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ABSTRACT This study aimed to investigate effects
of eggshell temperature (EST) during early and late
incubation on embryo and hatchling development of
broiler chicks. A total of 720 eggs were randomly allo-
cated to 3 treatment groups: control EST (37.8°C dur-
ing the first 14 d and 36.8°C between d 15 and 21 of
incubation), early high EST (as control, but 38.9BC
between d 4 and 7), and late high EST treatment
(37.8°C during the first 14 d and 38.2°C between d 15
and 21). At d 18 of incubation, the length of the femur,
tibia, and metatarsus were found to be lower in the early
high EST treatment than in both other treatment.
Hatchability was higher in the early high and control
EST treatment than in the late high EST treatment
(D = 4.2% on average; P = 0.02), whereas the opposite
was found for late term embryonic mortality (D = 4.0%
� 2022 The Authors. Published by Elsevier Inc. on behalf of Poultry
Science Association Inc. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).

Received February 23, 2022.
Accepted July 6, 2022.
1Corresponding author: henry.vandenbrand@wur.nl

1

on average; P = 0.02). Navel score was higher for the
late high EST treatment than for the early high EST
and control treatment (1.36 vs. 1.19 and 1.17, respec-
tively; P < 0.001). At hatch, chick weight, and organ
weights were lower in the late high EST treatment than
in the control treatment, with the early high EST treat-
ment in between. At hatch, most femur, tibia, and meta-
tarsus characteristics were lower for the early high EST
treatment compared to both other treatments. The
same was found for tibia ash, Ca, and P concentrations.
Blood ALP and P levels were higher in the control group
than in both other treatment groups. It can be concluded
that early high EST particularly affected bone develop-
ment during incubation, whereas late high EST particu-
larly resulted in a decline in hatchability and chick
quality in broiler chicks.
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INTRODUCTION

Due to genetic selection and improved management
strategies, broiler chicks have reached a high growth
rate in the last decades, resulting in higher body weights
at younger age (Zuidhof et al., 2014). These higher body
weights at younger age are related to a higher incidence
of leg problems, which cause negative effects on health
and welfare (Weeks et al., 2000; Bessei, 2006), but also
on performance (Bradshaw et al., 2002; Hashimoto
et al., 2013). Leg problems can have a developmental,
degenerative, or infectious origin (Van der Pol et al.,
2014) and because leg bone development already starts
during incubation, it has been suggested that leg prob-
lems during the rearing phase of broiler chicks might
have their origin in suboptimal embryonic leg bone
development (Oviedo-Rondon et al., 2008a, 2009a; Van
der Pol et al., 2014; G€uz et al., 2020). Cartilage forma-
tion starts during the first week of incubation (Nakane
and Tsudzuki, 1999; Bellairs and Osmond, 2005; Atalgin
and K€urt€ul, 2009), followed by a rapid ossification dur-
ing the second week of incubation (Pechak et al., 1986a,
b; Oviedo-Rond�on et al., 2008b). This ossification
reaches the highest speed just before hatching and con-
tinues in the first days post-hatching (Oviedo-Rond�on
et al., 2008b; K€urt€ul et al., 2009), resulting in a high rela-
tive length growth of long bones occur during the first
week post-hatch (Applegate and Lilburn, 2002).
One of the most important factors affecting embry-

onic leg bone development is incubation temperature
(Hammond et al., 2007; Oviedo-Rond�on et al., 2008a,b,
2009a; Shim and Pesti, 2011; Van der Pol et al., 2014;
G€uz et al., 2020). Small deviations in incubation temper-
ature (often expressed as eggshell temperature (Lourens
et al., 2005; Ipek et al., 2014) from optimal (37.8°C;
Lourens et al., 2005) might already affect embryonic leg
bone development in different ways. EST deviations
from control resulted in changes in tibia and femur
growth (Hammond et al., 2007; Oviedo-Rond�on et al.,
2008b, 2009a; Van der Pol et al., 2014). Oviedo-Rond�on
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et al. (2009b) found a lower leg bone weight when an
EST of 38.9°C between embryonic d (ED) 18 to 21 was
applied compared to an EST of 37.0 to 37.8°C. However,
Oviedo-Rond�on et al. (2008a) showed that femur weight
was higher at hatching after an EST of 36.0 or 39.0°C
than when an EST of 37.0 or 38.0°C was applied
between ED 17 and hatch. Tibia length was higher at an
EST of 38.0°C than at the other EST groups. Van der
Pol et al. (2014) showed that a very high EST (39.4°C)
between ED 0 and hatch resulted in the lowest tibia and
metatarsus lengths (�3.1 to �8.4%) compared with a
low (36.9°C), normal (37.8°C), and high (38.6°C) EST.
The observed apparent inconsistencies among studies
could be attributed to the used EST, the period of incu-
bation in which EST was applied and other factors
(genotype, breeder age, egg weight, etc.).

