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ABSTRACT This study was designed to determine
effects of eggshell temperature (EST) pattern in week 2
and week 3 of incubation on tibia development 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) 0 to E7. Thereafter, a 2 ! 2 factorial arrangement
with 2 EST (37.8�C and 38.9�C) from E8 to E14 and 2
EST (36.7�Cand 37.8�C) fromE15 till hatch was applied.
After hatching, chickens were reared until slaughter age
with the 4 EST treatments and 8 replicates per treat-
ment. At day 41 and 42, one male chicken per replicate
per day was selected, and hock burn and food pad
dermatitis were scored. Rotated tibia, tibia dyschon-
droplasia, 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)
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and a 3-point bending test (ultimate 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 (P5 0.001), mineral
density (P 5 0.002), ultimate strength (P 5 0.04), yield
strength (P 5 0.03), and stiffness (P 5 0.05) compared
with the other 3 EST groups (week 2 ! week 3 interac-
tion). A high EST (38.9�C) in week 2 of incubation,
regardless of the EST in week 3, resulted in a higher tibia
weight (P, 0.001), thickness (P5 0.05), osseous volume
(P, 0.001), and total 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 char-
acteristics of broiler chickens at slaughter age. Addition-
ally, a 1.1�C lower EST in week 3 of incubation appears to
have negative effects on tibia characteristics, particularly
in interaction with the EST in week 2 of incubation.
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INTRODUCTION

Leg health has been demonstrated to be suboptimal in
fast-growing broiler chickens (Bessei, 2006; Sherlock
et al., 2010). The underlying reason might be related
to a developmental imbalance between a high growth
rate and immaturity of bones and joints (Kestin et al.,
1992, 2001). Suboptimal leg health can cause pain and
may negatively affect natural locomotion-related behav-
iors of broiler chickens, such as accessing water and feed,
especially in the last weeks of their life (Bessei, 2006;
Gocsik et al., 2017). Moreover, leg problems can cause
financial losses because of higher mortality, lower
slaughter revenues, and increased rejections at
slaughter plants (Kestin et al., 1999; Mench, 2004).
One factor that might play a role in bone development

is incubation temperature. An optimal temperature for
embryo development throughout incubation has been
determined as 37.8�C (Lourens et al., 2005). A lower or
higher temperature than this optimum might influence
the quality of hatchlings (Wilson, 1991; French, 1997;
Tona et al., 2005) and embryonic bone development as
well. Bone development and growth plate
differentiation begins during incubation and incubation
temperature has been demonstrated to affect bone
development and later life leg health of broiler chickens
(Hammond et al., 2007; Oviedo-Rond�on et al.,
2008a,b, 2009; Shim and Pesti, 2011; Van der Pol
et al., 2014). Effects of incubation temperature on
embryonic bone development and later life leg health
might be related to the speed of bone mineralization
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during incubation. Embryonic bone development starts
with cartilage formation in the first week of incubation
(Nakane and Tsudzuki, 1999; Atalgin and K€urt€ul,
2009), which is followed by a rapid increase in
mineralization from the second week of incubation
onward (Oviedo-Rond�on et al., 2008b). This is because
of growth plate differentiation (Ballock and O’Keefe,
2003; Hammond et al., 2007), which reaches the
highest level just before hatch till a few days posthatch
(Applegate and Lilburn, 2002; Yalçin et al., 2007;
Oviedo-Rond�on et al., 2008b).
A temperature of 38.0�C throughout incubation

resulted in longer tibia in broiler chickens at slaughter
age compared with incubation temperatures of 36.0�C
and 37.0�C (Oviedo-Rond�on et al., 2008b). Yalçin
et al. (2007) concluded that both low (36.9�C) or high
(39.6�C) incubation temperatures from incubation
day (E) 10 until E18 resulted in lower tibia weights at
slaughter age compared with a control temperature
(37.8�C). Oviedo-Rond�on et al. (2009) found compara-
ble results at slaughter age when applying a high
eggshell temperature (EST, 38.9�C) during the last
4 D of incubation compared with an EST of 36.9�C.
Van der Pol et al. (2014) observed that a high EST
(38.6�C) throughout incubation appears to result in
lower tibia, femur, and metatarsus lengths at hatch
compared with an EST of 36.9�C and 37.8�C. Oznurlu
et al. (2016) demonstrated that a 1.0�C higher incuba-
tion temperature (38.8�C vs. 37.8�C) from E10 onward
negatively affected tibia characteristics, including
growth plate development, at different sampling days
before and at hatch.
These different results among studies might be related

