broiler
chickens in general show low locomotion activities and high (worse) gait
scores . Chickens reared at higher
stocking densities may have poorer gait scores and higher prevalence of
leg disorders due to less opportunities of locomotion.
In the current study, chickens of the high EST (38.9°C) in week 2 had low-
er (befter) gait scores at d 39 than chicken incubated at the normal EST
(37.8°C) in week 2, which might be explained by the beftter tibia charac-
teristics found in the same freatment group. However, no effect was found
on the prevalence of leg disorders, which might be due to the non-com-
mercial setup of the experiment with small pens and low stocking density

and it is known that the gait score is not always
correlated with leg abnormalities

Effects of Incubation Temperature in Week 3

Regarding the third week of incubation, in the current study, lower-
ing the temperature by 1.1°C than normal in week 3 of incubation did not
affect morphological tibia characteristics at all. Only a negative effect of
a lower EST during week 3 of incubation was found on fibia bone fraction
and energy to fracture. In the last week of incubation, embryos become
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very sensitive to incubation temperature due to high metabolism and
consequently high heat production . During
this week, bone development is also known to reach the highest growth
rate compared to previous weeks of incubation. Literature related to tem-
perature in the last week of incubation and bone development demon-
strates similar results. concluded that both low (36.9°C) or
high (39.6°C) incubator temperatures from incubation day E10 until E18
resulted in lower fibia weights at slaughter age compared a confrol tem-
perature (37.8°C). found comparable results af
slaughter age when applying a high EST (38.9°C) during the last 4 d of
incubation compared to an EST of 36.9°C.

Based on the results of the current study, it appears that a lower EST
(36.7°C) in the last week of incubation does not have a positive effect on
bone development at slaughter age. Maintaining the EST at 37.8°C during
the last week of incubation may result in a more optimal bone develop-
ment compared to a lower EST (36.7°C).

Interactions on Effects of Incubation Temperature
Between Week 2 and Week 3

In the current study, an interaction between EST in week 2 and
week 3 of incubation was found for a number of fibia characteristics.
However, not all results were in the same direction, which was possibly
related to developmental and physiological differences between corti-
cal and trabecular parts of the tibia during the second and third week
of incubation . For tibia morphological
characteristics, a fendency for an interaction was found for fibia prox-
imal length and femoral side head thickness, indicating that an incu-
bation temperature of 38.9°C in week 2 of incubation stimulated tibia
dimensions, particularly when EST in week 3 was normal (37.8°C). This is
comparable with the interaction effects for mechanical characteristics,
in which ultimate strength, yield strength and stiffness showed the high-
est values in the 38.9 x 37.8°C group. Regarding tibia biophysical char-
acteristics, an interaction was also found between incubation tempera-
ture in week 2 and week 3 in fibia mineral content and tibia mineral
density and again the 38.9 x 37.8°C group showed the highest values.
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Interactions as seen in the current study might be explained by the stim-
ulating effect of a higher EST on mineralisation and ossification rate. With
a higher EST in week 2 combined with a normal EST in week 3 the highest
mineralisation and ossification rate can be expected, resulting in higher
mineral content, density, thickness and breaking strength. All these pa-
rameters are strongly related to each other

. Based on the lowest values of the 37.8 x 37. 8°C freatment group,
it can be suggested that higher EST (38.9°C) in week 2 of incubation is
highly important for bone mineralisation and ossification.

In conclusion, a temperature of 38.9°C during the second week of
incubation stimulates morphological, biophysical and mechanical tibia
characteristics of fast-growing broiler chickens at slaughter age com-
pared to a temperature of 37.8°C. Incubation temperature in the third
week appears to interact with the incubation temperature in the second
week, resulting in a most advanced tibia development after incubation
at 38.9°C in week 2, followed by 37.8°C in week 3 of incubation. However,
this stimulated bone development due to incubation temperatures did
not affect leg disorders in later life.
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Abstract

Pen enrichment for broiler (meat-type) chickens is one of the po-
tential strategies to stimulate locomotion and consequently contrib-
ute to leg health and welfare. This study was designed to evaluate ef-
fects of using a plethora of pen enrichments (barrier perches, angular
ramps, horizontal platforms, large distance between feed and water
and providing live Black Soldier fly larvae in a dustbathing area) on tib-
ia characteristics, locomotion, leg health and home pen behaviour of
fast and slower-growing broiler chickens. The experiment was set up as
a 2 x 2 factorial arrangement with a total of 840 male broiler chickens
in a complete randomized design (7 replicates per freatment and 30
chickens per replicate) with the following treatments: 1) pen enrich-
ment (enriched pen or non-enriched pen); 2) broiler strain (fast-grow-
ing Ross 308 or slower-growing Hubbard JA 757). Home pen behaviour
and use of enrichment were observed. At approximately 1400 and
2200 gram body weight, two chickens per pen were randomly selected
and slaughtered, to investigate tibia morphological, biophysical and
mechanical characteristics and leg health. Pen enrichment positively
affected tibia biophysical characteristics, €.g., osseous volume (A=1.8
cm?, P=0.003), total volume (A=1.4 cm?, P=0.03) and volume fraction
(A=0.02 %, P=0.002), in both fast and slower-growing chickens, suggest-
ing that pen enrichment particularly affects ossification and mineral-
ization mechanisms. Accordingly, locomotion and active behaviours
were positively influenced by pen enrichment. However, pen enrich-
ment resulted in lower body weight gain in both strains, which might
be due to higher activity or lower feed intake as a result of difficulties
of crossing the barrier perches. Regarding the strain, slower-growing
chickens showed consistently more advanced tibia characteristics
and more active behaviour than fast-growing chickens. It can be con-
cluded that pen enrichment may lead to more activity and better
bone development in both fast and slower-growing chickens.

Key words
pen enrichment, tibia, slow growing, fast growing, broiler chickens




INTRODUCTION

In the last decades, genetic selection on growth rate and feed effi-
ciency in broiler chickens resulted in significant phenotypic and genotypic
changes

. Despite the fact that this selection has provided numerous
advantages e.g., high amount of meat production in a short rearing du-
ration, less environmental pollution and considerable financial benefits for
producers, it has also caused some downsides e.g., suboptimal leg health.
Suboptimal leg health appears to be related to an imbalance between
high growth rate and immature bones and joints

., which
canlead to impaired locomotion
, pain ., poor welfare
. higher mortal-
ity, lower slaughter revenues and significant financial losses

A potential strategy to promote leg health and welfare of modern
broiler chickens might be to stimulate activity and locomotion, e.g., by
pen enrichment

. Chickens have been using natural perches, platforms,
ramps and elevated resting areas as their natural behaviour throughout
their history, from wild ancestors to their modern generations

. This suggests that these types
of enrichments are important to fulfil natural behaviours, but current broil-
er houses mostly lack any form of enrichment. Several studies assessing
behaviour showed that broiler chickens spend approximately 80% of their
lifespan with passive behaviours (e.g., lying, sitting and resting)
. The lack of activity, together with
a fast growth rate, may impair bone development, which can result in
suboptimal leg health or even lameness

It has been shown that a lower stocking density
, placing platforms
and/or ramps , perches
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, large distance between feed and water

, different dustbathing
materials, such as moss-peat , and worms or insects in a dust-
bathing area resulted in lower prevalence

of leg disorders and lower mortality rate. Increasing physical activity and
locomotion may thus result in lower incidence of leg problems by stimulat-
ing fibia morphological, biophysical and mechanical properties

Another potential strategy to promotfe leg health and welfare is
to reduce growth rate of broiler chickens. Fast-growing broiler chickens
demonstrate more leg and locomotion problems than slower-growing
broiler chickens . The un-
derlying reason is that fast-growing broiler chickens have more porous and
less mineralised bones than slower-growing broiler chickens, which are less
able to carry the rapidly increased body weight

. It has been found that slower-growing broiler chickens spent more
time on perches and platforms
demonstrated better locomotion
. had less hock
and leg problems and lower mortality
than fast-growing broiler chickens.

It can be hypothesized that pen enrichment positively affects bone
development and locomotion in both fast and slower-growing broiler
chickens, but that effects might be larger in the fast-growing broiler chick-
ens, because they generally show less locomotion. However, effects of
pen enrichment on locomotion and leg problems in slower-growing broiler
chickens are hardly investigated.

The aim of this study was to investigate effects of a combination of
different forms of pen enrichment on (1) tibia characteristics, (2) locomo-
tion, (3) leg health and (4) home pen behaviour of both fast and slow-
er-growing broiler chickens.
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MATERIALS AND METHODS
Experimental Design

The experiment was setup as a 2 x 2 factorial arrangement with
two strains of broiler chickens (fast-growing or slower-growing) and two
different levels of pen enrichment (enriched or non-enriched). A total of
28 pens (7 pens per treatment, each containing 30 male broiler chick-
ens) within a complete randomized design was used. Fast-growing broiler
chickens were reared fill day 38 of age, whereas slower-growing broiler
chickens were reared fill day 49 of age. The experiment was conducted
at the research accommodation of Wageningen Bioveterinary Research
(Lelystad, The Netherlands). All procedures in this study were approved by
the Central Commission on Animal Experiments (The Hague, The Nether-
lands; approval number: 2016.D-0138.006).

Animals, Rearing and Housing Management

A total of 420 fast growing (Ross 308, breeder age of 30 weeks) and
420 slower-growing (Hubbard JA 757; breeder age of 28 weeks) day-old
male broiler chickens were obtained from a commercial hatchery (Pro-
broed, Groenlo, The Netherlands) and randomly allocated to 28 pens in
one broiler house. Half of the chickens per broiler strain were placed in en-
riched pens, while the other half was placed in non-enriched pens, result-
ing in the following treatments: enriched fast (EF), non-enriched fast (NF),
enriched slower (ES) and non-enriched slower (NS). Pen size of both en-
riched and non-enriched pens was 3 x 1 m and floors in all pens were cov-
ered with wood shavings as bedding material. Enriched pens contained
two wooden platforms (100 x 20 x 40 cm, one at each long side of the pen),
two wooden ramps (200 x 20 cm, angle of 11.5°), a dust bathing area in
the cenftre of the pen (100 x 100 cm) with peat moss (with a thickness of
2cminweek 1, 4 cm in week 2, and 7.5 cm from week 3 onwards), two
vertical wooden barrier perches (100 x 4 cm, adjustable in height from 4 to
16 cm with steps of 4 cm at days 7, 14 and 21), a maximum distance (3 m)
between feeders and drinkers and provision of live Black Soldier fly larvae
(BSFL) in the substrate of the dust bathing area (once daily between 11:00
and 11:15 h). The amount of BSFL was determined daily, based on 5% of
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the expected feed intake, except during the first 7 days, where chickens
received a higher level of BSFL (10% on days 0 -1, 15% on days 2 — 4 and
10% on days 5 7). The reason for using higher percentages in these 7 days
isrelated to the number of larvae available for each chicken. With the low
feed intfake in this phase, only one or two larvae would have been avail-
able per chicken in case only 5% BSFL was provided. Non-enriched pens
included feed and water (at 1 m distance) and one single long perch (300
x 4 cm, not adjustable in height). lllustrations of the enriched and non-en-
riched pens are provided in Figure TA and 1B.

At day 0 (placement), all broilers were provided with a neck tag for
individual identification. House temperature was maintained at 34°C at
day 0 and gradually decreased to a constant temperature of 18°C at 40
days of age. Relative humidity was kept between 60% and 80% from 1-7
days of age and between 40% and 60% thereafter. The lighting program
used was 24L:0D (day 0), 20L:4D (day 1 to 6é) and 18L:6D (from day 7 on-
ward, with a continuous dark period during night). At day 0, chickens were
vaccinated against infectious bronchitis (eye drop; MSD Animal Health,
Boxmeer, The Netherlands) and at day 11, against Newcastle disease
(Clone 30; eye drop, MSD Animal Health, Boxmeer, The Netherlands).

Feed and water were provided ad libitum for all freatments through-
out the whole experiment. A 3-phase feeding program was applied; start-
er diets were provided from day 0 to 14 (ME=2925 kcal/kg, CP=203 g/kg.
dLys=11.1 g/kg), grower diets from day 14 to 35 (ME=2975 kcal/kg, CP=171
g/kg, dLys=9.1 g/kg) and finisher diets from day 35 to 38 (for fast grow-
ing chickens) or 35 to 49 (for slower-growing chickens) (ME=3025 kcal/kg,
CP=165 g/kg, dlLys=8.6 g/kg). Coccidiostats (70 g/kg salinomycin) were
added to the grower diet. A protein-fat mixture, with a comparable com-
position as the BSFL, was added to the diet of the non-enriched pens once
daily to achieve similar energy and nutrient intake as the broilers in the
enriched pens (which received BSFL).

Data Collection, Sampling and Measurements

All chickens were individually weighed on day O, 7, 14, 21, 28, 35, 42,
and 49 of age. Feed intake (FI) was determined per pen at the same days.
Body weight (BW), Fl and feed conversion ratio (FCR) were calculated for
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the three phases and over the whole growing period, faking mortality into
account. Fl was calculated without BSFL intfake in the enriched pens, but
with including the supplement in the non-enriched pens. Mortality was re-
corded per pen per day.

Home pen behaviour (all chickens per pen) and use of enrichment
(all chickens per pen in enriched pens) were scored by direct observation
of one observer, using instantaneous scan sampling af
day 8, 22, 29 and 43. At these days, broilers were observed in their home
pen at four moments (8:30, 10:30, 13:00 and 15:00 h). On day 43, only slow-
er-growing chickens were present. Per scan, the behaviour of all chick-
ens was scored during 3 to 4 min per scan per day per pen, the number
of chickens performing the following activities was scored for home pen
behaviour: eating, drinking, walking, standing, sitting, comfort behaviour,
foraging, dustbathing, ground pecking, aggression and others. Others
was defined as chickens demonstrating a behaviour other than all oth-
er behaviours described above. After observing the behaviour in a pen,
the number of chickens performing the following activities was scored for
use of enrichment: chickens on platforms and ramps, chickens under plat-
forms and ramps, dustbathing chickens and chickens perching on barrier.

Gait score of 4 randomly selected chickens per pen was evaluated
on day 27 (fast-growing chickens) and day 35 (slower-growing chickens),
to eliminate BW difference. Gait was scored within a range of 0 (normal
locomotion) to 5 (unable to walk)

At day 29 and 38, two fast-growing chickens per pen were selected
for slaughtering with an average body weight of 1400 and 2200 gram,
respectively, whereas at day 38 and 49, two slower-growing chickens per
pen were selected for slaughtering with the same body weights. Chickens
were subjected to electrical stunning for euthanizing. Then, Varus-Valgus
(VV) was scored, after fixating the legs at the hip joint to strefch the leg, by
determining the angle between the tibia and the metatarsus for both the
left (VVL) and right leg (VVR), using a goniometer. Thereafter, the left leg
of each chicken was dissected and assessed by a veterinarian on tibia dy-
schondroplasia (TD), bacterial chondronecrosis with osteomyelitis (BCO),
epiphyseal plate abnormalities (EPA) and epiphysiolysis (EPI). All these leg
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disorders were scored in the range of 0 (no abnormalities), 1 (minor abnor-
mality) or 2 (severe abnormality).

Right legs were deboned and tibias were packed and frozen at
-20°C. After thawing, tibia weight was determined. Tibia proximal length,
lateral cortex thickness, femoral and metatarsal side proximal head thick-
ness, osseous volume, pore volume, total volume (osseous volume + pore
volume), volume fraction (osseous volume / total volume), mineral con-
tent and mineral density were analysed on individual fibia, using a GE
Phoenix 3D X-ray microfocus CT scanner (General Electric Company®,
Boston, Massachusetts, US), for details see . llustrations
of scanned bones are provided in Figure 2.

Robusticity index was calculated using the following formula

Robusticity index (cm/g) = bone proximal length (cm) / bone weight (g).

The same tibia bones used for 3D X-ray scanning were subjected to
a three-point bending test, of which the method is described by
, using an Instron® electromechanical universal testing machine
(Instron®, Norwood, Massachusetts, United States). Maximal load of break-
ing point was used as the tibia ultimate strength; reached yield load just
before the angle has changed on slope data was used as the tibia yield
strength; the slope of the selected linear part of the curve data was used
as the tibia stiffness; the area under the curve of selected region data was
used as the tibia energy to fracture. Elastic modulus (GPa), which is the
amount of strain as a result of a particular amount of stress [58], was cal-
culated using the following formula

N S?