This study aimed to investigate effects of EST stimu-
lations during early (38.9°C between ED 4 and 7) and
late (38.2°C between ED 15 and 21) incubation on
embryo development, with special emphasis on leg
bone development. The hypothesis of this study is that
leg bone development could be differentially changed
by higher EST during different incubation periods,
which might explain the ambiguous results described in
literature.
MATERIALS AND METHODS

All experimental protocols were approved by the ethi-
cal committee of Bursa Uludag University and practiced
in accordance with the laws and regulations of Turkey
(License Number 2015-13/07).
Experimental Setup

A total of 720 eggs were obtained from a commercial
Cobb 500 broiler breeder parent stock at 65 wk of age
with an average egg weight of 71.3 g § 0.8 (mean § SE).
After collection, eggs were stored at 16°C and 65% RH
for 2 d and subsequently warmed to room temperature
(22°C) for 8 h before setting. Eggs were numbered,
weighed before incubation, and then randomly divided
over 3 treatment groups: control eggshell temperature
(EST), early term high EST (early high) and late term
high EST (late high) treatment. In the control EST
treatment, eggs were incubated at 37.8°C during the first
14 ED and at 36.8°C between ED 15 and 21. In the early
high EST treatment, eggs were incubated at the same
EST pattern as the control treatment, except that at
ED 4−7, EST was increased to 38.9°C. In the late high
EST treatment, eggs were incubated at 37.8°C during
the first 14 ED and at 38.2°C between ED 15 and 21.
Relative humidity was maintained between 55 and 60%
throughout incubation. Eggs from the control EST and
late high EST treatments (n = 3 trays per treatment, 80
eggs/tray) were incubated in the same and fully auto-
mated incubator (640 capacity egg setter, 6 trays: T640
I, Cimuka Inc., Ankara, Turkey) during the first 14 d.
Eggs from the early high EST treatment were kept in
another, comparable incubator (640 capacity egg setter,
n = 3 trays per treatment; T640 I, Cimuka Inc.).
At ED 15, eggs were candled and transferred to hatch-

ing baskets (3 hatching baskets per treatment) and each
hatching basket was considered as a replicate. Eggs in
the control group and early high EST treatment were
placed in the same hatcher (640 egg capacity hatcher, 8
trays: T640 H, Cimuka Inc.), and eggs in the late-term
high EST treatment group were transferred into another
comparable hatcher (640 egg capacity hatcher, 8 trays:
T640 H, Cimuka Inc.).
Measurements

At ED 18, 10 randomly selected embryos per EST
treatment were euthanized by cervical dislocation,
weighed and morphological measurements of femur,
tibia, and metatarsus bones were performed. The
embryos were excised from the extra embryonic mem-
branes, carefully separated from the yolk sac and exces-
sive fluid was dried off with absorbent paper. Residual
yolk (RY) weight and yolk free body mass
(YFBM = body weight − RY) were determined. Rela-
tive embryo and yolk weight were calculated as:

Relative embryoweight %ð Þ

¼ YFBM = eggweight at settingð Þ � 100;

Relative yolkweight %ð Þ

¼ RY = eggweight at settingð Þ � 100:

Embryo length was measured from the tip of the beak
to the tip of the middle toe, excluding the nail by placing
the embryo face down on a flat surface and straightening
the right leg (Hill, 2001). Tibia, femur, and metatarsus
(including cartilage) of both legs were frozen at �20°C
until measurement of weight, length, and width.
From 498 h of incubation onward, the number of

hatched chicks was recorded every 12 h, but chicks
stayed in the incubator. At the end of the hatching
period (510 h after start of incubation), chicks were
classified as salable (clean, dry, and without deformi-
ties) or culls (splayed legs, unhealed navels, malforma-
tions etc.; Tona et al., 2004; Molenaar et al., 2011).
The percentage of culled chicks was expressed as a
percentage of fertile eggs. Hatchability of fertile eggs
was expressed as a ratio between the number of
hatched saleable chicks and the number of set fertile
eggs. Unhatched eggs were opened to macroscopically
determine fertility or embryonic mortality (early term
mortality during the first week of incubation, middle
term mortality between 8 and 18 d of incubation, late
term mortality between 19 and 21 d of incubation).
All hatched chicks were weighed, and navel condition
was scored as 1 (a clean and closed navel), 2 (a black
button or gap smaller than 2 mm), or 3 (a black but-
ton or gap larger than 2 mm; Molenaar et al., 2011).
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Approximately 12 h after pulling, 10 randomly
selected chicks per EST treatment was randomly sam-
pled for chick quality parameters and organ weights.
Chick body weight and length were measured by the
same procedures as the embryonic measurements.
Chicks were euthanized by cervical dislocation to deter-
mine RY weight, YFBM, and organ weight (heart, giz-
zard, liver, small intestine, spleen, thymus, and bursa of
Fabricius). Relative weight of organs was expressed as a
percentage of YFBM.

At hatch, blood sampling was performed by the
punctuation of the jugular vein from 10 chicks in each
treatment group. Samples were collected in heparin-
ized tubes, centrifuged at 1,200 £ g for 15 min and
plasma was stored in vacutainer tubes. Plasma levels
of alkaline phosphatase (ALP), Ca and P were deter-
mined, using a Roche autoanalyzer (Cobas 6000 series
C501 module, Roche Diagnostic, Indianapolis, IN) and
Roche kits.