to the moment, duration, and level of the incubation
temperature that was applied. Moreover, studies differed
in using incubation temperature or EST, which might
result in differences in actual embryo temperature
(Meijerhof and van Beek, 1993).
It has been suggested that a higher incubation temper-

ature (41.0�C) than normal (37.8�C) can stimulate
bone development in general and the ossification process
(E8 to E14) in particular (Aygun and Narinc, 2016).
Contrary to the potential beneficial effects of a higher in-
cubation temperature in the second week of incubation,
a higher temperature (39.0�C) than normal (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 (Oviedo-Rond�on et al.,
2009). Based on these findings, it can be hypothesized
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 combination of EST in week 2 (37.8�C or 38.9�C)
and EST in week 3 (36.7�C or 37.8�C) of incubation on
1) tibia characteristics, 2) locomotion during rearing,
and 3) leg disorders at slaughter age in fast-growing
broiler chickens.
MATERIALS AND METHODS

Experimental Design

The experiment was setup as a 2 ! 2 factorial
arrangement with 2 EST (37.8�C or 38.9�C) from E8
to E14 and 2 EST (36.7�C or 37.8�C) from E15 till hatch.
From E0 to E7 of incubation, EST was maintained at
37.8�C for all eggs. After hatching, chickens were reared
in a completely randomized block design until slaughter
age and leg bone measurements were performed after
slaughtering. All procedures in this study were approved
by the Governmental Commission on Animal Experi-
ments, 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 Netherlands). All eggs were
selected on weight within 3 weight classes: 62.0 to
62.9 g (n 5 156), 63.0 to 63.9 g (n 5 156), and 64.0 to
64.9 g (n 5 156) and stored at 20.0�C for 48 h. There-
after, all eggs were transported from the hatchery to
the research facility of Wageningen University and
Research (Wageningen, The Netherlands). At the
research facility, all eggs were placed in 1 incubator
with a capacity of 4,800 eggs (HatchTech Incubation
Technology, B.V., Veenendaal, The Netherlands) for
the first 7 D of incubation. Eggs were equally divided
over the 4 treatment groups (n 5 117/treatment group)
and placed on 8 plastic trays (58 or 59 eggs per tray).
These trays were placed in the middle of the incubator.
Each tray contained 4 EST sensors (NTC Thermistors:
type DC 95; Thermometrics, Somerset, UK) which
were attached to 4 individual eggs, divided over different
trays within the incubator or climate respiration cham-
bers (CRC). 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, MI)
and a small piece of tape (2! 2 cm). The incubator tem-
perature was continuously adjusted based on the median
temperature of the 4 EST sensors to maintain an EST of
37.8�C. Throughout incubation, variation in EST was
less than 0.1�C. Relative humidity of incubators and
CRCs 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 E8, all eggs were candled, and fertile eggs were
divided over the same 2 HatchTech incubators, and 2
small CRC. The CRC had a capacity of 550 eggs. Eggs
of the different weight classes were divided equally
over the 2 incubators and the 2 CRCs. One incubator
and 1 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 incu-
bator and CRC, 5 EST sensors (Pt-100, Sensor Data
BV, Rijswijk, The Netherlands) were attached to 5
randomly chosen eggs, as described above.
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At E15, all eggs were candled again, and infertile eggs
or eggs lacking a vital embryo were removed, and a
break-out analysis was performed (data not included in
this article). All eggs containing a vital embryo were
redistributed over the same 2 incubators and 2 CRCs, af-
ter which 1 incubator and 1 CRC were set at an EST of
36.7�C, and the other incubator and CRC were set at an
EST of 37.8�C. Eggshell temperature was maintained
based on the median temperature of the 4 EST sensors
as described above. The combination of EST in week 2
and week 3 resulted in a 2 ! 2 factorial arrangement
with 4 treatments in total: EST 37.8 ! 36.7�C; EST
37.8 ! 37.8�C; EST 38.9 ! 36.7�C; EST
38.9 ! 37.8�C (week 2 ! week 3, respectively).

At E18, all eggs were candled again, and eggs contain-
ing a vital embryo were transferred from the trays to
hatching baskets. Within 12 h after emergence from
the eggshell, chickens were collected, individually
weighed, and numbered by using a paw-ring and trans-
ferred to a separate room, where they were placed in
specially designed baskets with ad libitum access to
feed and water till all chickens had hatched (HatchCare
system, Hatchtech BV, Veenendaal, the Netherlands).