E= T

where E is the elastic modulus (GPa), N is the maximal load (N), S is the span
between bending fixtures (mm), T is the tibia thickness (mm), L is the tibia length

(mm), and & is the maximum deflection (mm) at the midpoint of the bone.
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Enriched pens (3 x 1 m) contained two

lllustration of enriched pen

Figure 1B

wooden platforms (A; 100 x 20 x 40 cm, one

at each long side of the pen), two wooden ramps

(B; 200 x 20 cm, angle of 11.5°), two vertical wooden

barrier perches (C; 100 x 4 cm, adjustable in height from

4-16 cm with steps of 4 cm at days 7, 14 and 21), dust bathing

area (D; 100 x 100 cm) with peat moss (with depth of 2 cm in week

1,4 cmin week 2, and 7.5 cm from week 3 onward), provision of live
Black Soldier fly larvae (BSFL) in the substrate of the dust bathing area (E;

once daily between 11:00 and 11:15 h) and a large distance (3 m) between
feeders and drinkers placed on opposite short walls (F). The floor outside the dust

bathing area was covered with wood shavings as a bedding material
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Statistical Analysis

All statistical analyses were performed in SAS (Version 9.4, 2013, SAS
Institute Inc., Cary, North Carolina, US). Model assumptions were approved
at both means and residuals for confinuous data. Non-normal distributed
data were log-fransformed before analyses. Pen was used as the experi-
mental unit for all analyses.

All growth performance data from day 0 to 35 (BW, FI, FCR, mor-
tality) were subjected to general mixed model analysis, using the MIXED
procedure with model 1.

Y = u + enrichment + strain +enrichment*strain + €; [1]

where Y = the dependent variable, y = the overall mean, enrichment =
whether or not pen enrichment was applied (enriched or non-enriched), strain =
broiler strain (fast-growing Ross 308 or slow-growing Hubbard JA757), interaction =
2-way interaction between enrichment and strain, € = residual error.

From day 35 onwards, only chickens from the slow-growing strain
were present and growth performance data (BW, Fl, FCR, mortality) was
subjected to general linear mixed model analysis, using the MIXED proce-
dure with model 2.

Y= p + enrichment + €; [2]

where Y = the dependent variable, u is the overall mean, enrichment =
whether or not pen enrichment was applied (enriched or non-enriched), € = re-
sidual error.

Tibia morphological, biophysical and mechanical characteristics, at
two body weight classes (1400 and 2200 g), were subjected to general
linear mixed model analysis, using the MIXED procedure with model 1.

Home pen behaviour (eating, drinking, walking, standing, sitting,
comfort behaviour, foraging, dustbathing, ground pecking, aggression
and others) and gait score were subjected to general linear mixed model
analysis, using the MIXED procedure with model 1 (home pen behaviour
at day 8, 22 and 29) and model 2 (home pen behaviour at day 43). Pre-
liminary analyses demonstrated a lack of inferaction between strain and
enrichment for home pen behaviour and consequently data is presented
for only main effects.
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Gait score at day 27 (fast-growing chickens) and day 35 (slow-
er-growing chickens), when they had similar body weights, were com-
pared, using model 1.

Use of enrichment (chickens on platforms and ramps, chickens un-
der platforms and ramps, dustbathing chickens and chickens perching on
barriers) was subjected to general linear mixed model analysis, using the
MIXED procedure with model 3.

Y= + strain + €; [3]

where Y = the dependent variable, u is the overall mean, strain = broiler
breeder strain (fast-growing Ross 308 or slower-growing Hubbard JA757), € = resid-

ual error.

To eliminate BW effect between the fast and slower-growing strain,
home pen behaviour and enrichment use at day 22 for fast growing chick-
ens and day 29 for slower-growing chickens, when they had similar body
weights, were compared, using model 1 (home pen behaviour) or model
3 (enrichment).

VVR and VVL were subjected to general linear mixed model anal-
ysis, at two body weight classes (1400 and 2200 gram), using the MIXED
procedure with model 1.

Leg disorders (TD, EPA, BCO and EPI) were subjected to generalized
linear mixed model analysis, at two body weight classes (1400 and 2200
gram), using the GLIMMIX procedure with model 1. Leg disorders were
scored as 0 (no abnormalities), 1 (minor abnormality), or 2 (severe abnor-
mality), but analyzed as 0 (no abnormalities) or 1 (abnormalities present).
EPA, BCO and EPI were noft statistically analysed, because there were only
three chickens scored with BCO and no observations at all were recorded
for EPA and EPI.

Results are provided as LSmeans £ SEM, unless indicated otherwise.
When multiple comparisons were performed, the level of significance was
corrected, using Bonferroni. Effects were considered to be significant at P
<0.05.
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RESULTS
Growth Performance

No interaction effects between enrichment and strain were found
on BW (Table 1). Chickens in non-enriched pens had a higher BW than
chickensin enriched pens at day 21 (A=35 g, P=0.02), 28 (A=62 g, P=0.007),
35 (A=99 g, P=0.003), 42 (slower-growing chickens only; A=84 g, P=0.003)
and 49 (slower-growing chickens only; A=93 g, P=0.005). Slower-growing
broilers had a lower BW than fast-growing broilers at day 0 (A=1.8 g), 7
(A=29 g), 14 (A=134 g), 21 (A=321 g), 28 (A=540 g) and 35 (A=822 g) (all
P<0.001).

No interaction effects between enrichment and strain were found on
FI (Table 2). Chickens in non-enriched pens had a higher FI than chickens
in enriched pens between day 14-35 (A=100 g, P=0.004), day 0-35 (A=109
g, P=0.009), day 35-49 (slower-growing broilers only; A=56 g, P=0.02) and
day 0-49 (slower-growing broilers only; A=139 g, P=0.002). Slower-growing
chickens had alower Fl than fast growing broilers between day 0-14 (A=114
g). day 14-35 (A=952 g, P<0.001) and day 0-35 (A=1067 g) (all P<0.001).

No interaction effects between enrichment and strain were found on
FCR (Table 2). Chickens in non-enriched pens had a lower FCR than chick-
ens in enriched pens between days 0-14 (A=0.02, P=0.02). Slower-growing
chickens had a higher FCR than fast growing chickens between days 0-14
(A=0.14), 14-35 (A=0.13) and 0-35 (A=0.12) (all P<0.001).

Tibia Morphological Characteristics

At the 1400 gram BW class, no interaction effects between pen en-
richment and strain were found on fibia morphological characteristics
(Table 3) and neither pen enrichment effects were found. Slower-grow-
ing chickens had a higher femoral (A=0.17 cm, P=0.02) and metatarsal
side proximal tibia head thicknesses (A=0.12 cm, P=0.04) than fast growing
chickens.

At the 2200 gram BW class, no interaction effects between enrich-
ment and strain were found on tibia morphological characteristics (Table
3) and neither pen enrichment effects were found. Slower-growing broilers
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had a higher tibia weight (A=0.81 g, P=0.02), proximal tibia length (A=0.63
cm, P=0.008) and metatarsal side proximal fibia head thicknesses (A=0.17
cm, P=0.002) than fast growing broilers.

Tibia Biophysical Characteristics

At the 1400 gram BW class, no interaction effects between pen en-
richment and strain were found on tibia biophysical characteristics (Table
4) and neither pen enrichment effects were found. Slower-growing broilers
had a higher tibia osseous volume (A=6.4 cm?, P<0.001), fibia total volume
(A=6.6 cm?, P<0.001), tibia volume fraction (A=0.04 %, P<0.001) and fibia
mineral content (A=1.1 g, P<0.001) than fast growing broilers.

At the 2200 gram BW class, an interaction between pen enrichment
and strain was found on tibia pore volume (Table 4). Enriched slower-grow-
ing group resulted in a lower fibia pore volume compared to other groups
(A=1.0 cm?® on average; P=0.02). Chickens in non-enriched pens had a
lower tibia osseous volume (A=1.8 cm?®, P=0.003), tibia total volume (A=1.4
cm?, P=0.03) and tibia volume fraction (A=0.02 %, P=0.002) than chickensin
enriched pens. Slower-growing broilers had a higher tibia osseous volume
(A=5.9 cm?3, P<0.001), tibia total volume (A=5.4 cm?, P<0.001), tibia volume
fraction (A=0.05 %, P<0.001), tibia mineral content (A=0.7 g, P=0.02) and
tibia mineral density (A=0.05 g/cm?, P<0.001) than fast-growing broilers.

Tibia Mechanical Characteristics

At the 1400 gram BW class, no interaction effects between pen en-
richment and strain were found on tibia mechanical characteristics and
neither pen enrichment effects were found (Table 5). Slower-growing
broilers had a higher tibia ultimate strength (A=21.7 N, P<0.001), tibia yield
strength (A=21.0 N, P<0.001), tibia stiffness (A=20.6 N/mm, P<0.001) and fib-
ia energy to fracture (A=21.9 N-mm, P<0.001) than fast-growing broilers.

At the 2200 gram BW class, no interaction effects between pen en-
richment and strain were found on fibia mechanical characteristics (Table
5) and neither pen enrichment effects were found. Slower-growing chick-
ens had a higher fibia ultimate strength (A=19.4 N, P<0.001), tibia yield
stfrength (A=17.8 N, P<0.001), fibia stiffness (A=21.7 N/mm, P<0.001) and
tibia energy to fracture (A=20.9 N-mm, P<0.001) than fast-growing broilers.
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Leg Disorders and Gait score

No interaction effects between pen enrichment and broiler breeder
strain were found on VVR, VVL and TD at both 1400 and 2200 gram BW
classes and no main effects of pen enrichment or strain were found on
TD. At the 1400 gram BW class, VV angulation was not affected by enrich-
ment or strain (on average 4.90°). At the 2200 gram BW class, slower-grow-
ing chickens had a lower VVR than fast growing chickens (3.80° vs 6.04°,
respectively, P=0.003). VVL angulatfion was not affected by enrichment or
strain at this BW class (on average 5.88°). No interaction and main effects
were found on TD, which was observed in 11 chickens (9.82 %) at 1400
gram BW class and 10 chickens (8.92 %) at 2200 BW class.

At similar BW class (day 27 for fast-growing chickens and day 35 for
slower-growing chickens), an interaction between pen enrichment and
strain was found on gait score. The NS group had a lower gait score com-
pared to NF group (1.66 vs. 2.11, respectively; P=0.003), while other two
groups were in between (both 1.93).

Home Pen Behaviour and Use of Enrichment

Chickens in non-enriched pens showed less foraging behaviour at
day 8 (A=8.47 %, P<0.001), day 22 (A=9.19 %, P<0.001), day 29 (A=5.6 %,
P<0.001) and day 43 (slower-growing chickens only, A=8.86 %, P<0.001),
less dust bathing behaviour at day 8 (A=0.97 %, P=0.006) and less ground
pecking behaviour at day 43 (slower-growing chickens only, A=3.98 %,
P=0.02) than chickens in enriched pens (Table 6). The opposite was found
for standing behaviour at day 29 (A=4.15 %, P=0.007), sitting behaviour at
day 22 (A=8.97 %, P=0.03), ground pecking behaviour at day 8 (A=3.71 %,
P=0.002) and aggression behaviour at day 29 (A=1.05 %, P=0.02), which
behaviours were all higher in non-enriched pens than in enriched pens.
Slower-growing chickens showed more walking behaviour at day 8 (A=6.99
%, P=0.001), day 22 (A=7.6 %, P<0.001) and day 29 (A=5.32 %, P<0.001),
more standing behaviour at day 8 (A=2.34 %, P=0.03), day 22 (A=3.12 %,
P=0.02) and day 29 (A=8.91 %, P<0.001), more foraging behaviour at day
22 (A=6.61 %, P=0.009) and day 29 (A=3.9 %, P=0.002) and more aggression
behaviour at day 22 (A=0.94 %, P=0.03) and day 29 (A=1.02 %, P=0.03) than
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fast-growing chickens. The opposite was found for eating behaviour at
day 8 (A=3.04 %, P=0.04) and day 22 (A=1.16 %, P=0.03) and sitting be-
haviour at day 22 (A=19.28 %, P<0.001) and day 29 (A=8.91 %, P<0.001)
(Table 6).

In enriched pens, a clear strain effect was found on use of different
enrichment objects (Table 7). The percentage of chickens on platforms
and ramps at day 29 (A=14.6 %, P<0.001) and perching on barriers at day
8 (A=4.9 %, P<0.001), day 22 (A=14.05 %, P<0.001) and day 29 (A=16.05 %,
P<0.001) was higher in slower-growing chickens than in fast growing chick-
ens. The opposite was found for the percentage chickens under platforms
and ramps at day 29 (A=13.72 %, P=0.003) and dustbathing chickens at
day 8 (A=1.19 %, P=0.05).

At similar BW, fast growing chickens showed more walking (A=5.24
%), standing (A=8.6 %), foraging (A=2.67 %), dust bathing (A=0.12 %) and
aggression (A=1.02 %) behaviour than fast growing chickens, while the op-
posite was found for eating (A=0.62 %), drinking (A=1.54 %), sitting (A=11.93
%) and comfort (A=2.32 %) behaviour. At similar BW, more slower-grow-
ing chickens were on platforms and ramps (A=11.27 %) and perching on
barriers (A=16.1 %) than fast-growing chickens, whereas the opposite was
found for percentage of chickens under platforms and ramps (A=4.98 %)
and dustbathing chickens (A=0.03 %).
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Table 6 Effects of pen enrichment (enriched or non-enriched) and broiler strain

(fast-growing Ross 308 or slower-growing Hubbard JA 757) on percentage of male

chickens showing eating, drinking, walking, standing, sitting, comfort behaviour,

foraging, dustbathing, ground pecking, aggression and other behaviours at day
8, 22, 29 and 43 of age (n=7 pens per treatment; LSmeans+SEM)

Enrichment Strain P-values?
Parameter Non- SEM
and day (%) | Enriched . Fast Slow Enrichment | Strain

enriched

Eating
Day 8 6.90 6.06 8.00p | 4.96o | 0.94 0.54 0.04
Day 22 1.65 1.80 2.31° | 1.15¢ |0.33 0.75 0.03
Day 29 1.78 2.78 2.86 1.69 | 0.46 0.14 0.09
Day 43! 1.65 1.79 - - 0.51 0.86 -
Drinking
Day 8 13.17 12.01 13.76 | 11.42 |1.58 0.61 0.31
Day 22 5.33 5.58 5.67 524 10.72 0.81 0.69
Day 29 4.36 4.78 5.00 413 |0.72 0.69 0.40
Day 43! 3.78 3.23 - - 0.58 0.51 -
Walking
Day 8 13.42 12.27 9.350 | 16.342 | 1.10 0.47 0.001
Day 22 7.92 7.09 3.70° | 11.30@ | 1.22 0.64 <0.001
Day 29 5.67 6.90 3.620 | 8.942 |0.82 0.31 <0.001
Day 43! 7.99 8.56 - - 1.46 0.80 -
Standing
Day 8 5.68 7.65 5.50p | 7.842 |0.72 0.07 0.03
Day 22 4.54 5.44 3.430 | 6.559 |0.81 0.44 0.02
Day 29 5.50p 9.65¢ 3.126 | 12.03< | 1.00 0.007 <0.001
Day 43! 13.64 15.84 - - 1.46 0.29 -
Sitting
Day 8 32.57 37.36 37.61 | 33.31 | 244 0.18 0.14
Day 22 45.610 54.58a | 59.739| 40.45p | 2.72 0.03 <0.001
Day 29 57.36 55.23 | 64.789| 47.80° | 2.90 0.61 <0.001
Day 43! 50.06 58.22 - - 3.97 0.18 -
Comfort behaviour
Day 8 7.55 9.34 7.15 9.74 |1.00 0.22 0.08
Day 22 8.86 10.12 8.84 10.13 | 1.08 0.42 0.41
Day 29 6.19 7.60 7.27 6.52 | 1.12 0.39 0.64
Day 43! 4.46 3.65 - - 0.95 0.56 -
Foraging
Day 8 14.45¢ 5.98b 9.67 10.76 | 1.00 <0.001 0.45
Day 22 12.88¢@ 3.69p 4,980 | 11.599 | 1.64 <0.001 0.009
Day 29 8.50@ 2.90p 3.750 | 7.65¢ |0.79 <0.001 0.002
Day 43! 9.78¢a 0.920 - - 1.25 <0.001 -

(continued on next page)
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Table 6 (confinued)

Enrichment Strain P-values?
Parameter Non- SEM
and day (%) | Enriched . Fast Slow Enrichment | Strain

enriched

Dust bathing
Day 8 1.099 0.12¢ 0.90 0.30 |0.23 0.006 0.07
Day 22 0.65 0.44 0.65 0.44 |0.24 0.56 0.54
Day 29 0.46 0.67 0.36 0.77 10.28 0.60 0.31
Day 43! 0.28 0.15 - - 0.17 0.59 -
Ground pecking
Day 8 4.83p 8.54¢ 7.40 5.97 10.73 0.002 0.18
Day 22 12.02 10.76 10.60 | 12.17 | 1.17 0.46 0.36
Day 29 10.08 8.33 9.09 9.31 1.17 0.31 0.90
Day 43! 8.100 4,120 - - 0.95 0.02 -
Aggression
Day 8 0.35 0.22 0.22 0.35 |0.17 0.60 0.60
Day 22 0.61 0.59 0.14p | 1.06c |0.29 0.97 0.04
Day 29 0.120 1.17¢ 0.140 | 1.16@ |0.29 0.02 0.03
Day 43! 0.26P 3.53¢ - - 0.98 0.04 -
Others3
Day 8 - 0.13 0.13 - 0.08 0.26 0.26
Day 22 - - - - - - -
Day 29 - - - - - - -
Day 43! - - - - - - -

a-b Values within a factor and row lacking a common superscript differ (P < 0.05).