To evaluate leg bone development at hatch, tibia,
femur, and metatarsus of both legs (including cartilage)
were removed and frozen at �20°C until measurements.
After thawing, the bones were checked for any residue of
soft tissues and then held at 22°C for 7 d to allow for dry-
ing. After drying, the bones were weighed (Model XB
4200C, Precisa Corp, Zurich, Switzerland), and bone
length and bone width (at 50% of the bone length) were
measured, using a caliper (Model CDN-20C, Mitutoyo
Corp, Aurora, IL).

The relative weight of the tibia, femur, and metatar-
sus was calculated as ratio between bone weight and
chick weight. Then, relative asymmetry for bone length
was calculated with the formula given by Møller et al.
(1999):

RA ¼ fjR� Lj=½ Rþ Lð Þ=2�g � 100

in which, RA means relative asymmetry of the left and
right bone (%), R means length of the right bone (mm),
L means length of the left bone (mm), and |R� L| means
the absolute difference between R and L.

Breaking strength (N) for each bone obtained from
embryos and chicks was determined by a 3-point bend-
ing test, using a fully computerized UTEST tensile and
compression testing machine (Model 7014, UTEST
Corp, Ankara, Turkey) that was fitted with a 250 kN
load cell. The crosshead movement was at 10 mm/min.

The right tibia was ashed, using AOAC method
932.16 (AOAC International, 2005). Tibias were sub-
jected to a temperature of 105°C for 6 h and then defat-
ted with hexane in a Soxhlet apparatus (Model SER148,
Şimşek Laborteknik, Ankara, Turkey) for 4 h. After the
extraction of fat, the bones were dried in a forced-venti-
lated oven at 105°C for 16 h to determine the dry and
defatted weights of tibias. Then, the bone samples were
crushed and calcined in a muffle furnace at 600°C for 2 h
to determine the ash content. Approximately 1 g of ash
sample was then dissolved in 10 mL of HNO3 and 10 mL
of HCl and boiled for 10 min. The sample was filtered
and diluted into a 50 mL flask. After obtaining this
solution, the calcium and phosphorus contents in the
tibias were obtained through Optical Emission Spec-
trometry with an Inductively Coupled Plasma source
(ICP-OES) (Optima 2100 DV, Perkin Elmer Inc, Shel-
ton, CT).
Statistical Analysis

All statistical analyses were performed with the statis-
tical package Minitab 19 (Minitab 19.1 Version, Minitab
Inc, State College, PA). Hatchability, embryonic mor-
talities, percentage of cull and salable chicks, chick
hatching weight, and navel score were analyzed by one-
way ANOVA, with the model:

Y ¼ mþ ESTþ e; ð1Þ
Where Y = dependent variable, m = overall mean,

EST = treatment group (control, early high EST, late
high EST), e = residual error. Egg tray was used as the
experimental unit.
Embryo and leg bone development at ED 18 and chick

quality parameters, organ growth, leg bone, and blood
characteristics at hatch were analyzed by a one-way
ANOVA, using model 1. Embryo or chick was consid-
ered as the experimental unit.
Analyses for relative data (expressed as percentage)

were conducted after square root of arc sine transforma-
tion of the data. Significant differences among treat-
ment means were determined by the Duncan's multiple
range test. Data are presented as LSmeans § pooled
SEM. In all cases, a difference was considered signifi-
cant at P ≤ 0.05.
RESULTS

Effects of EST treatments during incubation on
embryo development and leg bone characteristics at ED
18 are presented in Table 1. No EST treatment effects
were found for yolk and relative yolk weight and embryo
and relative embryo weight. Embryo length was higher
in the control treatment than in the early high EST
treatment (D = 3.9 mm; P = 0.01), with the late high
EST treatment in between. Length of femur
(D = 1.28 mm on average; P = 0.02), tibia
(D = 2.22 mm on average; P < 0.01), and metatarsus
(D = 1.69 mm on average; P = 0.002) were lower in
embryos of the early high EST treatment compared to
both other treatments. Additionally, relative weight of
the metatarsus was lower in the early high EST treat-
ment than in both other treatments (D = 0.03% on aver-
age; P = 0.03).
Effects of EST treatments during incubation on

hatchability, embryo mortality, and chick quality of all
chicks at hatch are presented in Table 2. The late high
EST treatment resulted in a lower hatchability
(D = 4.3% on average; P = 0.02), a higher late term
embryonic mortality (D = 4.0% on average; P = 0.02)
and a higher (worse) navel score (D = 0.18 on average;



Table 1. Effects of different eggshell temperature (EST) treatments during incubation on embryo development and leg bone morpholog-
ical characteristics at day 18 of incubation (n = 10 embryos/treatment group; LSmeans § SEM).