After all chickens had hatched, 40 male and 40 female
first-grade chickens per treatment were feather-sexed
and transferred to 2 adjacent houses, each having 16
floor pens (2 ! 1 m; 10 chickens per pen), containing
saw dust as litter. Chickens were vaccinated against in-
fectious bronchitis (eye drop; MSD Animal Health, Box-
meer, The Netherlands) at day 0 and against Newcastle
disease (Clone 30; eye drop, MSD Animal Health, Box-
meer, The Netherlands) at day 11. Each pen contained
5 male and 5 female chickens from the same treatment.
Both houses were divided into 4 blocks, and the 4 treat-
ments were randomly divided within each block. Both
houses were identical and climate controlled with contin-
uous light from day 0 till day 3 and 16 h of light and 8 h
of darkness thereafter. The chickens were raised from day
1 to 42 with ad libitum access to feed and water. All
chickens obtained the same pelleted available starter
diet (MEbroiler5 2,850 kcal/kg; CP5 220 g/kg; apparent
dLys 5 11.81 g/kg) from day 0 until 10 of age, a grower
diet (MEbroiler 5 2,952 kcal/kg; CP 5 209.7 g/kg;
apparent dLys 5 12.52 g/kg) from day 10 until 28 of
age, and a finisher diet (MEbroiler 5 2,999 kcal/kg;
CP 5 199.8 g/kg; apparent dLys 5 11.14 g/kg) from
day 28 until 42 of age (Reseach Diet Service, Wijk bij
Duurstede, the Netherlands; diets optimized according
to CVB, 2012).
Data Collection, Sampling, and
Measurements

At day 28, 35, and 39, the gait score of all individual
broiler chickens (n 5 320) was measured, using the
gait scoring method, described by Kestin et al. (1992)
with a range from 0 (normal locomotion) to 5 (unable
to stand). At day 41 and 42, one male chicken per pen
per day was selected randomly to determine leg bone
characteristics (8 chickens per treatment per slaughter-
ing day, 64 chickens in total). After weighing the
chicken, food pad dermatitis (FPD) and hock burns
(HB) were scored. Hock burns was scored as 0 (not
affected), 1 (color changes), 2 (minor lesions), or 3 (se-
vere lesions). Food pad dermatitis was scored as 0 (no le-
sions), 1 (mild lesion), or 2 (severe lesion). Thereafter,
chickens were stunned, cut, and bleeded. The left leg of
each chicken was assessed by a veterinarian on rotated
tibia (RT), tibia dyschondroplasia (TD), bacterial chon-
dronecrosis with osteomyelitis (BCO), epiphyseal plate
abnormalities (EPA), and epiphysiolysis (EPI). All ab-
normalities were scored in the range of 0 (no abnormal-
ities), 1 (minor abnormality), or 2 (severe abnormality).
Right legs were deboned and tibias were obtained,

packed, and frozen at 220�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 the formula of Riesenfeld (1972):

Robusticity index ðcm=gÞ 5
bone proximal length ðcmÞ=bone weight ðgÞ:

Tibia osseous volume, tibia pore volume, tibia total
volume (osseous volume 1 pore volume), tibia volume
fraction (osseous volume/total volume), tibia mineral
content, and tibia mineral density were analyzed on indi-
vidual tibia, using a GE Phoenix 3D X-ray microfocus
CT scanner (General Electric Company, Boston, MA)
(method described by Bouxsein et al., 2010) (Figure 1).
The same tibias, used for X-ray measures, were sub-

jected to a 3-point bending test (method described by
Jungmann et al., 2007), using an Instron electromechan-
ical universal testing machine (Instron, Norwood, MA).
Ultimate stress (maximal load of breaking point) data
were used as the tibia ultimate strength; yield point
(reached yield load just before the angle has changed
on slope) data were 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) (Novitskaya et al.,
2011) was calculated using the following formula of
Turner and Burr (1993):

E5
N S3

4d TL3

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 d is the maximum deflection (mm) at the midpoint of
the bone.
Statistical Analysis

All statistical analyses were performed in SAS
(Version 9.4, July 2013, SAS Institute Inc., Cary, NC).
Body weight, all tibia morphological, biophysical, and