1 Only slower-growing chickens.

2 No interactions between broiler breeder strain and pen enrichment were observed for any
of the behaviours at any of the sampling days.

3 Chickens demonstrating a behaviour other than eating, drinking, walking, standing, sitting,
comfort behaviour, foraging, dustbathing, ground pecking and aggression.
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Table 7 Effects of broiler strain (fast-growing Ross 308 or slower-growing Hubbard
JA 757) on percentage of male chickens in enriched pens, using the following en-
richment objects (on platforms and ramps, under platforms and ramps, dustbath-
ing, perching on barriers) at day 8, 22, 29 and 43 of age (n=7 pens per freatment,

a-b Values within a row lacking a common superscript differ (P < 0.05).

1 The percentages of chickens demonstrating no use of enrichment are not demonstrated

in the table.
2 Only slower-growing chickens.
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LSmeans+SEM)

Parameter and day! strain SEM P-values
Fast | Slow

Chickens on platforms and ramps
Day 8 13.69 16.18 2.49 0.50
Day 22 17.98 24.04 2.06 0.06
Day 29 14.690 29.25¢ 1.75 <0.001
Day 432 - 29.75 - -
Chickens under platforms and ramps
Day 8 16.95 30.35 4.5] 0.06
Day 22 22.74 16.97 2.60 0.15
Day 29 31.48¢ 17.76P 1.91 <0.001
Day 432 - 19.55 - -
Dustbathing chickens
Day 8 1.56@ 0.37° 0.37 0.05
Day 22 0.4 0.63 0.26 0.54
Day 29 0.14 0.37 0.21 0.47
Day 432 - 0.14 - -
Chickens perching on barriers
Day 8 2.08k 6.98¢ 0.75 <0.001
Day 22 3.920 17.97¢ 1.53 <0.001
Day 29 3.97° 20.02¢ 0.90 <0.001
Day 432 - 17.57 - -




DISCUSSION

The aim of this study was to investigate effects of a combination of
different forms of pen enrichment on tibia characteristics, locomotion, leg
health and home pen behaviour of both fast and slower-growing broiler
chickens. Hardly any interactions were found between strain and enrich-
ment, indicatfing that both fast and slower-growing chickens are both
able to use several forms of enrichment in a comparable way.

Growth Performance

Results of the current study showed that pen enrichment resulted in
lower body weight and feed intake in both fast and slower-growing chick-
ens. These findings are supported by recent studies

. who observed a negative effect of pen enrichment on growth
performance in terms of feed intfake and body weight gain. However, the
results of current study are not in accordance with other studies

. who found no significant effects of pen enrichment on growth
performance parameters. This discrepancy among studies might be relat-
ed to the fact that less complex pen enrichment forms were used in these
studies compared to the current study. For example, only barrier perches

and mirror, ball,
perch and dust (each material in another pen) were
used in these studies. The lower body weight gain of enriched-housed broil-
ers in the current experiment might be related to 1) the comprehensive
enrichment design of the current study, which contains a combination of
platforms, angular ramps, barrier perches, large distance between feed
and water and live Black Soldier fly larvae in the moss-peat dust bathing
area. A plethora of different enrichments might exponentially stimulate
physical activity and consequently a higher metabolic energy use, which
will result in a lower body weight gain. This higher activity in enriched pens
is supported by the higher percentage of chickens showing active be-
haviours and use of enrichment in both fast and slower-growing chickens.
2) Chickens might have had difficulties to cross the barrier perches to ac-
cess the feed on one side and water on the other side. This might be due
to other chickens perching and consequently blocking the way from one
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side of the pen to the other side. It might also be related to their heavy
body weight, particularly in the last week of the rearing period. 3) The
intake of BSFL was not taken into account in the enriched pens, which
have resulted in lower FI. Additionally, it can be speculated that the 5%
of BSFL in the diet might have reduced appetite or digestibility of the diet

. It can be speculated that the level of enrichment, and
particularly the height of the barriers was too much in the current study,
resulting in a lower Fl and lower BWG. Whether or not a more balanced
pen enrichment might have comparable stimulatory effects on activity,
while maintaining performance, needs to be investigated.

Regarding the strain, in the current study, body weight and feed intake of
fast growing chickens were higher than slower-growing broiler chickens
on same ages, which is in accordance with previous studies

. Due to @
use of very young broiler breeders, body weight gain and BW at slaughter
was relatively low . which might have result-
ed in alow prevalence of leg disorders as well (see below).

Tibia Characteristics

One of the most important underlying reasons for suboptimal bone
development in broiler chickens is high growth rate, while low activity lev-
els is the other one
The hypothesis of this study was that leg health and bone characteristics
in broiler chickens can be improved through pen enrichment, which has
previously been confirmed by several studies

. Focusing on bone prop-
erties, a higher activity has been found to positively affect tibia morpho-
logical, biophysical and mechanical characteristics of chickens

. Allarge distance between feed and water resulted
in increased walking activity and better tibia devel-
opment in broiler chickens . Barrier
perches resulted in improved fibia characteristics of laying hens

. Using sand as a dustbathing material and addition of strings for
activity stimulation resulted in better bone development in fast growing
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broiler chickens

The results of the current study showed that tibia osseous volume,
total volume and volume fraction of both fast and slower-growing broil-
er chickens and fibia pore volume of slower-growing chickens only were
positively affected by pen enrichment, while most of the other tibia char-
acteristics were slightly higher, but not significant. These findings are in
agreement with previous studies, indicating the stimulating effects of pen
enrichment on bone characteristics

. Tibia characteristics were found correlated with leg
disorders and locomotion. Chickens with advanced tibia characteristics
showed better locomotion and less leg disorders

. In the current study, it can be suggested that bone mineral
deposition is the most stimulated physiological mechanism by pen enrich-
ment, whereas tibia morphological and mechanical characteristics, such
as tibia weight, length, strength and stiffness, were not affected. It can be
hypothesized that stimulated activity due to pen enrichment particularly
affects physiological pathways involved in ossification and mineralization,
rather than affecting anatomical and physical tibia characteristics.

Regarding the strain, almost all tibia morphological, biophysical and
mechanical characteristics in both body weight classes were higher in
slower-growing chickens than in fast-growing chickens. These findings are in
line with previous studies, indicating that slower-growing chickens demon-
strate better bone characteristics in all ages compared to fast-growing
chickens

. Fast-growing chickens have more porous and less
mineralized leg bones than slower-growing broiler chickens, which togeth-
er with a higher body weight results in a higher risk of lameness

, impaired activity
and locomotion
and more leg problems

Leg Disorders and Gait Score

In the current study, the incidence of TD did not differ between pen
enrichment, nor between strains, while other leg disorders (BCO, EPA and
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EPI) were hardly or not observed. These results might be explained by a
relatively low stocking density (10 chickens/m?), which is related to a low
prevalence of leg disorders

. Additionally, BW of the chickens was relatively low, probably related
to the use of offspring from young broiler breeders. VV angulation in right
legs was found to be higher in fast growing chickens than in slower-grow-
ing chickens. These results are in line with previous studies, indicating that
slower-growing chickens have a relatively lower prevalence of VV com-
pared to fast growing chickens

. This might be explained by irregular and poor vascular morpholo-
gy of the epiphyseal growth plate and insufficiently mineralized bones in
fast growing, which both are potential causes of VV

. Slower-growing chickens, on the contrary, have more time for bone
mineralization, which compensates the lack of mineralization in the early
growth phase, that loads less stress on the skeleton

, and eventually result in a low incidence of VV.

Despite the fact that VV angulation in right legs differed between strains
in the current study, the maximal average angulation was 6.04° and it can
be disputed whether or not this degree of angulation can be considered
as VV or as a leg disorder.

Better gait was found in slower-growing chickens than in fast grow-
ing chickens, both housed in non-enriched pens, while chickens of both
strains in enriched pens had a gait score in between. It can be specu-
lated that in fast growing chickens provided with sufficient enrichment,
locomotion can be improved, but in case no enrichment is present, fast
growing chickens show poorer gait scores than slower-growing chickens.
Triggering the activity by pen enrichment might be more beneficial for
fast growing chickens, since they have less advanced bone development
and poorer leg health than slower-growing chickens

Home Pen Behaviour and Use of Enrichment

Results of home pen behaviour showed that broiler chickens in
enriched pens demonstrated higher or a tendency to higher percent-
ages of active behaviours (e.g., standing, walking, foraging) and lower
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percentages of passive behaviours (e.g., resting, sitting) than chickens in
non-enriched pens. This is in accordance with previous studies, indicating
that pen enrichment may stimulate physical activity. Placing horizontal
platforms
angular ramps and barrier perches
resulted in stimulated activity
in broiler chickens. Using wooden boxes with peat for dust bathing, two
platforms with ramps and two bales of peat as a pen enrichment resulted
in more wing flapping, wing stretching, body shaking, ground scratching,
ground pecking and foraging behaviours in fast growing broiler chickens
compared to non-enriched pens . Scattering mealworms
and Black Soldier fly larvae on the litter
in fast-growing broiler chickens resulted in increased physical activity and
locomotion. A large distance between feeder and drinker as a pen en-
richment also resulted in a high percentage of active behaviours
. Different dustbathing materials,
such as moss-peat have also been found to confribute to activity of broiler
chickens

In the current study, slower-growing broiler chickens demonstrat-
ed higher or tendency to higher percentages of active behaviours (e.g.,
standing, walking, foraging) and lower percentages of passive behaviours
(e.g., resting, sitting) at all observation days and also on similar body
weights (day 22 for fast growing chickens and day 29 for slower-grow-
ing chickens) than fast-growing chickens. In addition, use of enrichment
objects differed between fast and slower-growing broiler chickens. The
most attention-grabbing difference was observed in chickens perching
on barriers. A considerably higher percentage of slower-growing chickens
were found perching on barriers compared to fast growing chickens at
all ages and also at the same body weight. Slower-growing chickens also
showed a higher or a tendency to higher preference to go on ramps and
platforms, while fast-growing chickens preferred to stay under the plat-
forms and ramps. These findings are in in line with previous studies show-
ing slower-growing chickens demonstrated more active behaviours than
fast-growing chickens. Fast-growing broiler chickens showed higher per-
centages of time sitting idle and lower percentages of time standing and
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walking than slower-growing chickens
. Slower-growing chickens have
been found to use perches more than fast-growing chickens

. It has been shown that fast-growing broiler chickens showed a pref-
erence for lying and sitting on the litter instead of using raised platforms
and perches. All these findings might be due to the imbalance between
high growth rate and immature bones of fast-grow-
ing chickens than slower-growing chickens, which negatively affects
standing, walking and foraging behaviours. This makes that fast-growing
chickens have more difficulties with barrier perches to access feed and
water, to climb and go down on angular ramps than the slower-growing
chickens. Another potential reason for these differences between strains
might be related to body weight and heavy breast muscles. However, the
current study clearly demonstrates that at the same BW class, sfill differ-
ences in activity related behaviours were present between the fast and
slower-growing chickens, which suggests that other aspects than BW ap-
pears to play arole as well.

To conclude, in both fast and slower growing chickens, fibia bio-
physical characteristics were positively influenced by comprehensive pen
enrichment, while fibia morphological and mechanical characteristics
were not affected, suggesting that pen enrichment particularly affects
physiological mechanisms related to ossification and mineralization. Slow-
er-growing chickens showed better tibia characteristics, more locomotion
and active behaviours than fast-growing chickens. Pen enrichment resuli-
ed in lower body weight gain in both fast and slower-growing chickens,
which might be due to higher activity or lower feed intake as a result of
difficulties of crossing the barrier perches. The relationship between fibia
development and leg health remains unclear, because of the very low
incidence of leg disorders in the current study.
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INTRODUCTION

Suboptimal leg health observed in broiler chickens is nowadays rec-
ognized as a global issue , since it is a major
welfare problem

and causes considerable finan-

cial losses
. Chickens having suboptimal leg health suffer
from dehydration and starvation, because of having difficulties accessing
feed and water, show less locomotor activity, spend long time sitting or
lying and are likely to be distressed and experience pain. Major causes
of suboptimal leg health are developmental leg abnormalities and infec-
tious and/or non-infectious leg disorders, which all can result in lameness

While there have been some improvements e.g., using high quali-
ty feed, healthcare monitoring, environmentally confrolled poultry farms
and obeying several welfare regulations and laws in a number of coun-
tfries around the world, welfare problems caused by suboptimal leg health
still exist in broiler chickens, which cannot be prevented by only focus on
above-mentioned factors

There are several potential factors related to leg problems in broiler
chickens e.g., leg bones, muscles, tendons and joints. The focus of this the-
sis was on leg bone development, specifically the tibia, since it is the major
weight carrying and the most loaded and affected leg bone during the
growth period

The aim of this thesis was to investigate different approaches to
improve leg health by focusing on tibia characteristics and other leg
health-related parameters of fast and/or slower-growing broiler chickens.
Three different approaches were taken into account: (1) dietary factors
(source of macro and frace minerals) on broiler chickens (Chapter 1 and
Chapter 2) or indirectly via the broiler breeders on offspring broilers (Chap-
ter 3); (2) incubation conditions (light and temperature; Chapter 2 and
Chapter 4) and (3) environmental (pen) enrichment (Chapter 5).
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In General Infroduction, an overview on suboptimal leg health,
bone abnormalities and leg disorders in broiler chickens and their welfare
and economic consequences were discussed. Thereafter, bone quality
measurements and potential approaches to improve leg bone health in
broiler chickens were infroduced.

In Chapter 1, effects of different dietary factors (organic macro and
frace minerals, fish oil, hydrolyzed collagen) of fast-growing broiler chickens
on leg health related parameters were described; in Chapter 2, effects
of dietary inorganic and organic macro and trace minerals separately
on leg health related parameters of fast-growing broiler chickens were
described; in Chapter 3, a study was performed, but in this case inorganic
or organic macro and frace minerals in the diet of fast and slower-growing
broiler breeders on leg health related parameters of their offspring were
described; in Chapter 2, also effects of the use of light (darkness vs. green
LED light) during incubation on leg health related parameters of fast-
growing broiler chickens were taken info account; in Chapter 4, effects
of eggshell temperature pattern during incubation on leg health of fast-
growing broiler chickens were described; and in Chapter 5, effects of pen
enrichment on leg health related parameters of fast and slower-growing
broiler chickens were studied.

Male broiler chickens were used in all experiments, since male broiler
chickens show more leg health problems due to their higher body weights
than females

In the following sections, objectives and main findings from these
five experimental chapters are summarized and how the investigated
approaches individually or fogether give insight in and improve our
understanding of leg health of broiler chickens are discussed. This chapter
ends with main conclusions and future research opportunities.
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five experiment are givenin Table 1.