Items

EST treatments1

SEM P-valueEarly Control Late

Yolk weight (g) 15.2 16.3 16.2 1.43 0.19
Relative yolk weight (%)2 21.3 22.9 22.9 2.11 0.17
Embryo weight (g) 31.5 31.5 31.0 1.61 0.67
Relative embryo weight (%) 44.1 44.4 43.5 2.17 0.65
Embryo length (cm) 15.9b 16.3a 16.1ab 0.55 0.71
Femur

Weight (g) 0.064 0.069 0.066 0.008 0.39
Relative weight (%) 0.20 0.22 0.21 0.03 0.39
Length (mm) 14.787b 16.172a 15.959a 0.836 0.02
Width (mm) 1.617 1.637 1.632 0.120 0.92

Tibia
Weight (g) 0.084 0.090 0.091 0.014 0.50
Relative weight (%) 0.27 0.29 0.29 0.04 0.37
Length (mm) 20.462b 22.948a 22.417a 1.029 0.001
Width (mm) 1.551 1.665 1.625 0.114 0.09

Metatarsus
Weight (g) 0.053 0.063 0.062 0.009 0.05
Relative weight (%) 0.17b 0.20a 0.20a 0.02 0.02
Length (mm) 15.617b 17.195a 16.815a 0.944 0.002
Width (mm) 1.345 1.435 1.419 0.094 0.09
1Control = 37.8°C during the first 14 d and 36.8°C between d 15 and 21 of incubation; Early = as control, but 38.9°C between d 4 and 7 of incubation;

Late = 37.8°C during the first 14 days and at 38.2°C between d 15 and 21 of incubation.
2Relative yolk weight (%) = (RY / egg weight at setting) £ 100.
a−bLSmeans within a row lacking a common superscript differ (P ≤ 0.05).
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P < 0.001) compared to both other groups. A higher per-
centage of navel score 2 (23.9%) and 3 (6.2%) was
observed in the late term high EST group compared to
both other groups (P < 0.01). The percentage of culled
chick, and chick hatching weight did not differ between
EST treatments. Navel status of the chicks was worse in
the late term high EST treatment than in the control
and early term high EST treatments (1.36 vs. 1.17 and
1.19, P < 0.01).

Effects of EST treatments during incubation on chick
quality parameters and organ weights at hatch of 10
chicks per treatment group are presented in Table 3.
Residual yolk weight (D = 1.24 g on average; P < 0.001)
and percentage (D = 2.78% on average; P < 0.001) were
higher in the late high EST treatment than in both other
treatments. Chick body weight (D = 1.73 g; P = 0.04)
and YFBM (D = 3.12 g; P < 0.001) were lower in the
Table 2. Effects of different eggshell temperature (EST) treatments
quality characteristics of all hatched chickens (n = 3 trays/treatment g

Items

EST treat

Early Cont

Hatchability of fertile eggs (%) 89.4a 89.9a

Early embryonic mortality (%)2 4.0 3.5
Mid embryonic mortality (%)2 2.6 2.6
Late embryonic mortality (%)2 4.0b 4.0b

Culled chick (%)3 1.97 1.95
Chick hatching weight (g) 49.7 51.0
Navel score4 1.19b 1.17

1Control = 37.8°C during the first 14 d and 36.8°C between d 15 and 21 of in
Late = 37.8°C during the first 14 d and at 38.2°C between days 15 and 21 of inc

2Early term mortality during the first week of incubation, middle term mort
21 d of incubation.

3Culled chicks were defined as chicks with splayed legs, unhealed navels, mal
4Navel scored as 1: a clean and closed navel, 2 = a black button or gap smalle

2011).
a−bLSmeans within a row lacking a common superscript differ (P ≤ 0.05).
late high EST treatment than in the control treatment,
with the early high EST treatment in between. Spleen
weight (D = 0.08 g on average; P = 0.01) and percentage
(D = 0.017% on average; P = 0.04) were lower in the late
high EST treatment compared to both other treatments.
Weight of heart (D = 0.06 g; P = 0.007), liver (D = 0.15
g; P = 0.02), small intestine (D = 0.31 g; P = 0.02), and
Bursa of Fabricius (D = 0.02 g; P = 0.007) and percent-
age of Bursa of Fabricius (D = 0.04%; P = 0.05) were
lower in the late high EST treatment than in the control
treatment, with the early high EST treatment in
between.
Effects of EST treatments during incubation on leg

bone morphological and mechanical traits at hatch
are presented in Table 4. The early high EST treat-
ment resulted in lower femur weight, relative weight,
length and breaking strength, tibia weight, relative
during incubation on hatchability, embryo mortality and chick
roup, 80 eggs/tray, LSmeans § SEM).

ments1

SEM P-valuerol Late

85.4b 1.4 0.02
3.5 1.0 0.82
3.1 1.1 0.84
8.0a 1.3 0.02
3.63 0.87 0.09
49.0 1.02 0.13

b 1.36a 0.03 <0.001

cubation; Early = as control, but 38.98C between d 4 and 7 of incubation;
ubation.
ality between 8 and 18 d of incubation, late term mortality between 19 and

formations etc. (Tona et al. 2004; Molenaar et al. 2011).
r than 2 mm, 3 = a black button or gap larger than 2 mm (Molenaar et al.,



Table 3. Effects of different eggshell temperature (EST) treatments during incubation on chick quality parameters and organ growth at
hatch (n = 10 chicks/treatment group, LSmeans § SEM).