Figure 1. Illustration of scanned bone by 3D Micro-CT X-ray and visualised in Avizo 3D viewer software. (A) Three-dimensional tibia inner view
scanned by 3D Micro-CT X-ray scanner. Different colors represent different densities of bone materials and pores. (B) Two-dimensional colored tibia
layer view (side) and the layer of middle point of the bone (top). Color scale represent themineralization areas of bone from blue (less mineralization, 0)
to red (moremineralization, 2). (C) Two dimensional black andwhite (gray scale) tibia layer view (side) and the layer of middle point of the bone (top).
Shades of gray represent the mineralization areas of bone from dark gray (less mineralization) to white (more mineralization).
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mechanical characteristics, and gait score were subjected
to mixed model analysis, using the PROC MIXED
procedure.
The statistical model used was

Y5 m1ESTwk21ESTwk31ESTwk2

!ESTwk31house1ε;

where, Y 5 dependent variable, m 5 overall mean, ESTwk
2 5 eggshell temperature of week 2 (37.8�C or 38.9�C),
ESTwk 3 5 eggshell temperature of week 3 (36.7�C or
37.8�C), ESTwk 2 ! ESTwk 3 5 interaction between
eggshell temperature of week 2 and week 3,
house 5 rearing house (1, 2), Ɛ 5 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 assumptions
were approved at both means and residuals. Non-
normal distributed data were transformed using a log-
transformation before analyses. Results are provided as
LSmeans6 SEM. When multiple comparisons were per-
formed, 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 procedure, using
the same model. Variables of HB, RT, and TD were
analyzed at binary level (present or not); variables of
FPD, EPA, BCO, and EPI were analyzed at multino-
mial 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 characteris-
tics exists.
RESULTS

General Hatching Data

Hatchability of fertile eggs was on average 96.7% and
not affected by EST in week 2 or week 3 of incubation.
Furthermore, BW (45.9 g on average) and yolk free
body mass (40.2 g on average) were not affected by
EST in week 2 or week 3 of incubation.



Table 1. Effects of eggshell temperature in week 2 and week 3 of incubation on tibia morphological characteristics at day 41 or 42 of age in
male broiler chickens.

Variable
Tibia

weight (g)
Proximal tibia
length (cm)

Lateral tibia cortex
thickness (cm)

Femoral side proximal
tibia head thickness (cm)

Metatarsal side proximal
tibia head thickness (cm)

Robusticity
index (cm/g)

EST week 2
37.8�C 16.71b 13.55 1.25b 3.22 3.02b 0.82a

38.9�C 17.39a 13.60 1.29a 3.25 3.07a 0.78b

SEM 0.11 0.12 0.02 0.01 0.02 0.01
EST week 3

36.7�C 17.08 13.58 1.26 3.21 3.03 0.79
37.8�C 17.03 13.57 1.28 3.25 3.06 0.80
SEM 0.11 0.12 0.02 0.01 0.02 0.01

EST week 2 ! week 3
37.8 ! 36.7�C 16.85 13.70 1.26 3.23 3.03 0.82
37.8 ! 37.8�C 16.58 13.40 1.24 3.21 3.02 0.81
38.9 ! 36.7�C 17.31 13.46 1.28 3.21 3.04 0.77
38.9 ! 37.8�C 17.47 13.74 1.31 3.29 3.09 0.79
SEM 0.15 0.17 0.02 0.02 0.02 0.01

P-values
EST week 2 ,0.001 0.76 0.05 0.06 0.05 ,0.001
EST week 3 0.71 0.96 0.57 0.11 0.25 0.54
EST week 2 ! week 3 0.16 0.10 0.26 0.06 0.15 0.16

a, bValues within a column and factor lacking a common superscript differ (P � 0.05).
Abbreviations: EST, eggshell temperature.
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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 tibia head thickness,
and robusticity index (Table 1). Chickens of the high
EST (38.9�C) in week 2 had a higher tibia weight
(D 5 0.68 g; P , 0.001), lateral cortex thickness
(D 5 0.04 cm; P 5 0.05), metatarsal side proximal tibia
head thickness (D5 0.05 cm; P5 0.05), and lower robus-
ticity index (D 5 0.04 cm/g; P , 0.001) compared with
the normal EST (37.8�C) in week 2. No main effects of
EST in week 3 were found on tibia morphological
parameters.
Tibia Biophysical Characteristics