RECAPITULATION OF FIVE EXPERIMENTS

This thesis includes five experiments (Chapter 1, 2, 3, 4 and 5) com-
prising different approaches and experimental designs with the aim of im-
proving leg health in broiler chickens. The objectives and main findings of

Table 1 Objectives and main findings of five experiments described in this thesis

Objectives

Main findings

to investigate effects of different
dietary factors (fish oil, hydrolyzed
collagen, a combination of organic
macro and trace minerals) in the diet
of fast-growing broiler chickens on
their;

e organic macro and trace minerals in the
diet positively affected tibia
characteristics, while fish oil and
collagen were non-effective

o growth performance
e locomotion
e leg disorders
¢ home pen behaviour

= e hydrolyzed collagen and organic macro
%’_ « tibia morphological, biophysical and trace minerals in the diet positively
S and mechanical characteristics affected growth performance
(O] (at day 28, 35 and 42)
o better locomotion was achieved by

e growth performance organic macro and trace minerals fed

e locomotion broiler chickens

e leg disorders

e bone development related blood

parameters
¢ home pen behaviour
e only dietary organic macro minerals

to investigate effects of green positively affected most of stimulated

LED light (16L:8D) during incubation tibia morphological, biophysical and

and organic macro and frace mechanical characteristics

minerals separately in the diet of

fast-growing broiler chickens on e green LED light during incubation,

their; dietary organic macro minerals and
N organic frace minerals resulted in better
-g_ e tibia morphological, biophysical growth performance compared to
_g and mechanical characteristics darkness during incubation, inorganic
O] (at day 42) macro minerals, and inorganic trace

minerals, respectively

green LED light during incubation
resulted in worse locomotion

leg disorders were not affected in any
of groups
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Table 1 (continued)

Objectives

Main findings

to investigate effects of a
combination of organic macro
and frace minerals in the diet of
fast- and slower-growing broiler
breeders’ diet on their offspring
broilers’;

organic macro and frace minerals in
broiler breeder diet positively affected
growth performance and tibia
characteristics of the offspring in
slower-growing chickens. However, this

2200 grams)

e growth performance
e locomotion

e leg disorders

e home pen behaviour

° effect was hardly seen in fast-growing
-g_ o tibia morphological, biophysical chickens
_g and mechanical characteristics
O (at body weight class of 1700 and o effects on mineral concentrations in
2600 grams) the egg and hatchling were limited,
which suggests mineral availability
e mineral concentrations appears o play arole in other ways
in egg and hatchling than via absolute mineral
* leg disorders concentrations
e home pen behaviour
to investigate effects of egg shell e 38.9°C during the second week of
temperature in week 2 (37.8°C or incubation stimulated tibia
38.9°C) and in week 3 (36.7°C or morphological, biophysical and
37.8°C) of incubation of fast-growing mechanical characteristics
broiler chickens on their; compared to 37.8°C
<
-g_ o fibia morphological, biophysical e incubation temperature of 38.9°C in
_g and mechanical characteristics week 2, followed by 37.8°C in week 3
o (at day 41 and 42) of incubation resulted in the most
advanced tibia characteristics
e body weight
e locomotion e body weight, locomotion and leg
e leg disorders disorders were not affected in any of
groups
« tibia biophysical characteristics were
to investigate effects of a positively influenced by
combination of different forms of comprehensive pen enrichment,
pen enrichment on in fast- and while tibia morphological and
slower-growing broiler chickens on mechanical characteristics were not
their; affected
°
-g_ e tibia morphological, biophysical e slow-growing chickens showed
_g and mechanical characteristics better tibia characteristics, more
() (at body weight class of 1400 and locomotion and active life

behaviours than fast-growing
chickens

pen enrichment resulted in lower
body weight gain in both fast- and
slower-growing chickens
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Info box 1

Because the point of origin of this thesis was suboptimal leg health, leg
abnormalities and leg disorders, first effects of different approaches on
leg disorders will be discussed.

Effects of investigated approaches on fibia characteristics, locomotion,
home pen behaviour and growth performance will be discussed later.

There have been several degenerative, developmental and infec-

tious leg bone abnormalities and disorders reported in broiler chickens

, which have

been attributed to their one-sided genetic selection towards fast growth
and feed efficiency

In this thesis, varus valgus deformation (VV) (Chapter 1, 3 and 5), fib-
ia dyschondroplasia (TD) (Chapter 3, 4 and 5), food pad dermatitis (FPD),
bacterial chondronecrosis with osteomyelitis (BCO), epiphyseal plate ab-
normalities (EPA) and epiphysiolysis (EPI) (Chapter 2, 3, 4 and 5) were as-
sessed. Because (1) they are commonly observed leg bone abnormalities
and disorders and (2) they can be reduced through optimized leg bone
development. Additionally, rotated tibia (RT) and hock burn (HB) were as-
sessed in Chapter 4.

Effects of replacement of a combination of inorganic macro and
frace minerals by their organic varieties in the diet of fast-growing broiler
chickens and in the diet of fast and slower-growing broiler breeders on
VV at 28, 35 and 42 days of age of fast-growing broiler chickens (Chap-
ter 1) or offspring broilers on 1700 and 2600 gram BW classes (Chapter
3) were investigated. VV was assessed by a veterinarian and scored as
present or not and each (small) angulation from straight was scored as
present. Results of these two studies showed that no significant differenc-
es were observed between treatment groups. However, VV has been
found considerably high in all groups in Chapter 1, ranging from 63 to 70
%, while it has been found relatively low, ranging from 14 (1700 gram BW
class) to 28 (2600 gram BW class) % in Chapter 3. Because it is disputable
which deviation in angulation from straight can be considered as VV,
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in Chapter 5 another method of scoring VV was used. After fixating the
legs at the hip joint to stretch the leg, the angle between the tibia and the
metatarsus for both legs were measured, using a digital goniometer.

Effects of a combination of ramps, platforms, barrier perches, large
distance between feed and water and live Black Soldier fly larvae in the
moss-peat dust bathing area as pen enrichment were investigated on VV
of fast and slower-growing broiler chickens in Chapter 5. At the 1400 gram
BW class, VV angulation was not affected by enrichment or strain (on av-
erage 4.90°). However, at the 2200 gram BW class, slower-growing chick-
ens had a lower VV on their right legs than fast-growing chickens (3.80°
vs 6.04°, respectively, P=0.003). VV on left legs was not affected by en-
richment or strain at this BW class (on average 5.88°). These results, which
are supported by beftter tibia characteristics of slower-growing chickens,
might be explained by high growth rate and immature bones of fast-grow-
ing broiler chickens compared to slower-growing chickens.

Considering all studies described in this thesis on the assessment
method of VV, several conclusions can be drawn: (1) Despite organic
macro and frace minerals in broiler or breeder diet resulted in improve-
ments in tibia characteristics, they had no influence on VV, potentially due
fo the method used in these studies (Chapter 1 and 3). Further investiga-
fion is needed with a novel method used in Chapter 5 or another method
which needs to be developed in future. (2) VV should not be assessed by
subjective observation, but by objectively measuring the angulation be-
tween the tibia and metatarsus.

Tibia dyschondroplasia in Chapter 3, 4 and 5; food pad dermatitis,
bacterial chondronecrosis with osteomyelitis, epiphyseal plate abnormali-
ties and epiphysiolysis in Chapter 2, 3, 4 and 5; and rotated tibia and hock
burn in Chapter 4 have been assessed. The incidence of all these leg dis-
orders was found very low in all studies.

Considering all studies described in this thesis on leg disorders, sever-
al conclusions can be drawn: (1) Because of marginal results of assessed
leg disorders in this thesis, influences of organic macro and trace minerals,
incubation conditions and pen enrichment on leg disorders and also re-
lationship among tibia characteristics, locomotion, body weight and leg
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disorders remained inconclusive. (2) Because of relatively small sample
size, low stocking density and better management factors in experiments
compared to commercial broiler farms, occurrences of above-mentioned
leg disorders might have been found marginal. (3) Assessment methods
can be quite subjective and may differ between persons. (4) Since these
leg disorders have been taken into consideration in genetic selection ap-
plications (claimed by current broiler breeding companies e.g., Aviagen
and Hubbard) to keep up with welfare schemes and to raise financial
gain, the incidence of these leg disorders and diseases may have been
reduced in current broiler strains.
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Info box 2

In Chapter 1, palm oil and soybean oil were partly replaced by fish oil

in the FISH group. Soybean meal was partly replaced by hydrolyzed

collagen in the COL group. Because fish oil and hydrolyzed collagen in

the diet did not influence any of tibia characteristics, locomotion, leg

disorders and home pen behaviour, results related to these nutrients
were only discussed in Chapter 1.

Dietary Organic Macro and Trace Minerals

Macro minerals (calcium and phosphorus)

and trace minerals (iron, copper, manganese,
zinc and selenium) in the
diet of broiler chickens have been demonstrated to play important
roles on bone development and consequently leg health, since these
minerals are main confributors to bone formation and mineralization as
a component of bone matrix, as an essential part of enzymes involved in
bone development or as an essential part of hormones or growth factors
that are involved in regulating bone development. A deficiency of any of
these minerals might result in retarded bone growth, strength, morphology
and density

Concentrations of these minerals in broiler chickens and broiler
breeders’ diet have been addressed in a number of studies by the aim
of improving leg health. However, studies on the form of these minerals in
the diet of broiler and broiler breeder chickens were limited. In Chapter 1,
2 and 3, effects of the source of these minerals (inorganic vs. organic) in
broiler or broiler breeder diets were investigated regarding their effects on
tibia morphological, biophysical and mechanical characteristics (directly
or via the breeder on their offspring).

In Chapter 1, effects of replacement of a combination of inorganic
macro and tfrace minerals by their organic varieties in diet were investigat-
ed on fibia morphological, biophysical and mechanical characteristics
at 42 days of age of fast-growing broiler chickens. Results of this study
showed that a combination of organic macro and trace minerals resulted
in improvements in most of the tibia characteristics.
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Figure 1A describes relative differences (%) between selected tibia
characteristics investigated in Chapter 1. In this figure, tibia characteristics
at 42 days of age of chickens fed with diet containing a combination of
inorganic macro and trace minerals were set at 100 %. Chickens fed with
a diet containing a combination of organic macro and frace minerals
had 2.2 % higher tibia proximal length, 2.5 % higher lateral cortex thickness,
20.0 % higher fibia mineral content, 23.3 % higher mineral density, 10.1 %
higher ulfimate strength, 8.0 % higher stiffness and 5.9 % higher energy to
fracture than chickens fed with diet containing inorganic minerals.

Chapter 1 showed that all fibia biophysical and mechanical char-
acteristics of broiler chickens were significantly affected by a combina-
tion of organic macro and trace minerals, while fibia morphological char-
acteristics were slightly higher, but noft significant. These results are in line
with previous studies, indicating that organic minerals in the diet of broiler
chickens stimulated tibia characteristics

However these studies investigated trace minerals only, meaning that it
remains unclear which mineral group (macro minerals, frace minerals or
their combination) is most effective on these bone characteristics. There-
fore, to reveal the more effective mineral group (macro or trace minerals
or their combination) on tibia characteristics of broiler chickens, inorganic
and organic macro and trace minerals separately were studied in broiler
diets in Chapter 2.

Chapter 2 showed that organic macro minerals had a strong effect
on bone development compared to inorganic minerals, while frace min-
eral source hardly affected bone development. Figure 1B describes rel-
ative differences (%) between selected tibia characteristics investigated
in Chapter 2. Results of inorganic macro and trace minerals were set at
100%. Chickens fed with a diet containing organic macro minerals had 2.2
% higher fibia proximal length, 6.5 % higher osseous volume, 15.6 % higher
tibia mineral content, 37.0 % higher mineral density, 4.2 % higher ultimate
strength, 5.5 % higher stfiffness and 4.2 % higher energy to fracture than
chickens fed with diet containing inorganic macro minerals. Chickens
fed with a diet containing organic trace minerals had 1.6 % higher fibia
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proximal length, while other tibia characteristics did not differ from chick-
ens fed with a diet containing inorganic frace minerals. Aimost all fibia
morphological, biophysical and mechanical characteristics of broiler
chickens fed with diet containing organic macro minerals were signifi-
canfly affected, while no significant difference was found on any of fibia
characteristics of broiler chickens fed with diet containing organic trace
minerals.

Based on the combination of Chapter 1 and Chapter 2, it can be
suggested that in the diet of broiler chickens, particularly the source of
macro minerals seems to play a major role in bone development, rather
than the source of frace minerals. Considering this difference, several con-
clusions can be drawn: (1) Bone development might need more available
Ca and P rather than trace minerals since the Ca and P are known as mao-
jor components for bone matrix and bone formation

, while trace minerals are known as supportive components on bone
mineralization . (2) Concentro-
tions of macro minerals in current fast-growing broiler chickens' diet might
be insufficient for optimal bone development.

As it has been found that organic minerals via the diet of broiler
chickens can affect tibia characteristics, it can be speculated that the
same might occur when organic minerals are fed to broiler breeders

, since
calcium mobilization, bone mineralization and growth plate differentiation
in the embryo begin during the first week of incubation

. Towards the last days of incubation and first days
after hatch, phosphorus and trace minerals have been found fo be very
low in the residual yolk , which
might be considered as a limitation for bone development of chickens
after hatch. This suggests that availability of pre-packaged macro and
frace minerals in the egg are important for embryonic bone development
and later life bone health
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Figure 1A

Relative differences (%) between selected tibia morphological, biophysical and
mechanical characteristics of fast-growing chickens fed with a diet confaining a
combination of organic or inorganic macro and trace minerals (Chapter1) and
fast-growing chickens originating from broiler breeders fed with a diet containing
a combination of organic or inorganic macro and frace minerals (Chapter 3).
Chickens fed with diet containing a combination of inorganic macro and trace
minerals were set at 100 %.
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Figure 1B

Relative differences (%) between selected fibia morphological, biophysical and
mechanical characteristics of fast-growing chickens fed with a diet containing
organic or inorganic macro and trace minerals separately (Chapter 2). Chickens
fed with diet containing inorganic macro and trace minerals separately were set
at 100 %.
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The mineral concentrations and availabilities in the diet of broiler
breeders can influence mineral deposition in the egg. Replacing inorgan-
ic frace minerals by their organic varieties in the diet of broiler breeders re-
sulted in improved embryonic tibia and femur characteristics, specifically
mineralization and calcification . Organic trace mineralsin
the diet of laying hens resulted in higher mineral concentrationsin the liver,
the medullary bone and blood serum . However, previous
studies have shown that increasing the concentration of inorganic macro
and frace minerals in the diet of broiler breeder or laying hens hardly in-
fluenced their concentrations in the egg. It appears that the amounts of
minerals in the egg have certain limits, which is mainly determined by the
genetic background of the breeder

. Replacing inorganic macro and trace minerals by their organic vari-
etiesin the diet of broiler breeder might be an alternative way to influence
mineral availability in the egg and consequently in the offspring. This has
not been investigated until the study described in Chapter 3.

In Chapter 3, frans-generational carry-over effects of inorganic or or-
ganic macro and trace minerals was of particular interest. Replacement
of a combination of organic macro and trace minerals by their organic
varieties in the diet of fast and slower-growing broiler breeders were in-
vestigated on mineral concentrations in egg and hatchling, and offspring
broilers’ tibia morphological, biophysical and mechanical characteristics
at 1700 and 2600 gram BW classes.

Info box 3

Effects of replacement of a combination of organic macro and trace

minerals by their organic varieties in the diet of broiler breeders on their

offspring broilers are discussed in this section. Comparison between

selected tibia characteristics of fast and slower-growing chickens

regardless the mineral source in breeder diet will be discussed later in
the ‘‘Fast-growing vs. Slower-growing Chickens’’ section.

Chapter 3 showed that only small differences in concentrations of
macro and trace minerals in egg and hatchling were found after feed-
ing inorganic or organic macro and frace minerals to the breeders. Fe
and Se concenfrations were found higher in the mixfure of yolk and albu-
men, whereas Cu was found lower after feeding organic minerals to the
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breeders compared to their inorganic forms. The other minerals (Ca, P,
Mn, Zn) were not influenced by mineral source in the breeder diet nor by
broiler breeder strain. Based on these results, it can be concluded that
effects of mineral sources in the breeders’ diet on concentrations in the
eggs and hatchlings appears to be marginal. Since effects on BW (which
will be discussed later) and fibia characteristics have been found (see
below), it can be speculated that other mechanisms than only mineral
concentration appears to play a role in frans-generational mineral trans-
fer in broiler chickens.

Regarding tibia characteristics, Chapter 3 showed that a combina-
tion of inorganic macro and frace minerals in the diet of broiler breeders
resulted in better fibia characteristics, particularly in slower-growing chick-
ens, but these effects hardly observed in fast-growing chickens. Figure 1A
shows relative differences (%) between selected ftibia characteristics of
only fast-growing chickens investigated in Chapter 3 (for comparison with
results of Chapter 1 and 2), while Figure 2 shows relative differences (%)
of selected ftibia characteristics between fast and slower-growing broiler
chickens investigated in Chapter 3.

In Figure 2, fast and slower-growing broiler chickens originating from
broiler breeders fed with a diet containing a combination of inorganic
macro and frace minerals were set at 100 %.

Fast-growing chickens originating from breeders fed with diet con-
taining a combination of organic macro and frace minerals had 6.2 %
higher osseous volume, 14.5 % higher tibia mineral content, 10.3 % higher
mineral density, 5.2 % higher ultimate strength, 8.4 % higher stiffness and 5.0
% higher energy to fracture than fast-growing chickens originating from
breeder fed with diet containing inorganic minerals.

Slower-growing chickens originating from breeder fed with diet con-
taining a combination of organic macro and trace minerals had 27.7 %
higher lateral cortex thickness, 18.7 % higher osseous volume, 8.2 % higher
fibia mineral content, 44.8 % higher mineral density, 5.3 % higher ultimate
strength, 5.2 % higher stiffness and 6.6 % higher energy to fracture than
slower-growing chickens originating from breeder fed with diet containing
inorganic minerals.
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Almost all tibia morphological, biophysical and mechanical char-
acteristics of slower-growing offspring broilers were significantly affect-
ed, while particularly tibia biophysical and mechanical characteristics of
fast-growing offspring broilers were slightly higher, but not significant. How-
ever, because only the combination of macro and trace mineral sources
was used in Chapter 3, whether or not trans-generational carry-over effect
of organic macro minerals, frace minerals or their combination are most
effective remained unclear and needs further investigation.