Items

EST treatments1

SEM P-valueEarly Control Late

Chick quality parameters
Chick body weight (g) 49.35ab 50.59a 48.86b 1.45 0.04
Residual yolk weight (g) 5.90b 5.55b 6.96a 0.59 <0.001
Residual yolk weight (%)2 11.95b 10.98b 14.24a 1.18 <0.001
Yolk-free body mass (g) 43.45ab 45.03a 41.91b 1.44 <0.001
Body length (mm) 19.19ab 20.02a 18.26b 0.58 <0.001

Organ weight (g)
Heart 0.41ab 0.45a 0.39b 0.04 0.007
Gizzard 2.20 2.22 2.08 0.19 0.20
Liver 1.30ab 1.35a 1.20b 0.12 0.03
Small intestine 2.15ab 2.26a 1.95b 0.21 0.01
Spleen 0.026a 0.027a 0.018b 0.006 0.01
Thymus 0.03 0.04 0.03 0.01 0.17
Bursa of Fabricius 0.05ab 0.06a 0.04b 0.01 0.007

Relative weight (% of YFBM)
Heart 0.94 0.99 0.93 0.09 0.24
Gizzard 5.06 4.93 4.96 0.45 0.79
Liver 2.99 3.00 2.86 0.32 0.55
Small intestine 4.95 5.02 4.65 0.56 0.32
Spleen 0.060a 0.060a 0.043b 0.014 0.03
Thymus 0.07 0.08 0.07 0.03 0.45
Bursa of Fabricius 0.12ab 0.13a 0.09b 0.02 0.041
1Control = 37.8°C during the first 14 d and 36.8°C between d 15 and 21 of incubation; Early = as control, but 38.98C between d 4 and 7 of incubation;

Late = 37.8°C during the first 14 d and at 38.2°C between d 15 and 21 of incubation.
2Residual yolk weight was calculated as ratio between residual yolk weight and chick body weight.
a−bLSmeans within a row lacking a common superscript differ (P ≤ 0.05).
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weight, length and width, and metatarsus width and
breaking strength than both other groups. The early
high EST treatment also resulted in lower femur
width and metatarsus width than the control treat-
ment, with the late high EST treatment in between.
Tibia relative asymmetry was lower in the control
Table 4. Effects of different eggshell temperature (EST) treatments d
at hatch (n = 10 chicks/treatment group, LSmeans § SEM).

Items

EST treatm

Early Control

Femur
Weight (g) 0.17b 0.26a

Relative weight (%)2 0.39b 0.58a

Length (mm) 20.83b 22.58a

Width (mm) 2.91b 3.30a

Relative asymmetry (%)3 0.70 0.35
Breaking strength (N) 31.69b 37.20a

Tibia
Weight (g) 0.34b 0.44a

Relative weight (%)2 0.69b 0.87a

Length (mm) 29.53b 31.27a

Width (mm) 3.23b 3.87a

Relative asymmetry (%)3 0.27ab 0.11b

Breaking strength (N) 23.03b 23.81b

Metatarsus
Weight (g) 0.31 0.33
Relative weight (%)2 0.64 0.65
Length (mm) 22.34 23.23
Width (mm) 3.49b 3.87a

Relative asymmetry (%)3 0.84ab 0.93a

Breaking strength (N) 21.14b 25.48a

1Control = 37.8°C during the first 14 d and 36.8°C between d 15 and 21 of in
Late = 37.8°C during the first 14 d and at 38.2°C between d 15 and 21 of incuba

2The relative weight of the tibia, femur, and metatarsus was calculated as ra
3The relative asymmetry was calculated with the formula given by Møller e

asymmetry of the left and right bone (%), R = length, depth, or width of the r
R � L| = the absolute difference between R and L.

a−bLSmeans within a row lacking a common superscript differ (P ≤ 0.05).
treatment than in the late high EST treatment and
the opposite was found for metatarsus relative asym-
metry, with the early high EST treatment in
between. Tibia breaking strength was higher in the
late high EST treatment than in both other treat-
ments.
uring incubation on leg bone morphological and mechanical traits

ents1

SEM P-valueLate

0.25a 0.02 <0.001
0.60a 0.05 <0.001
22.15a 0.79 <0.001
3.26ab 0.34 0.03
0.38 0.49 0.24
36.33a 1.74 <0.001

0.43a 0.03 <0.001
0.89a 0.06 <0.001
31.59a 1.24 0.002
3.75a 0.32 <0.001
0.51a 0.28 0.01
25.77a 1.15 <0.001

0.32 0.03 0.40
0.65 0.06 0.83
22.50 1.16 0.20
3.73ab 0.29 0.02
0.52b 0.35 0.03
24.46a 2.36 0.001

cubation; Early = as control, but 38.9°C between d 4 and 7 of incubation;
tion.
tio between bone weight and chick weight.
t al. (1999): RA = {|R � L|/[(R + L)/2]} £ 100; in which, RA = relative
ight bone (mm), L = length, depth, or width of the left bone (mm), and |



Table 5. Effects of different eggshell temperature (EST) treatments during incubation on tibia and blood characteristics at hatch
(n = 10 chicks/treatment group, LSmeans § SEM).