Interaction effects between EST treatments in week 2
and week 3 were found on bone mineral content and tibia
mineral density. A normal 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
(D 5 1.1–1.7 g; P 5 0.001) compared with other 3
treatment groups. The 37.8 ! 37.8�C treatment group
(week 2 and 3, respectively) had a lower bone mineral
density (D 5 0.02–0.05 g/cm2; P 5 0.002) than the
37.8 ! 36.7�C and 38.9 ! 37.8�C treatment groups,
with the 38.9 ! 36.7�C treatment group in between
and not different from the other 3 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 (D 5 5.0 cm3; P , 0.001),
pore volume (D 5 0.7 cm3; P 5 0.05), and total volume
(D 5 5.9 cm3; P , 0.001) compared with 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 (D 5 2%; P 5 0.008) compared with the lower
EST (36.7�C) group (Table 2).
Tibia Mechanical Characteristics

Interaction effects between EST in 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 fol-
lowed by a normal EST (37.8�C) in week 3 resulted in
a higher bone ultimate strength (D 5 23.2–29.0 N;
P 5 0.04), yield strength (D 5 21.3–26.5 N; P 5 0.03),
and stiffness (D 5 22.9–29.0 N/mm; P 5 0.05) at
slaughter age than the other 3 EST treatment 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 energy to
fracture (D 5 16.4 N-mm; P , 0.001) and elastic
modulus (D 5 0.4 GPa; P 5 0.02) compared with the
normal EST (37.8�C) treatment group in week 2. Look-
ing 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 (D5 12.9 N-mm; P5 0.03) than chickens incu-
bated at a lower EST (36.7�C) (Table 3).
Relationship Between Tibia Morphological,
Biophysical, and Mechanical
Characteristics

Correlation analysis between tibial morphological,
biophysical, and mechanical characteristics showed the
strongest relationships between tibia weight, length,
thickness, ultimate strength, stiffness, and volume
(Table 4). Tibia weight was positively correlated to
length (r 5 0.262; P 5 0.03), thickness (r 5 0.306;
P 5 0.01), ultimate strength (r 5 0.425; P 5 0.005),
stiffness (r 5 0.404; P 5 0.009), and osseous volume



Table 2. Effects of eggshell temperature in week 2 and week 3 of incubation on tibia biophysical characteristics at day 41 or 42 of age in
male broiler chickens.

Variable
Tibia osseous
volume (cm3)

Tibia pore
volume (cm3)

Tibia total
volume (cm3)

Tibia volume
fraction (BV/TV, %)

Tibia mineral
content (g)

Tibia mineral
density (g/cm2)

EST week 2
37.8�C 25.6b 5.1b 30.8b 85 16.0 0.29
38.9�C 30.6a 5.8a 36.5a 85 16.7 0.31
SEM 0.5 0.2 0.7 0.6 0.2 0.01

EST week 3
36.7�C 27.9 5.6 33.6 84b 16.5 0.30
37.8�C 28.2 5.4 33.7 86a 16.2 0.30
SEM 0.5 0.2 0.7 0.6 0.2 0.01

EST week2 ! week3
37.8 ! 36.7�C 25.7 5.5 31.4 83 16.6a 0.30a

37.8 ! 37.8�C 25.4 4.7 30.2 87 15.3b 0.27b

38.9 ! 36.7�C 30.2 5.6 35.8 85 16.4a 0.29a,b

38.9 ! 37.8�C 31.0 6.0 37.1 86 17.0a 0.32a

SEM 0.7 0.3 0.9 0.8 0.3 0.01
P-values

EST week 2 ,0.001 0.05 ,0.001 0.74 0.006 0.03
EST week 3 0.72 0.61 0.94 0.008 0.18 0.91
EST week 2 ! week 3 0.45 0.12 0.17 0.14 0.001 0.002

a-b Values within a column and factor lacking a common superscript differ (P � 0.05).
Abbreviations: EST, eggshell temperature.
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(r5 0.548;P, 0.001). Tibia length was positively corre-
lated to tibia thickness (r 5 0.669; P , 0.001), ultimate
strength (r5 0.535; P, 0.001), and stiffness (r5 0.584;
P , 0.001). Tibia thickness was positively correlated to
ultimate strength (r 5 0.658; P, 0.001) and stiffness (r
5 0.651; P , 0.001). Ultimate strength was positively
correlated to stiffness (r5 0.995; P, 0.001) and osseous
volume (r 5 0.395; P 5 0.02). Stiffness was positively
correlated to osseous volume (r 5 0.389; P 5 0.005).
Body Weight, Locomotion-Related
Observations, and Leg Disorders

No interaction between EST in week 2 and week 3 of
incubation (P 5 0.38) or a main effect of EST in week
2 (P 5 0.23) or week 3 (P 5 0.90) were found on BW
of selected chickens at slaughter age (Table 5). Main
Table 3. Effects of eggshell temperature in week 2 and week 3 of incub
male broiler chickens.