Regarding the results of tibia characteristics in Chapter 3, several
conclusions can be drawn: (1) Mineral source in the breeder diet is import-
ant for offspring leg bone development. (2) Despite the fact that concen-
frations of minerals in the eggs and hatchlings originated from organic and
inorganic minerals fed broiler breeders hardly differed, it can be speculat-
ed that trans-generational mineral availability in offspring appears to play
a role via other mechanisms than via absolute mineral concentrations,
but these mechanisms are currently unclear. (3) Because organic macro
and frace minerals in the broiler breeder diet showed positive effects on
tibia characteristics in slower-growing chickens, whereas this effect was
hardly seen in fast-growing chickens, this might suggest that the differ-
ence in feed intake between fast and slower-growing broiler breeders
might affect the mineral intake. (4) Current slower-growing broiler breeder
diets might be suboptimal in mineral concentrations. (5) Trans-generation-
al mineral availability in slower-growing chickens might be more effective
on bone development than in fast-growing chickens, which might be re-
lated to time available for bone development.

Considering effects of minerals in Chapter 1, 2 and 3 on tibia mor-
phological, biophysical and mechanical characteristics, several con-
clusions can be drawn: (1) Dietary organic minerals result in higher bone
mineralization in broiler chickens than inorganic minerals. (2) Trans-gener-
atfional mineral availability in offspring broilers appears to play a role via
other mechanisms than via absolute mineral concentrations in the egg.
(3) Slower-growing chickens appears to benefit more from organic miner-
als than fast-growing chickens in the breeder diet, which might be related
to the time available for bone development or to the current mineral lev-
els in the breeder diefs. (4) It appears that the source of macro minerals
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Figure 2

Relative differences (%) between selected tibia morphological, biophysical and
mechanical characteristics of fast and slower-growing chickens at BW class of 2600
gram (38 and 49 days of age for fast and slower-growing chickens, respectively)
originafing from broiler breeders fed with a diet confaining a combination of
organic or inorganic macro and frace minerals. Chickens fed with diet containing
a combination of inorganic macro and trace minerals were set at 100 %. Presented
data belongs to Chapter 3.

257

.

.

'\Eé
Q B
S S
NS

S




in the diet of fast-growing broiler chickens seems to more effective on fibia
characteristics than frace minerals. (5) Tibia biophysical characteristics in
broilers seem to respond stronger to the source of minerals both directly in
the broiler diet or indirectly via the broiler breeder diet than morphological
and mechanical characteristics.

Light and Temperature During Incubation

In this thesis, effects of green LED light in Chapter 2 and effects
of eggshell temperature pattern in Chapter 4 during incubation on leg
health parameters e.g., tibia morphological, biophysical and mechanical
characteristics, leg disorders and locomotion of broiler chickens were
investigated.

Green LED light during incubation

Chickens have an ability to see a large spectrum of colours including
ultraviolet light due to having special exiraretinal photoreceptors in their
eyes and brains .They
show a high sensitivity to blue, green and red light

. Previous studies have shown that white
and red light compared to complete darkness during incubation resulted
in improved chick quality at hatch and green light during incubation
resulted in improved growth performance

While designing the experiment described in Chapter 2, green LED
light during incubation was taken info account, since no study investigated
effects of green light during incubation on tibia characteristics of broiler
chickens.

Green light during incubation have been shown to positively affect
growth performance (comparable results on growth performance have
been found in this study as well and will be discussed later) and post-hatch
pectoral muscle growth by enhancing proliferation and differentiation
of satellite cells during embryonic development and post hatch period

, higher liver weight,
higher antioxidant activity and higher melatonin levels
higher plasma growth hormone, prolactin and melatonin
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., higher hypothalamic growth
hormone releasing hormone, growth hormone receptor and insulin-like
growth factor-1 of broiler chickens

Results of Chapter 2 showed that green LED light during incubation
has no influence on any of fibia morphological, biophysical and
mechanical characteristics at slaughter age, which suggest that despite
the fact that stimulating effects of green light on growth performance was
found, it does not seem sufficient to stimulate bone development.

Temperature during incubation

Despite the eggshell temperature for optimal embryonic
development of broiler chickens has been determined as 37.8°C
throughout incubation, a higher or lower eggshell temperatures than
this optimal temperature in specific phases of incubation might have
a positive effect as well on chick quality

. which might also include embryonic
bone development and later life leg health of broiler chickens

There have been several studies

conducted on embryonic bone development by
making adjustments in temperature (lower or higher) during the different
fime infervals of incubation, since embryonic bone development starts
with cartilage formation in the first week of incubation

., which is followed by growth

plate differentiation and rapid increase in mineralization from the second
week of incubation onward

. which reaches the highest level just before hatch
fill a few days post-hatch

However, a high temperature during the second week of incubation
followed by a lower temperature during the third week of incubation on
tibia characteristics of broiler chickens has not been investigated until the
study described in Chapter 4. This chapter described effects of eggshell
temperature pattern in week 2 (37.8°C or 38.9°C) and week 3 (36.7°C or
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37.8°C) of incubation on fibia characteristics of fast-growing broiler
chickens at 41 and 42 days of age. Figure 3 describes relative differences
(%) between selected tibia characteristics investigated in Chapter 4. In
this figure, results of selected tibia characteristics of chickens incubated
at eggshell temperature of 37.8°C throughout the incubation were set at
100%.

Chickens incubated at an eggshell temperature of 38.9°C in the
second week of incubation had 3.2 % higher lateral cortex thickness,
19.5 % higher osseous volume, 4.4 % higher mineral content, 6.9 % higher
mineral density, 5.6 % higher ultimate strength, 6.0 % higher sfiffness and
5.8 % higher energy to fracture than chickens incubated at eggshell
temperature of 37.8°C. Chickens incubated at eggshell temperature
of 36.7°C in third week of incubation had 1.6 % lower lateral cortex
thickness, 1.1 % lower osseous volume, 1.9 % higher mineral content, 4.3
% lower ultimate strength, 4.9 % lower stiffness and 4.6 % lower energy
to fracture than chickens incubated at eggshell temperature of 37.8°C.
Results of the study described in Chapter 4 showed that 1.1°C higher
eggshell tfemperature than optimal in the second week of incubation
stfimulated post-hatch tibia morphological, biophysical and mechanical
characteristics of broiler chickens at slaughter age. However, a 1.1°C lower
eggshell temperature in third week of incubation negatively affected
post-hatch fibia characteristics. These results suggest that a lower eggshell
temperature (36.7°C) in the last week of incubation is not effective on
bone development, while maintaining the optimal eggshell temperature
(37.8°C) during the last week of incubation may result in better bone
development compared to a low eggshell temperature.

Considering effects of incubation factors in Chapter 2 and 4 on tibia
morphological, biophysical and mechanical characteristics, several con-
clusions can be drawn: (1) Green LED light during incubation has no effect
on fibia characteristics. (2) An eggshell temperature of 38.9°C compared
to 37.8°C in the second week of incubation stimulated most of the tib-
ia morphological, biophysical and mechanical characteristics of broiler
chickens at slaughter age. (3) An eggshell temperature of 36.7°C com-
pared to 37.8°C has no effect on fibia characteristics.
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Figure 3

Relative differences (%) between selected fibia morphological, biophysical
and mechanical characteristics of fast-growing broiler chickens incubated
with eggshell temperature of 37.8°C or 38.9°C throughout the second week of
incubation followed by 36.7°C or 37.8°C throughout the third week of incubation.
An EST of 37.8°C throughout incubation was used as reference and set at 100%.
Presented data belongs to Chapter 4.
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Environmental Enrichment

Broiler chickens have been shown to spend approximately 80% of
their lifespan with passive behaviours e.g., lying, sitting and resting, due
to their suboptimal leg health

and impaired locomotion

. which all negatively affects the welfare.

Environmental enrichment might be a promising approach to stimulate
activity and consequently enhance leg health of broiler chickens

. There have been several studies
conducted by the aim of stimulating the activity of broiler chickens.
However, these studies included simple pen enrichment e.g., only barrier
perches , mirror,
ball, perch and dust (each material in another pen)
scattering mealworms and Black Soldier fly larvae on the
litter . A plethora of different pen enrichment materials in
both fast and slower-growing chickens has not been investigated until the
study described in Chapter 5.

In Chapter 5, effects of a combination of ramps, platforms, barrier
perches, large distance between feed and water and live Black Soldier
fly larvae in the moss-peat dust bathing area as a pen enrichment
were investigated on fibia morphological, biophysical and mechanical
characteristics of fast and slower-growing broiler chickens. Effects of
pen enrichment is discussed in this section. Figure 4 describes relative
differences (%) between selected tibia characteristics of fast and slower-
growing chickens investigated in Chapter 5. Fast and slower-growing
broiler chickens in non-enriched pens were set at 100 %.

Info box 4

Effects of pen enrichment are discussed in this section. Comparison

between selected tibia characteristics of fast and slower-growing

chickens regardless the pen enrichment will be discussed latfer in *‘Fast-
growing vs. slower-growing chickens’’ section.
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Figure 4

Relative differences (%) between selected tibia morphological, biophysical and
mechanical characteristics of fast-growing broiler chickens in enriched or non-
enriched pens at BW class of 2200 gram (38 and 49 days of age for fast and slower-
growing chickens, respectively). Fast and slower-growing broiler chickens in non-
enriched pens were set at 100 %. Presented data belongs to Chapter 5.
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Fast-growing chickens in enriched pens had 1.6 % higher tibia
proximal length, 1.5 % higher lateral cortex thickness, 10.8 % higher osseous
volume, 2.9 % higher mineral density and 2.6 % higher stiffness than fast-
growing chickens in non-enriched pens.

Slower-growing chickens in enriched pens had 1.3 % lower fibia
proximal length, 1.5 % higher lateral cortex thickness, 5.3 % higher osseous
volume, 5.7 % higher tibia mineral content, 2.6 % lower mineral density, 2.2
% higher ultimate strength, 1.5 % higher stiffness and 1.3 % higher energy to
fracture than slower-growing chickens in non-enriched pens.

Previous research showed that pen enrichmentresulted in stimulated
fibia characteristics
probably due to increased physical activity and locomotion. However,
these studies investigated basic tibia properties e.g., bone length, weight
and breaking strength.

In Chapter 5, in-depth tibia characteristics, including osseous
volume, pore volume and tofal volume, were assessed. Results of the
study described in Chapter 5 showed that fibia biophysical characteristics,
particularly osseous volume, total volume and volume fraction, of both
fast and slower-growing broiler chickens were positively influenced
by comprehensive pen enrichment, while tibia morphological and
mechanical characteristics were not significantly affected in fast-growing
chickens and only mechanical characteristics were found slightly higher
in slower-growing chickens.

Regarding the results of tibia characteristics in Chapter 5, several
conclusions can be drawn: (1) Bone mineral deposition is the most
stimulated physiological mechanism by pen enrichment, while most of the
other tibia characteristics did not differ. (2) Because growth performance
was negatively affected by pen enrichment (will be discussed later), this
might reduce the heavy load pressure on leg bones and conftribute fibia
characteristics compared to heavier chickens in non-enriched pens.
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Fast-growing vs. Slower-growing Broiler Chickens

Fast growth rate and body weight gain in fast-growing broiler
chickens are known to be directly associated with several health and
welfare issues e.g., suboptimal leg health, impaired locomotion and
lameness

. Slower-growing broiler chickens has come into
prominence nowadays, since they have better developed bones, show
more active behaviours, lower levels of sitting/lying on the litter, a lower
occurrence of leg disorders and leg disorders, a lower percentage of
lameness and lower mortality than fast-growing broiler chickens. Potential
reasons might be that (1) the imbalance between high growth rate and
immature bones is higher in fast-growing broiler chickens compared to
slower-growing chickens

and (2) the speed of bone
development is unable to keep up with this rapidly increased body weight
in fast-growing broiler chickens, which is more balanced in slower-growing
broiler chickens

Despite the fact that leg health and welfare of slower-growing
broiler chickens have been found befter than of fast-growing broiler
chickens, there was no research comparing fibia characteristics of fast
and slower-growing broilers side by side within the same experimental
design. Considering this lack of knowledge in literature, in Chapter 3 and
Chapter 5, slower-growing broiler chickens (Hubbard JA 757) and fast-
growing broiler chickens (Ross 308) were compared.

Info box 5

Comparison between tibia characteristics of fast and slower-growing
chickens regardless the other experimental factors (mineral source
in broiler breeder diet in Chapter 3; pen enrichment in Chapter 5) is
discussed in this section. Effects of mineral source in broiler breeder diet
was discussed in the “Dietary Organic Macro and Trace Minerals’ and
effects of pen enrichment was discussed in “Environmental Enrichment’’.

Chapter 3 showed that slower-growing chickens demonstrated
better tibia morphological, biophysical and mechanical characteristics
compared to fast-growing chickens at both 1700 and 2600 gram body
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weight classes.

Figure 5 describes relative differences (%) between selected fibia
characteristics of fast and slower-growing chickens investigated in Chapter
3. In this figure, results of selected ftibia characteristics of fast-growing
broiler chickens (originating from breeders fed with inorganic macro
and frace minerals) at BW class of 2600 gram (38 and 49 days of age
for fast and slower-growing chickens, respectively) were fixed as constant
percentages of 100 %. Slower-growing chickens had 1.8 % higher tibia
proximal length, 11.4 % higher lateral cortex thickness, 30 % higher osseous
volume, 25.6 % higher mineral content, same level of mineral densities, 6.8
% higher ultimate strength, 12.3 % higher stiffness and 7.5 % higher energy
to fracture than fast-growing chickens.

Chapter 5 showed that slower-growing chickens demonstrated
better tibia morphological, biophysical and mechanical characteristics
compared to fast-growing chickens at both 1400 and 2200 gram body
weight classes. Figure 5 describes relative differences (%) between
selected tibia characteristics investigated in Chapter 5. In this figure, results
of selected tibia characteristics of fast-growing chickens (in non-enriched
pens) at BW class of 2600 gram (38 and 49 days of age for fast and slower-
growing chickens, respectively) were set at 100 %. Slower-growing chickens
had 7.1 % higher tibia proximal length, 1.5 % higher lateral cortex thickness,
31 % higher osseous volume, 2.5 % higher mineral content, 17.6 % higher
mineral density, 6.2 % higher ultimate strength, 9.2 % higher stiffness and 7.6
% higher energy to fracture than fast-growing chickens.

In both Chapter 3 and Chapter 5, remarkable differences were
observed between fast and slower-growing broiler chickens, particularly in
biophysical characteristics, whichis followed by mechanicalcharacteristics
and morphological characteristics, respectively.These results are in line
with previous research, indicating that a negative correlation between
growth rate and bone development has been found. The main reason
is that mechanisms involved in bone development cannot keep up with
fast growth speed in fast-growing broiler chickens, while slower growth
provides more time for bone mineralization in slower-growing broiler
chickens, which might compensate for the lack of mineralization in the
early growth phase
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Figure 5

Relative differences (%) between selected tibia morphological, biophysical and
mechanical characteristics of fast and slower-growing chickens at BW class of 2600
gram (38 and 49 days of age for fast and slower-growing chickens, respectively)
originating from broiler breeders fed with a diet containing a combination inorganic
macro and trace minerals (Chapter 3) and fast and slower-growing chickens in
non-enriched pens at BW class of 2200 gram (38 and 49 days of age for fast and
slower-growing chickens, respectively) (Chapter 5). Results of fast-growing broiler
chickens were set at 100 %.
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Suboptimal leg health observed in broiler chickens leads to inactiv-
ity, poor locomotion , spending more fime
sitting and/or lying

and impaired natural behaviours such as dustbathing, foraging and
preening . One
of the major reasons has been specified as an imbalance between high
growth rate and immature bones, while the speed of bone development
is unable to keep up with this fast growth speed

. In this thesis, gait score and home pen behaviour parameters
were determined.