Items

EST treatments1

SEM P-valueEarly Control Late

Tibia characteristics
Ash (%) 30.34c 35.91a 33.97b 1.49 <0.001
Ca (%) 9.23b 11.06a 10.48a 0.56 <0.001
P (%) 4.18b 5.73a 5.21a 0.82 0.001

Blood characteristics
ALP (IU/l)2 2979.7b 3089.3a 2835.6c 61.5 <0.001
Ca (mg/dL) 9.48 9.70 9.71 0.65 0.67
P (mg/dL) 5.57b 6.59a 5.70b 0.72 0.007
1Control = 37.8°C during the first 14 d and 36.8°C between d 15 and 21 of incubation; Early = as control, but 38.9°C between d 4 and 7 of incubation;

Late = 37.8°C during the first 14 d and at 38.2°C between d 15 and 21 of incubation.
2ALP, alkaline phosphatase.
a−bLSmeans within a row lacking a common superscript differ (P ≤ 0.05).
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Effects of EST treatments during incubation on tibia
ash and mineral content, and blood ALP, Ca, and P at
hatch are presented in Table 5. Tibia ash content was
highest in the control treatment, followed by the late
high EST and early high EST treatment. Ca (D = 1.54%
on average; P < 0.001) and P (D = 1.29% on average;
P = 0.001) concentration were lower in the early high
EST treatment than in both other treatments. Blood
ALP concentration was highest in the control treat-
ment, followed by the early high EST treatment and
late high EST treatment. Blood P concentration was
higher in the control treatment than in both other treat-
ments (D = 0.9 mg/dL on average; P = 0.007).
DISCUSSION

The aim of this experiment was to investigate effects
of high EST stimulation during early or late incubation
on embryo development, hatchability, organ growth,
and chick quality in broilers, with special emphasis on
leg bone development. The results suggested that at one
hand a high EST in early incubation had a detrimental
effect on leg bone development during the embryonic
phase and at hatch. At the other hand, a high EST in
late incubation caused a decline in hatchability due to
a higher late term embryonic mortality and a poorer
chick quality at hatch, but did not affect leg bone
development.
General Chick Quality

Many studies showed that yolk absorption and broiler
embryo development and growth are sensitive to incuba-
tion temperature (Lourens et al., 2005, 2007; Molenaar
et al., 2011; Maatjens et al., 2014, 2016; Ipek et al., 2014,
2015; Wijnen et al., 2021). The majority of studies
focused on higher EST in late incubation, whereas
effects of increased EST in early incubation are less
investigated. Both hatchability and chick quality can be
affected by EST during incubation (Joseph et al., 2006;
Meijerhof, 2009; Willemsen et al., 2010; Ipek et al., 2014,
2015). The current study showed that a high EST in the
last wk of incubation increased late term embryonic
mortality, decreased hatchability, and resulted in a
worse navel score. These results are supported by Ipek
et al. (2015), who reported that a higher EST of 38.4 to
39.0°C between ED 19 and 21 applied for only 3 h daily
or constantly caused a serious decline in hatchability
(93.6% and 90.1% vs. 97.8%) and an increase in the per-
centage of culled chick (3.9% and 1.8% vs. 0.4%) com-
pared to the control eggs in broilers. Avsar et al. (2022)
showed a higher hatchability when eggs were incubated
at control EST (37.8°C through 21 d of incubation,
94.9%) or at a higher EST of 38.6°C between 1 and 3 d
of incubation and thereafter applied at the control EST,
95.6%), compared to the other high EST treatments (an
EST of 38.6°C between 1 and 6 d of incubation and
thereafter applied at the control EST, 89.1%, and an
EST of 38.6°C between 3 and 6 days of incubation,
before and thereafter at the control EST, 90.7%).
One-day old chick quality is important for a good

start of the broiler’s life and for subsequent growth per-
formance and health (Meijerhof, 2009). Current findings
showed that high EST treatment in late incubation
caused deterioration in chick quality parameters as chick
body weight, residual yolk weight, and yolk free body
mass. These findings are in accordance with Leksrisom-
pong et al. (2007), Willemsen et al. (2010), Molenaar
et al. (2011), and Ipek et al. (2015). The observed differ-
ences among the treatment groups could be explained
by previous findings reported by Nangsuay et al. (2017).
Embryos incubated at high EST (38.9°C) at later stage
of incubation require more oxygen for nutrient metabo-
lism to meet the energy requirements, but oxygen avail-
ability is restricted by the eggshell conductance
(Tazawa et al., 1988; Whittow and Tazawa, 1991). Con-
sequently, nutrient metabolism and yolk nutrient
absorption is reduced, resulting in lower YFBM and
higher RY weight. Embryos in the control and early
high EST treatment group may use the yolk sac for
development of muscle and the organs (Willemsen et al.,
2010).
In addition to poorer chick quality parameters, chicks

obtained by late term high EST treatment had a lower
weight of immune organs as spleen and bursa of
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Fabricius at hatch, which might have consequences for
later life immune competence (Wijnen et al., 2020).
Bone Development

The skeletal formation of the embryo starts during the
first days of the incubation period, with formation of
chondrocytes in cartilage forming hind limbs and fore-
limbs around ED 5 and 6 (Bellairs and Osmond, 2005).
Consequently, the first week of incubation is a sensitive
period in which incubation temperature could have a
potential delaying effect on cell differentiation. During
incubation, bones continue to ossify and growth and,
consequently increase in strength and stiffness. The
growth rate of the bones reaches the highest level at the
end of the last wk of incubation, which means that leg
incubation temperature also might influence bone devel-
opment in this phase (Applegate and Lilburn, 2002;
Yair et al., 2012; Van der Pol et al., 2014; G€uz et al.,
2020). Consequently, the EST fluctuations in both early
and late incubation might affect embryonic bone devel-
opment and in turn might affect post-hatch performance
and the incidence of leg problems of broilers (Toscano
et al., 2013).