Variable Ultimate strength (N) Yield strength (N) S

EST week 2
37.8�C 292.7 254.9
38.9�C 309.0 267.1
SEM 3.5 3.5

EST week 3
36.7�C 294.5 256.5
37.8�C 307.2 265.5
SEM 3.5 3.5

EST week 2 ! week 3
37.8 ! 36.7�C 291.6b 257.5b

37.8 ! 37.8�C 293.8b 252.3b

38.9 ! 36.7�C 297.4b 255.5b

38.9 ! 37.8�C 320.6a 278.8a

SEM 4.9 4.8
P-values

EST week 2 0.003 0.002
EST week 3 0.02 0.01
EST week 2 ! week 3 0.04 0.03

a, bValues within a column and factor lacking a common superscript differ (
Abbreviations: EST, eggshell temperature.
effects were found of EST in week 2 on gait score at
day 39 (Table 5). Chickens of the high EST (38.9�C)
in week 2 of incubation had a lower (better) gait score
compared with 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 day 28 or 35 (Table 5) or FDP, HB, TD,
BCO, EPA, and EPI at slaughter age (Table 6).
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
(Leblanc et al., 1986; Rath et al., 2000; Onyango et al.,
2003; Krupski and Tatara, 2007; Shim et al., 2012;
ation on tibia mechanical characteristics at day 41 or 42 of age in

tiffness (N/mm) Energy to fracture (N-mm) Elastic modulus (GPa)

264.7 281.3b 12.8b

280.7 297.7a 13.2a

3.5 3.5 0.2

266.1 283.2b 13.1
279.1 296.1a 13.0
3.5 3.5 0.2

263.1b 280.1 12.8
266.2b 283.2 12.9
269.2b 286.3 13.4
292.1a 309.0 13.1
5.0 4.9 0.2

0.003 ,0.001 0.02
0.02 0.03 0.84
0.05 0.07 0.28

P � 0.05).



Table 4. Spearman correlation coefficients between tibia morphological, biophysical, and mechanical
characteristics1.

Variable Weight (g) Length (cm) Thickness (cm) Ultimate strength (N) Stiffness (N/mm)

Weight (g) -
Length (cm) 0.262** -
Thickness (cm) 0.306** 0.669* -
Ultimate strength (N) 0.425* 0.535* 0.658* -
Stiffness (N/mm) 0.404* 0.584* 0.651* 0.995* -
Osseous volume (cm3) 0.548* 0.039 0.081 0.395** 0.389*

1Significant coefficients are indicated with asterisks, *P , 0.01 and **P , 0.05; n 5 64.
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Charuta et al., 2013). Calcium mobilization,
mineralization, and ossification of tibia of the chicken
embryo begin between E7 and E8 of incubation
(Holder, 1978; Blom and Lilja, 2005; Oviedo-Rond�on
et al., 2008a; Van der Pol et al., 2019). Fast growing
broiler chickens have been shown to have lower tibia
mineralization compared with slow growing broilers
and other birds and mammals, mostly because of fast
growth rate, and consequently they have lower bone
volume, mineral content, and mineral density (Lilburn,
1994; Velleman, 2000; Bonser and Casinos, 2003).
Tibia mineralization and ossification can be affected by
environmental factors (such as incubation
temperature) from E7 onward. The rate of
mineralization in the tibia has been shown to be
affected by incubation temperature, because of
interferences of thyroid hormones, insulin-like growth
factor 1, and growth hormone (Rommel et al., 2001;
Robson et al., 2002), which all play critical roles in
growth plate chondrocyte differentiation (Shao et al.,
2006). Moreover, several studies have shown that mela-
tonin can promote the osteoblast differentiation and
bone formation and thus play a role in regulating bone
growth (Roth et al., 1999; Koyama et al., 2002).
Melatonin levels, in turn, can also be affected by the
temperature during incubation (Faluhelyi et al., 2009).
Rate of osteoblast division in the tibia has been
Table 5.Effects of eggshell temperature in week 2 and
41 or 42 of age, gait score1 at day 28, 35, and 39 of a