Locomotion

Gait was scored in Chapter 1, 2, 4 and 5 within a range of 0 (normal
locomotion) to 5 (unable to walk) by using the method of
In Chapter 1, effects of replacement of a combination of inorganic mac-
ro and trace minerals by their organic varieties in the diet of fast-grow-
ing broiler chickens on gait score was evaluated. Two chickens per pen
were randomly chosen on rearing days 27, 34 and 41, but no significant
differences between freatment groups were found. In Chapter 2, green
LED light during incubation and dietary organic macro minerals and trace
minerals separately during rearing of fast-growing male broiler chickens
on gait score was evaluated. Two chickens per pen were randomly cho-
sen on rearing days of 27, 34 and 39, but again no significant differenc-
es between inorganic or organic macro and frace minerals were found.
However chickens incubated under green LED light had higher gait scores
on day 34 and 39 compared fo chickens incubated under complete
darkness, even after correction for differences in individual body weights
of these chickens. In Chapter 4, effects of eggshell temperature pattern
in week 2 and 3 of incubation of fast-growing male broiler chickens on
gait score was evaluated. All chickens were chosen on rearing days of
27, 34, and 41. Chickens of the high EST (38.9°C) in week 2 of incubo-
fion had a lower (better) gait score compared to the normal EST (37.8°C).
In Chapter 5, effects of comprehensive pen enrichment on gait score
of fast and slower-growing broiler chickens was evaluated. Four chick-
ens per pen were randomly chosen on day 27 (fast-growing chickens)
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and day 35 (slower-growing chickens), to eliminate body weight differ-
ences. At similar BW class (day 27 for fast-growing chickens and day 35 for
slower-growing chickens), an interaction between pen enrichment and
strain was found. Slower-growing chickens in non-enriched pens had a
lower (better) gait score compared to fast-growing chickens in non-en-
riched pens, while both fast and slower-growing chickens in enriched
pens groups were in between.

Home Pen Behaviour

Home pen behaviour were observed in Chapter 1, 2, 3 and 5§ by
direct observation, using instantaneous scan sampling
. The number of chickens performing the following
behaviours was scored: eating, drinking, walking, standing, sitting, comfort
behaviour, foraging, dustbathing, ground pecking and aggression.

Info box &

Observed activities, observation durations and observation moments

for home pen behaviour differ between chapters. The reason is that

instantaneous scan sampling method was under development (De

Jong et al, 2019) during the experiments described in this thesis. The

Materials and Methods section of all the chapters contains the relevant
information.

In Chapter 1, effects of replacement of a combination of inor-
ganic macro and frace minerals by their organic varieties in the diet of
fast-growing broiler chickens on home pen behaviour was evaluated
and no differences between treatment groups were found. In Chapter
2, green LED light during incubation and dietary organic macro minerals
and trace minerals separately during rearing of fast-growing male broiler
chickens on home pen behaviour was evaluated and no differences be-
tween freatment groups was found. In Chapter 3, effects of replacement
of a combination of organic macro and trace minerals by their organic
varieties in the diet of fast and slower-growing broiler breeders on home
pen behaviour of their offspring broilers were investigated and no miner-
al source effect between treatment groups was found, but fast-growing
chickens showed less active behaviours e.g., walking standing, perching
than slower-growing chickens. In Chapter 5, effects of a combination
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of ramps, platforms, barrier perches, large distance between feed and
water and live Black Soldier fly larvae in the moss-peat dust bathing area
as a pen enrichment were investigated on home pen behaviour of fast
and slower-growing broiler chickens. Chickens in non-enriched pens
showed less active behaviours e.g., walking, standing, foraging, dust
bathing and ground pecking than chickens in enriched pens. Regarding
the strain, slow-growing chickens showed more walking, standing and for-
aging behaviour than fast-growing chickens.

Considering Chapter 1, 2, 3 and 5 on home pen behaviour, several
conclusions can be drawn: (1) Despite fibia development of fast-grow-
ing broiler chickens was stimulated by dietary organic minerals, no effect
was found on home pen behaviour. (2) Investigated approaches do not
seem sufficient enough to stimulate activity. (3) Fast-growing broiler chick-
ens showed a preference for lying and sitting on the litter instead of using
raised platforms and perches compared fo slower-growing chickens (4)
Study on pen enrichment demonstrated that at the same BW class, sfill
differences in activity related behaviours were present between the fast
and slower-growing chickens, which might suggest that speed of bone
development affects activity of broiler chickens.
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In all chapters of this thesis, growth performance parameters were
investigated in addition to leg health indicators e.g., tibia characteristics,
leg disorders, locomotion and home pen behaviour, due to the following
reasons: (1) Some of the investigated approaches e.g., organic macro
and trace minerals and green LED light during incubation have previously
been shown to stimulate growth performance of broiler chickens. (2) Be-
cause body weight is known to be related to fibia characteristics, individ-
ual body weight of slaughtered chickens has been used as a covariable.

In Figure 6, relative differences (%) between body weights of all
chapters are given. In this figure, results of body weight of control groups
at different ages were set at 100 % (details are given in Figure 6).

Dietary Organic Macro and Trace Minerals

Dietary organic trace minerals in the diet of broiler chickens have
been shown to result in higher growth performance than their inorgan-
ic varietfies. However, most of the studies related to organic minerals in
the diet of broiler chickens focused on trace minerals (iron, copper, man-
ganese, zinc and selenium) only

, while effects of a combination of organic macro and frace minerals
or macro minerals (calcium and phosphorus) only in both diet of broiler
chickens were lacking.

Considering that lack of knowledge in literature, in Chapter 1, re-
placement of a combination of inorganic macro and frace minerals by
their organic varieties in the diet of fast-growing broiler chickens on their
growth performance throughout the rearing period was investigated.
Chapter 1 showed that a combination of organic macro and frace min-
erals in the diet of fast-growing broiler chickens resulted in higher growth
performance. At d 42 of age, chickens fed a diet containing a combina-
fion of organic macro and trace minerals had 30 gram (0.8 %; Figure éa)
higher body weight, 73 gram lower feed intake and 3 points lower feed
conversion ratio compared to chickens fed a diet containing a combina-
tion of inorganic macro and frace minerals.

These findings are in line with previous studies indicating that dietary
organic frace minerals resulted in higher growth performance compared
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fo their inorganic varieties

However, which mineral group (macro minerals, frace minerals or their
combination) is most effective stillremained unclear. Therefore, in Chapter
2, inorganic and organic macro and frace minerals separately were stud-
ied in diet of broiler chickens to reveal the most effective mineral group
(macro or trace minerals or their combination) on growth performance of
broiler chickens.

Info box 7

In Chapter 1, palm oil and soybean oil were partly replaced by fish oil in
FISH group. Soybean meal was partly replaced by hydrolyzed collagen
in COL group. Relative differences (%) in body weight results of these
groups can be found in Figure éa, but all growth performance results
related to these nutrients were only discussed in Chapter 1.

Chapter 2 showed that dietary macro mineral source was more ef-
fective on growth performance than dietary frace mineral source through-
out the rearing period. At d 42 of age, on one hand, chickens fed a diet
containing organic macro minerals had 74 gram (2.5 %; Figure éa) higher
body weight, 46 gram lower feed intake and 5 points lower feed conver-
sion ratio compared to chickens fed a diet containing inorganic macro
minerals. On the other hand, chickens fed a diet containing organic trace
minerals had 59 gram (2.0 %; Figure éa) higher body weight, 71 gram lower
feed intfake and 6 points lower feed conversion ratio compared fo chick-
ens fed a diet containing inorganic frace minerals. Despite the fact that
these differences are close to each other, only dietary organic macro
minerals created significance on body weight.

Comparing the growth performance parameters between Chapter
1 and Chapter 2, it appears that: (1) Macro minerals source is of more
importance for growth performance of broiler chickens than tfrace miner-
als source. (2) Because macro minerals have been found more effective
on tibia characteristics as well rather than frace minerals in Chapter 2,
it can be speculated that better developed bones might stimulate ac-
tivity, which makes chicken more able to reach the feed and water. (3)
As it was suggested in the fibia characteristics section, the diet of cur-
rent fast-growing broiler chickens might be suboptimal in Ca and P, which
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results in adverse effects on fibia characteristics, but also in lower growth
performance.

Organic trace minerals in the diet of broiler breeders have also been
shown to stimulate post-hatch growth performance of their offspring

. However, effects of a
combination of organic macro and trace minerals in broiler breeder diet
on growth performance of their offspring broiler were lacking in litero-
ture. Therefore, in Chapter 3, replacement of a combination of inorganic
macro and trace minerals by their organic varieties in the diet of fast and
slower-growing broiler breeder chickens on growth performance of their
offspring broilers were investigated.

Chapter 3 showed that organic macro and tfrace minerals in the
diet of fast and slower-growing broiler breeder chickens resulted in higher
growth performance of offspring broilers of slow-growing strain, while this
effect was not seen in fast-growing chickens.

In fast-growing chickens, at 42 days of age, chickens originating
from broiler breeders fed with diet containing a combination of organic
macro and trace minerals had 29 gram (0.9 %; Figure é6a) higher body
weight and 53 gram lower feed intake compared to chickens originating
from broiler breeders fed with a diet containing a combination of inorgan-
ic macro and frace minerals. Because the difference between freatment
groups was relatively low, feed conversion ratio did not differ.

In slower-growing chickens at 49 days of age, chickens originating
from broiler breeders fed with diet containing a combination of organic
macro and frace minerals had 132 gram (4.8 %; Figure é6a) higher body
weight, 88 gram lower feed intake and 1 point lower feed conversion ratio
compared to chickens originating from broiler breeders fed with a diet
containing a combination of inorganic macro and frace minerals.

These results suggest that: (1) Absorption, mineral deposition and
mineral transferring physiologies between slower and fast-growing chick-
ens might differ because of their different genetic backgrounds

. (2) The diet of slower-growing broiler breeders
might be suboptimal in minerals.
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Considering Chapter 1, 2 and 3 on growth performance, several
conclusions can be drawn: (1) Increasing mineral availability by using or-
ganic minerals in the diet, instead of further increase in the amount of in-
organic minerals, may result in stimulated growth performance. (2) Macro
minerals appear to play the major role in growth performance compared
to frace minerals. (3) Trans-generational mineral availability seems to be
more effective on growth performance of slower-growing offspring com-
pared to fast-growing offspring.

Green LED Light During Incubation

Green LED light during incubation have been shown to stimulate
body weight and post-hatch pectoral muscle growth
. higher liver weight, higher antioxidant
activity and higher melatonin levels in broiler chickens
compared to complete darkness during incubation.

In Chapter 2, effects of green LED light (16L:8D) during incubation
on growth performance of broiler chickens throughout the rearing period
were investigated. Results of this study showed that green LED light during
incubation positively affected the growth performance. Chickens incu-
bated under green LED light had 93 gram (3.2 %; Figure é6a) higher body
weight, 9 gram lower feed intake and 6 points lower feed conversion ratio
compared to chickens incubated under complete darkness.

Previous research has underlined the reason for better growth per-
formance of broiler chickens incubated under green light as stimulated
growth-related hormones and receptors e.g., plasma growth hormone,
prolactin, melatonin

, hypothalamic growth hormone releasing hormone, growth hormone
receptor and insulin-like growth factor-1

Info box 8

In Chapter 4, effects of eggshell temperature pattern in week 2 (37.8°C
or 38.9°C) and week 3 (36.7°C or 37.8°C) of incubation on body
weight of fast-growing broiler chickens at 41 and 42 days of age were
investigated. Because no significant differences between groups were
found, only relative differences (%) in body weight results of these
groups were given in Figure éb, this will not be discussed further.
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Environmental Enrichment

In Chapter 5, effects of using ramps, platforms, barrier perches, large
distance between feed and water and live Black Soldier fly larvae in the
moss-peat dust bathing area as a pen enrichment on growth perfor-
mance of fast and slower-growing broiler chickens throughout the rearing
period were investigated. Chapter 5 showed that growth performance
of both fast and slower-growing broiler chickens was negatively affected
by pen enrichment. In fast-growing chickens, at 35 days of age, chickens
in enriched pens had 144 gram (6.8 %; Figure 6b) lower body weight, 89
gram lower feed intake and 6 points higher feed conversion ratio com-
pared to chickens in non-enriched pens. In slower-growing chickens, at
49 days of age, chickens in enriched pens had 93 gram (4.3 %; Figure 6b)
lower body weight, 39 gram lower feed intake and é points higher feed
conversion ratio compared to chickens in non-enriched pens.

These findings are in line with previous studies indicating that pen
enrichment, despite the beneficial effects on fibia characteristics and ac-

fivity
, may negatively affect growth performance parameters
. Potential reasons for these findings
can be: (1) Comprehensive pen enrichment design might exponential-

ly stimulate physical activity and increase the use of metabolic energy,
which consequently results in a lower body weight gain. (2) Considering
the experimental pen design of the current study only, chickens might
have difficulties to cross the barrier perches to access the feed on one
side and water on the other side due to perching chickens blocking the
way and/or heavy body weight of chickens particularly in the last week of
the rearing period.
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Figure 6a

Relative differences (%) between body weights at 42 days of age of fast-growing
broiler chickens (Chapter 1, 2 and 3) and at 49 days of age of slower-growing
broiler chickens (Chapter 3). Body weights of control groups were set at 100 %.
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Figure 6b

Relative differences (%) between body weights at 41 or 42 days of age of fast-
growing broiler chickens (Chapter 4), at 35 days of age of fast-growing broiler
chickens (Chapter 5) and at 49 days of age of slower-growing broiler chickens
(Chapter 5). Body weights of control groups were set at 100 %.
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Relationships Between
Body Weight and Tibia Characteristics

A linear regression analysis was performed between individual body
weights of slaughtered chickens and selected tibia characteristics (e.g.,
fibia length, ultimate strength, osseous volume and mineral density) of
same chickens in all chapters. Higher body weight showed positive cor-
relation with fibia length and ultimate strength, while it showed negative
correlation with tibia osseous volume and mineral density.

Considering these results, several conclusions can be drawn: (1)
Higher body weight at slaughter age is in parallel with fibia dimensions
and strength. (2) It might be that because mineralization in bone takes
places to increase bone dimensions and strength to adapt itself to body
dimensions, bone volume and mineral density can be negatively affected
with rapidly increasing body weight. (3) Investigated approaches in this
thesis (e.g., organic minerals in diet of broiler and broiler breeders, tem-
perature and light during incubation and environmental enrichment) had
no effect on relationships between body weight and selected fibia char-
acteristics. This may suggest that despite improved bone characteristics
were found in all chapfters, this improvement was not sufficient enough o
compensate the negative high body weight effect on bone.
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Dietary Organic Macro
and Trace Minerals

Replacement of a combination of inorganic macro
and frace minerals by their organic varieties in the diet of
fast-growing broiler chickens has been found to positively
affect growth performance and tibia morphological, bio-
physical and mechanical characteristics.

Replacement of a combination of inorganic macro
and trace minerals by their organic varieties in the diet
of fast and slower-growing broiler breeders resulted in an
increased trans-generational mineral availability, stim-
ulated growth performance and fibia characteristics in
slower-growing offspring broilers, while this positive effect
was not observed in fast-growing offspring broilers.

In addition to previous conclusion, frans-genero-
tional mineral availability in offspring broiler chickens ap-
pears to play a role via other mechanisms than via ab-
solute mineral concentrations in the egg, since mineral
concentrations in eggs and hatchlings are marginal.

Replacement of inorganic macro minerals only in
the diet of fast-growing broiler chickens by their organic
varieties seems to more effective than organic trace min-
erals only on tibia morphological, biophysical and me-
chanical characteristics.

Light and Temperature
During Incubation

Green LED light during incubation resulted in
stimulated body weight gain, but no positive effects were
found on any of tibia characteristics of broiler chickens,
which may cause worse locomotion and consequently
worse welfare because of increased body weight
especially fowards the slaughter day.
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An eggshell temperature of 38.9°C during the
second week of incubation is more effective on fibia
characteristics of fast-growing broiler chickens at slaughter
age compared to an eggshell temperature of 37.8°C.
Furthermore, incubation temperature in the third week
appears to interact with the incubation temperature in
the second week. An eggshell temperature of 38.9°C in
second week, followed by 37.8°C in third week resulted
in the most advanced ftibia characteristics and better
locomotion. An eggshell temperature of 36.7°C in week 3
of incubation appears to have negative effects on fibia
characteristics. However, no effect was found on growth
performance and leg disorders.

Environmental Enrichment

Pen enrichment positively affected tibia biophysical
characteristics of both slower and fast-growing chickens,
while tibia morphological and mechanical characteristics
were not affected. Furthermore, slower-growing chickens
showed better locomotion compared to fast-growing
chickens. Pen enrichment also resulted in lower body
weight gain in both fast and slower-growing chickens

Overall Conclusions

In all experiments described in this thesis, the rela-
tionship between tibia development and leg abnormali-
ties and disorders remained unclear due to very low inci-
dence of leg abnormalities and disorders.

Correlation analysis between fibial morphological,
biophysical and mechanical characteristics showed
strong relationships among fibia weight, length, thickness,
ultimate strength, stiffness and osseous volume, which
suggests that these selected fibia characteristics are
inferconnected to each other.



70

Tibia biophysical characteristics, compared to
morphological and mechanical characteristics, seem
to give betterresponse to organic minerals both directly
in broiler diet on broiler chickens and via broiler breeder
diet on their offspring broilers, higher eggshell tempero-
ture during second week of incubation and compre-
hensive pen enrichment.