Current results indicated that the growth of leg bones
of broiler chicks at hatch can be affected by higher EST,
but the size of the effect on bone development depended
on the moment of EST application (early or late incuba-
tion). Additionally different leg bones (femur, tibia, and
metatarsus) were affected to varying degrees when
embryos were exposed to higher EST. Particularly the
early high EST treatment had negative effects on femur,
tibia, and metatarsus traits, whereas the effects of the
late high EST treatment were limited.

The current study showed that effects of high EST in
early or late incubation clearly differ. The early high
EST treatment particularly affected leg bone develop-
ment, but had less effect on general chick quality at
hatch, whereas the opposite was found for the late high
EST treatment. That a high EST might affect bone
development is supported by for instance Hammond
et al. (2007), Oviedo-Rond�on et al. (2009a), Van der Pol
et al. (2014), and G€uz et al. (2020). They showed that
EST fluctuations from the optimum temperature range
affected bone development, depending on the incubation
period in which EST was applied and the level of the
EST. This shows that effects of EST on leg bone develop
strongly depends on the developmental stage of the
embryo in which EST manipulations are applied (Ham-
mond et al., 2007; Oviedo-Rond�on et al., 2009b).

The observed more severe effects of the early high
EST treatment on leg bone development than late term
high EST treatment might be related to the fact that in
early incubation the framework of bones is laid down
and in later incubation only ossification is taking place.
During the development of the framework, when pro-
cesses are speeded up by a high EST, more mechanisms
can go wrong, resulting in retarded bone development at
hatch. The development of tibia bone in broiler chicks
could be measured by bone ash and mineral content,
and subsequently bone breaking strength (Onyango
et al., 2003; Shim et al., 2012). Therefore, bone ash and
mineral content could act as an indicator of bone miner-
alization (Shim et al., 2012). Early high EST treatment
decreased the ash, Ca, and P content of the tibia at
hatch, which parallels the findings in morphological and
mechanical bone traits, such as breaking strength. The
higher levels of ash, Ca, and P levels of tibia in the con-
trol and late term high EST treatment groups provided
bone stiffness. Shao et al. (2019) found a positive rela-
tionship between the P level of the tibia and tibia ash
content, and breaking strength.
Recently, studies showed that ALP is a significant

biochemical marker and could be used as indicator for
skeletal development in vertebrates and, also in poultry
(Gade et al., 2011; Semenenko et al., 2021). Moreover,
age-related variations in ALP activity could be seen in
poultry species due to bone formation processes (Li
et al., 2014). Indeed, the activity of ALP in bones could
be predicted the rate of bone mineralization of the leg
and wing bones (Semenenko et al., 2021). These
researchers noted that the ALP levels could show an
increment associated with increasing of osteoblastic
activity, primarily of the lower limbs. In our study, a
high EST in both early and late incubation resulted in
lower blood ALP and P concentrations, suggesting that
bone calcification might be retarded due to high EST in
both phases of incubation. This finding is supported by
another study performed by Kamanli et al. (2021) who
reported a significant decline blood ALP level of laying
chicks at hatch exposed to eggshell temperature of
38.5°C (high), compared to the other chicks exposed to
eggshell temperature of 36.9°C (low) and eggshell tem-
perature of 37.5°C (control) between 7 and 21 d of incu-
bation period.
ALP is involved in the bone calcification process (Li

et al., 2014) and consequently blood ALP levels and,
also Ca and P levels were investigated at hatch. A high
EST in both early and late incubation resulted in lower
blood ALP and P concentrations, suggesting that bone
calcification might be retarded due to high EST in both
phases of incubation. Between ED 12 and 16, the activ-
ity of ALP in embryo tibia bones increases for minerali-
zation (Li et al., 2014). When comparing the ALP levels
between treatment groups, it can be hypothesized that
the lowest level of ALP in the late high EST treatment
is related to the completion of bone mineralization and
growth due to an accelerated hatching process which
could be resulted in less time for bone mineralization.
The higher levels of ALP and P in the control group can
be related with continuing of the active period of the
bone mineralization at hatch. This could be attributed
to the higher activity of ALP in the plasma during
hatching and the first days of post-hatch period, indicat-
ing the bone metabolism and formation of chicks (Shao
et al., 2019).
In nature, there is no flawless bilateral symmetry for

body parts in living organisms in real sense (Srivastava
et al., 2018). Accordingly, under normal conditions bone
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asymmetry with a low degree could be acceptable in
healthy 1-day old chicks. For example, there is a small
asymmetry between right and left tibia bones of healthy
chicks. However, during early incubation period, espe-
cially critically period for skeletal formation of chick
embryo, some effecting factors could have some detri-
mental effects on bone forming process (Hammond
et al., 2007; Oviedo-Rond�on et al., 2009b; van der Pol
et al., 2014). In this study, to understand the structural
bone development of broiler chicks exposed to high EST
stimulation during early or late incubation period, the
relative asymmetry was assessed among the treatment
groups. This could be meaningful indicator a susceptibil-
ity of fast-growing broiler against bone anomalies, such
as tibial dyschondroplasia, rickets, and femoral head
necrosis, especially during post-hatch growing period
(Dinev, 2012).