Variable BW (g)2 Gait score at da

EST week 2
37.8�C 3,469 1.9
38.9�C 3,558 1.8
SEM 51 0.02

EST week 3
36.7�C 3,508 1.7
37.8�C 3,518 1.8
SEM 51 0.02

EST week 2 ! week 3
37.8 ! 36.7�C 3,496 1.9
37.8 ! 37.8�C 3,442 2.0
38.9 ! 36.7�C 3,521 1.8
38.9 ! 37.8�C 3,594 1.9
SEM 72 0.03

P-values
EST week 2 0.23 0.12
EST week 3 0.90 0.63
EST week 2 ! week 3 0.38 0.30

Abbreviations: EST, eggshell temperature.
1Method of Kestin et al. (1992), scored within a range of
2BW of male broiler chickens selected for slaughtering to
positively affected by higher incubation temperature
compared with normal (Robson et al., 2002). Van der
Eerden et al. (2003) 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 develop-
ment, from the second week of incubation until hatch.
Effects of Incubation Temperature inWeek 2

In the current study, most of the tibia morphological
characteristics were positively affected by a higher tem-
perature in the second week of incubation. These results
are in agreement with previous research, which indicated
that bone mineralization and ossification are stimulated
by a higher temperature during the second week of incu-
bation (Rommel et al., 2001; Robson et al., 2002; Shao
et al., 2006; Faluhelyi et al., 2009). This is probably
because of stimulation of mineralization, growth plate
formation, and chondrocyte differentiation by a higher
incubation temperature (Rommel et al., 2001; Robson
et al., 2002; Shao et al., 2006; Faluhelyi et al., 2009).
One of the first studies on incubation temperature and

bone morphological characteristics showed that an in-
crease in incubation temperature from 35�C to 40�C in
steps of 1�C, during the first 10 D of incubation resulted
in higher tibia weight and length at E10 (Brookes and
week 3 of incubation on body weight (BW) at day
ge in male broiler chickens.

y 28 Gait score at day 35 Gait score at day 39

2.1 2.4b

2.1 2.3a

0.03 0.04

2.1 2.3
2.0 2.2
0.02 0.04

2.0 2.4
2.1 2.3
2.1 2.3
2.1 2.3
0.02 0.04

0.10 0.04
0.12 0.81
0.32 0.31

0 (normal locomotion) to 5 (unable to stand).
obtain tibia.



Table 6.Effects of eggshell temperature in week 2 and week 3 of incubation on leg disorders2 at day 41 or 42 of age inmale broiler chickens1.

Variable Rotated tibia Food pad dermatitis Hock burn Tibia dyschondroplasia Epiphyseal plate abnormalities Epiphysiolysis

EST week 2
37.8�C 0.06 0.25 0.28 0 0.81 0.34
38.9�C 0 0.25 0.15 0.06 0.87 0.42
SEM 0.01 0.04 0.08 0.01 0.09 0.1

EST week 3
36.7�C 0 0.31 0.12 0.06 1.06 0.37
37.8�C 0 0.34 0.25 0.03 0.68 0.46
SEM 0 0.05 0.03 0.01 0.19 0.08

EST week 2 ! week 3
37.8 ! 37.8�C 0 0.5 0.31 0 0.68 0.43
37.8 ! 36.7�C 0.12 0 0.25 0 0.93 0.25
38.9 ! 36.7�C 0 0.31 0.12 0.06 1.06 0.37
38.9 ! 37.8�C 0 0.18 0.18 0.06 0.68 0.5
SEM 0.02 0.06 0.05 0.02 0.21 0.08

P-values
EST week 2 1.00 0.98 0.24 0.87 0.26 0.45
EST week 3 1.00 0.98 0.54 0.94 0.51 0.24
EST week 2 ! week 3 1.00 0.98 0.91 0.89 0.07 0.81

Abbreviations: BCO, bacterial chondronecrosis with osteomyelitis; EPA, epiphyseal plate abnormalities; EPI, epiphysiolysis; EST, eggshell temperature;
FPD, food pad dermatitis; HB, hock burns; RT, rotated tibia; TD, tibia dyschondroplasia.