Growth performance parameters were directly
stimulated by a combination or separate macro and
frace mineralsin the diet of fast-growing broiler chickens,
green LED light during incubation of fast-growing broiler
chickens and were indirectly stimulated by a combina-
tion of macro minerals in the diet of broiler breeders on
only slower-growing offspring broiler chickens.
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Based on this thesis, the following future research
opportunities can be formulated:

Replacement of a combination of inorganic mac-
ro and trace minerals by their organic varieties resulted
in better growth performance and tibia characteristics.
However, organic Ca and P were used together in a diet.
Future research may investigate Ca and P separately to
reveal the major role player on growth performance and
bone characteristics.

Replacement of inorganic macro minerals and
frace minerals separately (and also Ca and P separately)
by their organic varieties in the diet of broiler breeders
is recommended to investigate the carry-over effect of
these minerals in fast and slower-growing broiler breeders
to their offspring and fo reveal the major role player min-
eral in frans-generational effect.

Since the most effective mineral group was deter-
mined as organic macro minerals, replacement of inor-
ganic macro minerals by their organic varieties in the diet
of broiler breeders, followed by replacement of inorgan-
ic macro minerals by their organic varieties in the diet
of offspring broilers is recommended to investigate both
frans-generational carry-over and direct effect of these
minerals in both fast and slower-growing broiler chickens.

Regardless other treatment effects, slower-growing
broiler chickens consistently showed better leg health
parameters and more active behaviours. In this thesis,
only a combination of a macro and frace minerals via
broiler breeders on offspring broilers and pen enrichment
on slower-growing chickens were investigated. Other
approaches, e.g., a combination or separate organic
macro and frace minerals in the diet, an eggshell tem-
perature pattern during incubation and a green LED light
during incubation, were only investigated on fast-growing
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chickens. These approaches are worthwhile to investi-
gate in slower-growing chickens in future research.

Trans-generational mineral availability in offspring
broiler chickens appears to play a role via other mech-
anisms than via absolute mineral concentrations in the
egg, since mineral concentrations in eggs and hatfch-
lings are marginal. Future research may investigate the
pathways involved in mineral absorption, deposition and
transfer in current fast and slower- growing broiler breed-
ers.

No effect of green LED light during incubation was
found on leg health parameters, but only higher growth
performance of fast-growing chickens. Investigating oth-
er colours e.g., white, blue and red light during incuba-
tion is recommended for future research on leg health
parameters of broiler chickens, since these colours have
been shown to positively influence embryonic develop-
ment compared to complete darkness during incuba-
tion.

Temperature pattern during incubation has been
found to affect embryonic bone development. Increas-
ing the eggshell temperature from 37.8°C to 38.9°C
throughout the second week of incubation, followed
by 37.8°C eggshell temperature throughout third week
of incubation, resulted in stimulated tibia characteristics.
Future research may investigate this increased eggshell
temperature in the second week of incubation togeth-
er with post-hatch tibia characteristics enhancing inves-
tigated approaches in this thesis, e.g., organic macro
minerals in the diet of broiler chickens, which both ap-
proaches exponentially stimulate tibia characteristics.



70

Pen enrichment resulted in improved fibia bio-
physical characteristics in both fast and slower-grow-
ing broiler chickens, while tibia morphological and me-
chanical characteristics were not affected and growth
performance was negatively affected. Future research
may investigate pen enrichment with a combination of
other growth performance enhancing investigated ap-
proaches in this thesis, e.g., organic macro and tfrace-
minerals and green LED light during incubation, which
may stimulate tibia morphological and mechanical
characteristics as well as biophysical characteristics,
while keeping desirable growth performance.

A very low incidence of leg disorders and margin-
al effect on locomotion were found in all experiments
described in this. To reveal the potentials of investigated
approaches used in this thesis, e.g., organic macro and
frace minerals in the diet of broiler and broiler breeder
chickens, eggshell temperature pattern and environ-
mental enrichment in a large scale field trial is recom-
mended for future research on leg disorders and loco-
motion of both fast and slower-growing broiler chickens.

As a continuation of previous future research op-
portunity, in all experiments described in this thesis, male
broiler chickens or male offspring broilers were used due
to their higher body weights and consequently tenden-
cies fowards more leg health problems. To correspond
commercial production, alarge scale field investigation
including both males and females is recommended for
future research on leg disorders and locomotion of broil-
er chickens.
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Chicken meat is one of the main animal protein sources for
humans and is nowadays the second most produced and con-
sumed meat in the world. Since 1950s, broiler (meat-type) chickens
have undergone radical phenotypic and genotypic changes as
a result of an intense genetic selection for fast growth and better
feed efficiency. Accompanied by better management conditions
and better feed quality, this selection has provided several advan-
tages, such as high amount of meat production in a short time, less
environmental pollution and considerable financial benefits for pro-
ducers. However, it has also caused downsides for broiler chickens,
such as poor leg health, impaired locomotion and lameness. One
of the main reasons for these downsides is an imbalance between
high growth rate and immature bones, because the speed of bone
development is unable to keep up with fast growth. Poor leg health
causes serious welfare issues and considerable economic losses,
since these chickens have difficulties accessing feed and water,
suffer from pain, dehydration and starvation as results of high risk of
leg bone fractures, developmental bone abnormalities and infec-
tious and/or non-infectious leg disorders.

The main focus of this thesis is on leg bone development,
specifically tibia, since it is the major weight carrying and the most
loaded and affected leg bone during the growth period. The aim
of this thesis was to investigate different approaches to improve
leg health of fast and slower-growing broiler chickens by (1) dietary
factors on the broiler chickens or indirectly via the broiler breeders,
(2) incubation conditions and (3) environmental enrichment.

The General Introduction of this thesis first describes subop-
timal leg health, bone abnormalities and leg disorders observed
in broiler chickens and their welfare and economic consequenc-
es. Then continues with leg bone quality measurements, such as
bone morphological, biophysical and mechanical characteristics.
Lastly, gives information on potential approaches, which are in-
vestigated in this thesis to improve leg health in broiler chickens.

Chapter 1 of this thesis describes effects of a combina-
tion of organic macro and trace minerals, fish oil and hydrolyzed
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collagenin the diet of fast-growing male broiler chickens on growth
performance, fibia morphological, biophysical and mechanical
characteristics (day 28, 35 and 42), leg disorders, locomotion and
home pen behaviour. Results of this study showed that organic min-
erals in the diet positively affected tibia morphological, biophysi-
cal and mechanical characteristics and also growth performance,
while hydrolyzed collagen in the diet did not affect tibia charac-
teristics and fish oil in the diet negatively affected these charac-
teristics. It can be concluded that bone development might need
more available minerals in the diet of current fast-growing broiler
chickens.

Chapter 2 of this thesis describes effects of green LED light
during incubation, the separate effects of macro minerals source
and tfrace minerals source during rearing on growth performance,
tibia morphological, biophysical and mechanical characteristics
(day 42), leg disorders, locomotion and home pen behaviour of
fast-growing male broiler chickens. Results of this study showed that
green LED light during incubation did not influence any of the fib-
ia characteristics. Organic macro minerals positively affected tibia
characteristics compared to inorganic minerals and trace mineral
source did not affect these characteristics. It can be concluded
that despite green light during incubation have been shown to pos-
itively affect growth performance in this study, it did not affect tibia
characteristics. The source of macro minerals in the diet of broiler
chickens seems to play a major role in bone development, rather
than the source of frace minerals.

Chapter 3 of this thesis describes effects of a combination
of organic macro and frace minerals in the diet of fast and slow-
er-growing broiler breeders on the amount of minerals in egg and
hatchling, growth performance, tibia morphological, biophysi-
cal and mechanical characteristics (at similar body weights), leg
disorders and home pen behaviour of their male offspring broiler
chickens. Results of this study showed that mineral concentration
in eggs and hatchlings were hardly influenced, but almost all tib-
ia morphological, biophysical and mechanical characteristics of
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slower-growing offspring broilers were positively affected, where-
as this effect was hardly seen in fast-growing chickens. It can be
concluded that trans-generational mineral availability in offspring
appears to play arole via other mechanisms than via absolute min-
eral concentrations in the egg and the source of minerals in slow-
er-growing breeders’ diet appears to be more effective on bone
development of their offspring than in fast-growing chickens, which
might be related to time available for bone development.

Chapter 4 of this thesis describes effects of eggshell tempera-
ture pattern in week 2 (37.8°C or 38.9°C) and week 3 (36.7°C and
37.8°C) of incubation of fast-growing male broiler chickens on tibia
morphological, biophysical and mechanical characteristics (day
41 or 42), leg disorders and locomotion. Results of this study showed
that a temperature of 38.9°C during the second week of incubao-
tion improved tibia characteristics of fast-growing broiler chickens.
Incubation temperature in the third week appears to interact with
the incubation temperature in the second week, resulting in a most
advanced tibia development after incubation at 38.9°C in week 2,
followed by 37.8°C in week 3 of incubation. It can be concluded
that a 1.1°C higher EST than normal in week 2 of incubation ap-
pears to stimulate fibia morphological, biophysical and mechani-
cal characteristics of broiler chickens. However, a 1.1°C lower EST
in week 3 of incubation appears to have negative effects on tibia
characteristics.

Chapter 5 of this thesis describes effects of pen enrichment
consisting of ramps, platforms, perches, large distance between
feed and water and live Black Soldier fly larvae in the moss-peat
dust bathing area on growth performance, tibia morphologi-
cal, biophysical and mechanical characteristics (at similar body
weights), leg disorders, locomotion and home pen behaviour of
fast and slower-growing male broiler chickens. Results of this study
showed that pen enrichment positively affected tibia biophysical
characteristics in both fast and slower-growing chickens, while no
effect was found on tibia morphological and mechanical charac-
teristics. It can be concluded that pen enrichment can stimulate
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pathways involved in ossification and mineralization, rather than
anatomical and physical bone properties.

The General Discussion of this thesis summarizes the objectives
and main findings from five experimental chapters and discusses
how investigated approaches individually or together give insight
in and improve our understanding of leg health of broiler chickens.
This chapter ends with main conclusions and future research op-
portunities.

The main conclusions of this thesis are:

(1) Replacement of a combination of inorganic macro and
trace minerals by their organic varieties in the diet of fast-growing
broiler chickens positively affected growth performance and tibia
characteristics.

(2) Replacement of a combination of macro and trace min-
erals by their organic varieties in the diet of fast and slower-grow-
ing broiler breeders resulted in stimulated growth performance and
tibia characteristics in slower-growing offspring broilers, while no ef-
fect was observed in fast-growing offspring broilers.

(3) Trans-generational mineral availability in offspring broilers
appears to play a role via other mechanisms than via absolute
mineral concentrations in the egg, since mineral concentrations in
eggs and hatchlings were not affected by mineral source.

(4) Replacement of inorganic macro minerals in the diet of
fast-growing broiler chickens by their organic varieties seems to be
more effective than organic trace minerals on tibia characteristics.

(5) Green LED light during incubation resulted in stimulated
body weight gain, but no effect was found on bone development
of broiler chickens.

(6) An eggshell temperature of 38.9°C during the second
week of incubation was more effective on ftibia characteristics of
fast-growing broiler chickens compared to an eggshell tempera-
ture of 37.8°C. An eggshell temperature of 38.9°C in second week,
followed by 37.8°C in third week resulted in the most advanced
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fibia characteristics, while a 1.1°C lower EST in week 3 of incubation
appears to have negative effects on tibia characteristics.

(7) Pen enrichment positively affected tibia biophysical char-
acteristics of both slower and fast-growing chickens, while no effect
was found on tibia morphological and mechanical characteristics.
Pen enrichment also resulted in lower body weight gain in both fast
and slower-growing chickens, potentially due to higher activity and
use of metabolic energy or lower feed intake.

(8) It appears that fibia biophysical characteristics seem to
give better response to source of the mineral both in broiler and
broiler breeder diets, eggshell temperature during incubation and
pen enrichment compared to morphological and mechanical
characteristics,

(?2) The relationship between tibia development and leg ab-
normalities and disorders remained unclear due to very low inci-
dence of leg abnormalities and disorders.
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ﬁgaf

(Turkish summary)




Tavuk efi, insanlar icin temel hayvansal protein kaynaklarin-
dan biridir ve gunUmuzde dunyada en cok Uretilen ve tUketilen ikin-
ci et konumundadir. 1950’lerden bu yana, broiler (et tipi) tavuklar,
hizll bOyUme ve daha iyi yem verimliligi icin yogun bir genetik secilim
sonucunda radikal degisikliklere ugramistir. Daha iyi yetistirme kosul-
larn ve daha iyi yem kalitesinin de eslik etftigi bu genetik secilim, kisa
sUrede yuksek miktarda et Uretimi, daha az cevre kirliligi ve Ureti-
ciler icin yUksek kazanclar gibi bircok avantaj saglamistir. Ancak,
bacak ve kemik saglhg bu durumdan olumsuz etkilenmis, hareket-
sizlik ve topallik gibi olumsuzluklara da neden olmustur. Bunun ana
nedenlerinden biri, yUksek bUyUme hizi ile olgunlasmamis kemikler
arasindaki dengesizliktir. COnkU kemik gelisim hizi, bu olaganuUstu
hizll bUyUmeye ayak uyduramamaktadir. Sagliksiz bacak kemikleri,
etlik tfavuklarda ciddi refah sorunlarna, yem ve suya erisimlerinde
gUclUklere, kemiklerde yUksek kinlma riskine, gelisimsel kemik anor-
malliklerine, bulasici ve/veya bulasici olmayan hastaliklara ve sonuc
olarak cok ciddi ekonomik kayiplara neden olmaktadir.

Bu tez, tavuklarnn bioyUme déneminde en fazla yUk tasiyan ve
en ¢ok etkilenen bacak kemigi olan tibia (kaval) kemigine yogun-
lasmaktadir. Bu tezin amaci, etlik tavuklann bacak sagligini ve kemik
gelisiminiiyilestirmek icin farkl yaklasimlarn arastirmaktir. Bu yaklasim-
lar (1) etlik tavuklarin veya etlik damizlik tavuklarin yemlerine yapilan
katkilar, (2) kulucka kosullar ve (3) cevresel zenginlestirmedir.

Tezin Girig bolUMU, dncelikle etlik tavuklarda gdzlenen sagliksiz
bacaklar, kemik anormalliklerini ve bu olumsuz durumlarn tavuk-
larnn refahi Uzerine eftkilerini ve ekonomik sonuclarini anlatmaktadir.
Daha sonra, kemigin morfolojik, biyofiziksel ve mekanik &zellikleri
gibi kalite dlcUmleri Uzerine detayl bilgi vermektedir. Son olarak,
etlik tavuklarda bacak ve kemik saghgini iyilestirmek icin bu tezde

arastinlan yaklasimlar hakkinda genel bilgi verilmektedir.

Tezin 1. BolumUnde, hizl bUyUyen etlik tavuklarin yemlerine or-
ganik makro mineraller (kalsiyum ve fosfor) ve iz mineraller (demir,
bakir, manganez, cinko ve selenyum), balik yagdi ve hidrolize kolla-
jen kombinasyonunun bUyume performansi, tibia kemigi morfolojik,
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biyofiziksel ve mekanik 6zellikleri (28, 35 ve 42. gUin), bacak saglgi
bozukluklar, hareket ve davranislar Uzerindeki etkileri arastinimigstir.
Bu calismanin sonuclar, yemdeki organik minerallerin tibia kemigi-
nin morfolojik, biyofiziksel ve mekanik &zelliklerini ve ayrica bUyUime
performansini olumlu ydnde etkiledigini, yemdeki hidrolize kollajenin
kemik Ozelliklerini etkilemedigini ve yemdeki balk yaginin kemik
ozelliklerini olumsuz etkiledigini g&stermistir. Hizll buyUyen etlik tavuk-
larnn yemlerinde kemik gelisimiicin daha yarayish minerallere ihtiyac
duydugu sonucuna ulasiimigtir.