1All leg disorders were analyzed as frequencies to obtain P values, but shown as means. HB was scored as 0 (not affected), 1 (color changes), 2
(minor lesions), or 3 (severe lesions). FPDwas scored as 0 (no lesions), 1 (mild lesion), or 2 (severe lesion). RT, TD, BCO, EPA, and EPI were scored in the
range of 0 (no abnormalities), 1 (minor abnormality), or 2 (severe abnormality).

2Bacterial chondronecrosis with osteomyelitis is not displayed in the table, because no observation was recorded in any of groups.
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May, 1972). 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 (Reisenfeld, 1972). Aygun and
Narinc (2016) showed that a high temperature (41�C)
for 3 h per day during the second week of incubation
stimulated tibia morphological development, resulting
in longer and thicker tibia.
With respect to leg disorders and gait score, fast-

growing broiler chickens in general show low locomotion
activities and high (worse) gait scores (Corr et al., 2003;
Bessei, 2006; Kittelsen et al., 2017). Chickens reared at
higher stocking densities may have poorer gait scores
and higher prevalence of leg disorders (Bradshaw
et al., 2002) because of less opportunities of locomotion.
In the current study, chickens of the high EST (38.9�C)
in week 2 had lower (better) gait scores at day 39 than
chicken incubated at the normal EST (37.8�C) in week
2, which might be explained by the better tibia charac-
teristics found in the same treatment group. However,
no effect was found on the prevalence of leg disorders,
which might be because of the noncommercial setup of
the experiment with small pens and low stocking density
(Oviedo-Rond�on et al., 2009), and it is known that the
gait score is not always correlated with leg abnormalities
(Sandilands et al., 2011; Fernandes et al., 2012).

Effects of Incubation Temperature inWeek 3

Regarding the third week of incubation, in the current
study, lowering 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 tibia
bone fraction and energy to fracture.
In the last week of incubation, embryos become very

sensitive to incubation temperature because of high
metabolism and consequently high heat production
(Hulet, 2007; Willemsen et al., 2011). During this
week, bone development is also known to reach the
highest growth rate compared to previous weeks of
incubation. Literature related to temperature in the
last week of incubation and bone development
demonstrates similar results. Yalçin et al. (2007)
concluded that both low (36.9�C) or high (39.6�C) incu-
bator temperatures from incubation day E10 until E18
resulted in lower tibia weights at slaughter age compared
with a control temperature (37.8�C). Oviedo-Rond�on
et al. (2009) found comparable results at slaughter age
when applying a high EST (38.9�C) during the last
4 D of incubation compared with 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 development compared with 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 tibia characteristics. However, not all results were in
the same direction, which was possibly related to devel-
opmental and physiological differences between cortical
and trabecular parts of the tibia during the second and
third week of incubation (Shao et al., 2006; Wineland
et al., 2006). For tibia morphological characteristics, a
tendency for an interaction was found for tibia
proximal length and femoral side head thickness,
indicating that an incubation temperature of 38.9�C in
week 2 of incubation stimulated tibia dimensions,
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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 highest values
in the 38.9 ! 37.8�C group. Regarding tibia
biophysical characteristics, an interaction was also
found between incubation temperature in week 2 and
week 3 in tibia mineral content and tibia mineral
density, and again the 38.9 ! 37.8�C group showed
the highest values. Interactions as seen in the current
study might be explained by the stimulating effect of a
higher EST on mineralization and ossification rate.
With a higher EST in week 2 combined with a normal
EST in week 3, the highest mineralization and
ossification rate can be expected, resulting in higher
mineral content, density, thickness, and breaking
strength. All these parameters are strongly related to
each other (Applegate and Lilburn, 2002; Yair et al.,
2012). Based on the lowest values of the 37.8 ! 37.8�C
treatment group, it can be suggested that higher EST
(38.9�C) in week 2 of incubation is highly important
for bone mineralization and ossification.

In conclusion, a temperature of 38.9�C during the
second week of incubation stimulates morphological, bio-
physical, and mechanical tibia characteristics of fast-
growing broiler chickens at slaughter age compared with
a temperature of 37.8�C. Incubation temperature in the
thirdweekappears to interactwith the incubation temper-
ature in the second week, resulting in a most advanced
tibiadevelopment after incubationat 38.9�Cinweek2, fol-
lowed by 37.8�C in week 3 of incubation. However, this
stimulated bone development because of incubation tem-
peratures did not affect leg disorders in later life.
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