Tezin 2. BolumuUnde, hizli bUuyUyen etlik tavuklara kuluckada
uygulanan yesil LED 1sigin eftkileri, yetistirme asamasinda organik
makro (kalsiyum ve fosfor) ve iz minerallerin (demir, bakir, manganez,
cinko ve selenyum) buyume performansi, tibia kemigi morfolojik,
biyofiziksel ve mekanik 6zellikleri (42. gun), bacak saghgi bozukluklar,
hareket ve davranislan Uzerindeki etkileri arastinimistir. Bu calismada,
organik makro minerallerin inorganik makro minerallere gére kemik
ozelliklerini olumlu yénde etkiledigi ve organik iz minerallerin kemik
ozelliklerine etkisi olmadigr saptanmistir. Bu calismada  kulucka
srasinda yesil LED 1si3in bUyUme performansini olumlu yénde
etkiledigi bulunmus olmasina ragmen tibia kemigdi o6zelliklerini
etkilemedigi tespit edilmistir. Etlik tavuklann yemlerindeki makro
minerallerin kaynaginin kemik gelisiminde dnemli bir rol oynadigi
sonucuna varimistir,

Tezin 3. BolumuUnde, hizl ve daha dusuk hizli bUyUyen etlik
damizlik tavuklarnn yemlerindeki organik makro (kalsiyum ve fosfor)
ve iz minerallerin (demir, bakir, manganez, cinko ve selenyum)
kombinasyonunun yumurta ve civciv gdvdesindeki mineral miktari,
etlik tavuklarn bUyUme performansi, tibia kemigi morfolojik,
biyofiziksel ve mekanik &zellikleri (benzer canli agirlik dUzeylerinde),
bacak sagligi bozukluklari, hareket ve davranislan Uzerindeki etkileri
arastinimistir. Bu calismada, yumurtalarda ve civcivlerde mineral
miktarinin etkilenmedigi, ancak daha dustk hizli bUylyen etlik
tavuklarin neredeyse tUm tibia morfolojik, biyofiziksel ve mekanik
ozelliklerinin olumlu yénde etkilendigi, buna karsin hizi bUyUyen
etlik tavuklarda bu etkinin gérGlmedigi saptanmistir. Civcivlerde
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damizlik tavuktan gelen mineral miktarinin yumurtadaki mineral
miktarndan ziyade baska mekanizmalar yoluyla etki ettigi ve daha
dUsuk hizh bUyOyen damizliklann yemlerindeki mineral kaynaginin
bir sonraki jenerasyonda kemik gelisimi Uzerinde daha etkili oldugu
sonucuna varimigstir.

Tezin 4. BolumUnde, hizl bUyUyen etlik tavuklarda kuluckanin
2. haftasinda normal (37.8°C) ve yUksek (38.9°C) ve 3. haftasinda
dUsuk (36.7°C) ve normal (37.8°C) yumurta kabugu sicakliginin tibia
kemigi morfolojik, biyofiziksel ve mekanik &zellikleri (41 veya 42. gun),
bacak saghgi bozukluklar ve hareket Uzerindeki etkileri arastinimigstir.
Bu calismada, kuluckanin ikinci haftasinda 38.9°C'lik yUksek sicak-
igin hizli bOyUyen etlik tavuklarn tibia kemigi 6zelliklerini gelistirdigi
saptanmistir. Ayrnica, UcUncU haftadaki kulucka sicakliginin ikinci
haftadaki kulucka sicaklidi ile baglantili oldugu tespit edilmistir. 2.
haftada 38.9°C'lik yUksek sicaklik ve ardindan 3. haftada 37.8°C’lik
normal sicaklikta kuluckalanan tavuklarda en gelismis tibia 6zellikleri
saptanmistir. Kuluckanin 2. haftasinda normalden 1.1°C daha yUk-
sek yumurta kabugu sicakliginin etlik tavuklarnn tibia kemigi morfo-
lojik, biyofiziksel ve mekanik &zelliklerini uyardigi sonucuna varimistir.
Bununla birlikte, kuluckanin 3. haftasinda 1.1°C daha dustk yumur-
ta kabugu sicakhiginin tibia kemigi dzellikleri Uzerinde olumsuz efkileri
oldugu goértlmektedir.

Tezin 5. BolimUnde, hizli ve daha dUsUk hizli bUyUyen etlik
tavuklarin yasam alanlarna rampalar, platformlar, tGnekler, yem
ve su arasindaki bUyUk mesafe ve turba yosunu ile kapli kum
banyosu alaninda canli siyah asker sinegi larvalarindan olusan
cevresel zenginlestirme elemanlar eklemenin bU0yUme performansi,
tibia kemigi morfolojik, biyofiziksel ve mekanik &zellikleri (benzer
vUcut agdrrliklarinda), bacak saghgr bozukluklan, hareket ve
davranislar Uzerindeki etkileri arastinimistir. Bu calismada, cevresel
zenginlestirmenin hem hizl hem de daha dUsuk hizli bUyUyen
tavuklardatibia kemigibiyofiziksel &zelliklerini olumlu yénde etkiledigi,
tibia morfolojik ve mekanik &zellikleri Uzerinde ise herhangi bir etki
bulunmadigi saptanmistir. Cevresel zenginlestirmenin anatomik ve
fiziksel kemik Ozelliklerinden ziyade kemikte mineralizasyonla ilgili
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mekanizmalar uyarabilecedi sonucuna varilmistir.

Tezin Tarhgma bOIUMUnde, bes deneysel bdlumden elde
edilen ana bulgular 6zetlenmis ve tek tek veya birlikte arastinlan
yaklasimlarin, etlik tavuklarn bacak saghgini gelistirmemize iliskin
anlayisimizi nasil dedistirdigi ve gelistirdigi tartisilmistir. Bu bdlum, ana
sonuclar ve gelecekteki arastirma olanaklari ile sona ermektedir.

Bu tezin ana sonug¢lar sunlardir:

(1) Hizh bOyUyen etlik tavuklarnn yemlerinde bulunan inorganik
makro ve iz minerallerin organik cesitleriyle dedgistirimesi, bUyUime
performansini ve fibia kemigi 6zelliklerini olumlu yonde etkilemistir.

(2) Hizh ve daha dustk hizlh bUyGyen etlik damizlik tavuklarin
yemlerinde bulunan inorganik makro ve iz minerallerin organik
cesitleriyle degistirimesinin, daha dustk hizli boyUyen yavru etlik
tavuklarin bU0yUme performansini ve tibia kemigi &zelliklerini olumlu
etkiledigi, hizli bOyUyen yavru etlik tavuklarda herhangi bir etki
g6zlenmedigi saptanmistir.

(3) Etlik tavuklarda nesiller arasi mineral aktarnminin, yumurta-
daki ve kuluckadaki mineral miktarnndan ziyade mineral kaynagin-
dan etkilendigi ve yumurtadaki mutlak mineral konsantrasyonlari
disinda baska mekanizmalar yoluyla isledigi saptanmistir.

(4) Hizh bUoyUyen eftlik tavuklarn yemlerindeki inorganik makro
minerallerin organik cesitleriyle dedistiriimesi, tibia kemigi 6zellikleri
Uzerinde organik iz minerallerden daha etkili oldugu saptanmistir.

(5) Kulucka sirasinda uygulanan yesil LED 1sik, vicut agirhdi
artisina neden olmustur, ancak kemik gelisimi Uzerinde herhangi bir
etki saptanmamistir.

(6) Kuluckanin ikinci haftasinda 38.9°C’lik yumurta kabugu si-
cakhgi, 37.8°C’lik bir yumurta kabugu sicakligina kiyasla hizll bGyGyen
etlik tavuklarn tibia kemigdi ézelliklerini gelistirdigi saptanmistir. ikinci
haftada 38.9°C'lik bir yumurta kabugu sicakligi, ardindan G¢cUncU
haftada 37.8°C ile en gelismis tibia &zellikleriyle sonuclanirken, ku-
luckanin 3. haftasinda 1.1°C daha dustk yumurta kabugu sicakligi
nin tibia &zellikleri Uzerinde olumsuz etkileri oldugu bulunmustur.,
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(7) Cevresel zenginlestirme, hem hiz hem de daha dusUk hiz-
I bOyUyen etlik tavuklarin tibia kemigi biyofiziksel dzelliklerini olum-
lu yonde etkilerken, fibia morfolojik ve mekanik &zellikleri Uzerinde
herhangi bir etkisi bulunmamistir. Cevresel zenginlestirme ayrica,
potansiyel olarak daha yUksek aktivite ve metabolik enerji kul-
lanimi veya daha dusUk yem tUketimi nedeniyle hem hizl hem de
daha dusuk hizlh bUuyUyen tavuklarda daha dustk vocut agirhd ile
sonuclanmistir.

(8) Tibia kemigi biyofiziksel &zelliklerinin hem etlik tavuk hem de
etlik damizlik tavuk yemlerindeki mineral kaynagina, kulucka sirasin-
da yumurta kabugu sicakligina ve cevresel zenginlestirmeye, tibia
kemigi morfolojik ve mekanik dzelliklere kiyasla daha iyi yanit verdigi
saptanmistir.

(92) Tibia kemigi gelisimi ile bacak anormallikleri ve bacak
saghgr bozukluklar arasindaki iliski, tUm deneylerde saptanan az
miktardaki bacak anormallikleri ve bacak saghgr bozukluklarindan
dolayi belirsizligini korumustur.

303



Ao Z/{&W/%Qe/ﬂe/( s




| know that acknowledgements is the most read part of the thesis.
So, | fried to make it enjoyable without forgetfting anyone.

My PhD adventure started on first days of 2017 and completed on
first days of 2022, after almost 1830 days. It was a great experience but
also compelling and challenging both personally and professionally. |
would not have been able to make it any of 1830 days without the help
and support from many people whom I would like fo acknowledge below.

| would like to start to express my gratefulness to dear Marinus van
Krimpen (deceased, 31.12.19). Dear Marinus, we have first seen each oth-
er during my online PhD interview. | thought that he looks like a harsh and
a tough person. Then, you broke down my prejudices when we met face-
to-face. Looking back to these 3 years, | remember how kind, considered
and gentle you were. | remember how you were pushing yourself to look
strict and serious person at work because you, as a project leader, had to
be, but you could not succeed because of your friendly and warm-blood-
ed heart. | will always remember your facial changes between laughing
and seriousness. We spent 3 years alongside and many hours in our inter-
nal and group meetfings to make our project better and better. We had
nice car travels to collaborate other universities. | remember one of our
frips between Eindhoven and Wageningen when you asked me what is
the meaning of my name. Then you surprised when | said Bahadir means
brave and Can means heart, so it is Braveheart. Then, | said | just realized
that meaning tfoday after your question, because this meaning is only in
English, not Turkish, then we laughed. | will always remember that day. |
remember my 30" birthday and your wishful words to me while we shared
a delicious apple pie. | remember how proud | was when | invited you and
Henry to be keynote speakers in the conference at Antalya. | remember
the day you asked me to join a meeting with dean and vice dean of
Ankara University, Faculty of Agriculture. | had a chance to meet them
through you and continue fo work with them after going back to Turkey,
thanks to you. And | remember that heartbreaking day, the first day of
2020, when | got the email saying you suddenly passed away. | could not
believe it first, then read it again and again... | will always remember you,

your voice, your laughes... 7
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I would like to thank fo my promotor Bas Kemp. Dear Bas, | am grate-
ful for everything. You are the most cheerful and pleasant chair holder
and promoter | have ever seen. | appreciate your critical remarks and sug-
gestions in all our papers and this thesis thanks to your broad experience. |
will always remember how friendly and warm-hearted you were. | wish you
a healthy and great life.

The biggest thank of this thesis belongs fo my dear co-promotor and
daily supervisor Henry van den Brand. Dear Henry, we have gone through
a long way together. | will never be able to put info words how impactful
your knowledge, research experience, dedication, guidance and actions
were. | will always remember your comforting, supportive and sometimes
blustery (but necessary) talks at all critical points. These were such pow-
erful tools and milestones that helped me with all difficulties. You have
always patiently guided and encouraged me in my adventure to achieve
my scientific independence and doctoral degree. | will always remember
how you influenced and changed my life, my thoughts, my way of think-
ing, my decision-making mechanisms and many more things, impossible
to fit here. In short, | am getting my PhD thanks to you. | believe we will
continue to collaborate and see each other in future. | wish you a healthy
and great life with your loved ones.

I would like to thank fo the rest of my supervision team. Ingrid de
Jong and Roos Molenaar.

Dear Ingrid, | am grateful fo know you. You are one of the few peo-
ple who is the best at what they do. Many thanks for all of your efforts
tfo make our project, experiments and papers better. | appreciate your
knowledge and experience, and also your friendly and warm-blooded
heart. | wish you a healthy and great life with your loved ones.

Dear Roos, thanks for everything. | have learned a lot from you. |
will always remember how friendly, chatty and energetic you were. You
energized even the long, exhausting and boring slaughtering days. Many
thanks for all of your efforts. | wish you a healthy and great life with your
loved ones.

| want to confinue with some special thanks.
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First one goes to Tom Berghof. Dear Tom, on that day, somewhere
in the summer of 2016, | found you on LinkedIn, then my PhD adventure
started. | am grateful for your helpfulness, all of your detailed answers and
your guidance. You directed me to Henry and | took my first step info my
PhD project. | am also grateful for you to be my buddy during my first days
in Wageningen. Do you remember your hand-drawn Wageningen map
for me? | will keep it in my Wageningen memories box forever. | wish you a
healthy and great life with your loved ones.

My second special thanks go to Henny Reimert. Dear Henny, it is a
great pleasure to know you. You are super kind, friendly, helpful, good-hu-
mored and cheerful person. | will always remember your precious help
during slaughtering days, our super nice chat while we travelling to Cas-
fricum together, when we went through the Houtribdijk, a 27 km long dike
on the North Sea. You are the first person which | e-mailed in Dutch. | will
never forget your happiness when | wrote in Dutch. | wish you a healthy
and great life with your loved ones.

My last special thanks go to Lotte Stokvis. Dear Lotte, it is a great
pleasure to know you. | owe you a lof. | starfed my first experiment just
after starting my PhD thanks to your protocols and prototypes that you
prepared before me. Many thanks for waking up in the middle of the night
to come the Nijkerk to help slaughtering and bone collection for all day.
Many thanks for our nice chats and laughs during coffee breaks. | will al-
ways remember your extraordinary help and friendliness. | hope life brings
you lotfs of happiness and health. | am looking forward to see you on the
stage when you defend your thesis.

I would like to thank Olivia Shaw and Anne Steenstra for their excep-
tional help in green LED light and organic minerals experiment conducted
at Nijkerk. I will never forget how much physical work we did, while we also
enjoyed. It was really tough to manage, weigh, feed 720 chickens and fry
to keep them clean, healthy and alive.

| got the chance to supervise MSc and BSc thesis students. | would
like to thank Florence Edson, Robert van der Klis, Thijs Versantvoort, Ute Bol
and Wisse Zwanenburg. | am very glad to know each of you and work with
you guys. You contfributed data and nice perspectives in this thesis.
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| would like to thank Fleur Veldkamp for her exceptional help in en-
richment experiment conducted af Lelystad. Fleur, | appreciate your effort
throughout the experiment. Your co-author place in enrichment paper is
well deserved. | wish you a great success in your PhD journey.

| would like to thank Jeroen Bakker. Dear Jeroen, you were a nice
road friend. We did a good job in validation experiment at Schothorst
Feed Research and also during analyses. | am very glad to know you. |
wish you a great success in future and in your PhD journey.

| would like to thank two nice people at Axis building. Remco
Hamoen, many thanks for your extraordinary assistance in 3D X-ray CT
scanner and your remarkable mind in coding the X-ray software. | could
not do anything with that huge machine and its crazy features without
you. Jos Sewalt, thanks for your valuable help during bone breaking tests.
| could not manage without your expertise.

| would like to thank all super genius people of Technical Develop-
ment Studio at Innovatron building. | have learned super futuristic things,
3D prinfing and prototype modelling thanks fo all of you. | have a special
thanks to Johan Belgraver for his precious help for Instron prototype de-
signing and 3D printing.

| would like to thank all Carus personnel, but especiclly Arjan van
Dolderen, Jacco Klomp, Sherine Gasho-Asaad and Ries Verkerk. You
were the best work force at Carus. | could not do anything without your
help. Many thanks for your energy and time.

It is time to go back to ADP office.

| would like fo start with two best secretaries of WUR, Nanette van
Hapert and Lora van der Kleijn. Many thanks to help with all of my paper
works, arrangements and difficulties with your always smiley faces, calm-
ing talks, helpfulness and friendliness in every situation at every time. | wish
you a healthy and great life with your loved ones.

| would like to confinue to thank research assistants of Adaptation
Physiology Group. | would not have been able to manage all the intensive
physical work during hatching and slaughtering days and also analyze
days at lab without their help.
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Bjorge Laurenssen, you are the king of knife skills, slaughtering and
dissection. Many thanks for being my paranymph and for accompanying
me on my defense day. | will always remember your friendliness during our
road trips and helpfullness on slaughtering days. | wish you a healthy and
great life with your lovely family and all of your loved ones.

llona van den Anker-Hensen, many thanks for waking up in the mid-
dle of the night to come the Carus for counting hatched chicks, all nice
lab talks while we were preparing the bones for analyses, a nice frip be-
tween Wageningen and Lelystad and we shocked when we saw a swan
family in the middle of the highway and thanks for nice chats and laughs
about everything during coffee breaks. | wish you a healthy and great life
with your loved ones.
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