The current findings remarkably showed that EST
treatments during any time of incubation period
resulted in significant fluctuations for relative asymme-
try values for tibia and metatarsus in the treatment
groups. In a previous study performed by Oviedo-
Rond�on et al. (2009b), a significant increase was
observed in relative asymmetry of tibia bone in the 1-
day-old chicks exposed to low incubation temperature
(36.7°C) compared to the high eggshell temperature (39°
C between d 18 and 21 of incubation) and control egg-
shell temperature (37.5°C during incubation period).

In conclusion, this study showed that a high EST dur-
ing different phases of the incubation period effect
different physiological pathways involved in embryo
development. Early high EST was particularly detri-
mental for bone development, whereas late high EST
was retarding general chick quality.
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H. Ayg€oren, €O. Meral, B. Karsl{, T. A. Balc{, and
M. Bozkurt. 2021. Effect of eggshell temperatures on hatching per-
formance, egg production, and bone morphology of laying hens.
Turk. J. Vet. Anim. Sci. 45:11–20.

K€urt€ul, I., S. H. Atalgin, K. Aslan, and E. U. Bozkurt. 2009. Ossifica-
tion and growth of the bones of the wings and legs in prehatching
period of the Hubbert strain broiler. Kafkas Univ. Vet. Fak. Derg.
15:869–874.

Leksrisompong, N., H. Romero-Sanchez, P. W. Plumstead,
K. E. Brannan, and J. Brake. 2007. Broiler incubation. 1. Effect of
elevated temperature during late incubation on body weight and
organs of chicks. Poult. Sci. 86:2685–2691.

Li, C., F. Geng, X. Huang, M. Ma, and X. Zhang. 2014. Phosvitin
phosphorus is involved in chicken embryo bone formation through
dephosphorylation. Poult. Sci. 93:3065–3072.

Lourens, A., H. van den Brand, R. Meijerhof, and B. Kemp. 2005.
Effect of eggshell temperature during incubation on embryonic
development, hatchability, and post-hatch development. Poult.
Sci. 84:914–920.

Lourens, A., H. van den Brand, M. J. W. Heetkamp, R. Meijerhof,
and B. Kemp. 2007. Effects of eggshell temperature and oxygen
concentration on embryonic growth and metabolism during incu-
bation. Poult. Sci. 86:2194–2199.

Maatjens, C. M., I. A. M. Reijrink, R. Molenaar, C. W. van der Pol,
B. Kemp, and H. van den Brand. 2014. Temperature and CO2 dur-
ing the hatching phase. I. Effects on chick quality and organ devel-
opment. Poult. Sci. 93:645–654.

Maatjens, C. M., I. A. M. Van Roovert-Reijrink, B. Engel,
C. W. Van der Pol, B. Kemp, and H. Van den Brand. 2016. Tem-
perature during the last week of incubation. I. Effects on hatching
pattern and broiler chicken embryonic organ development. Poult.
Sci. 95:956–965.

Meijerhof, R. 2009. The influence of incubation on chick quality and
broiler performance. Pages 167-176 in Proc. 20th Austral. Poult.
Sci. Symp.

Molenaar, R., S. de Vries, I. van den Anker, R. Meijerhof, B. Kemp,
and H. van den Brand. 2011. Effect of eggshell temperature and
oxygen concentration during incubation on the developmental and
physiological status of broiler hatchlings in the perinatal period.
Poult. Sci. 90:1257–1266.

http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0001
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0001
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0002
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0002
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0003
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0003
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0003
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0003
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0003
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0004
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0004
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0004
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0004
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0004
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0004
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0005
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0005
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0006
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0006
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0007
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0007
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0007
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0008
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0008
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0009
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0009
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0009
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0010
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0010
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0010
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0010
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0010
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0011
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0011
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0011
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0012
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0012
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0012
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0013
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0013
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0014
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0014
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0014
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0014
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0015
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0015
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0015
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0015
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0016
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0016
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0016
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0016
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0017
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0017
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0017
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0017
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0017
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0017
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0017
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0017
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0017
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0017
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0017
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0017
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0017
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0018
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0018
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0018
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0018
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0018
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0018
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0019
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0019
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0019
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0019
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0020
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0020
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0020
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0021
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0021
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0021
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0021
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0022
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0022
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0022
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0022
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0023
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0023
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0023
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0023
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0023
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0024
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0024
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0024
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0024
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0024
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0025
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0025
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0025
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0027
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0027
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0027
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0027
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0027


EGGSHELL TEMPERATURE AND BROILER DEVELOPMENT 9
Møller, A. P., G. S. Sanotra, and K. S. Vetergaard. 1999. Develop-
mental instability and light regime in chickens (Gallus gallus).
Appl. Anim. Behav. Sci. 62:57–71.

Nakane, Y., and M. Tsudzuki. 1999. Development of the skeleton in
Japanese quail embryos. Dev. Growth Differ. 41:523–534.

Nangsuay, A., R. Meijerhof, van den I. Anker, M. J. W. Heetkamp,
B. Kemp, and H. van den Brand. 2017. Effects of breeder age,
strain, and eggshell temperature on nutrient metabolism of broiler
embriyosu. Poult. Sci. 96:1891–1900.

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

Oviedo-Rond�on, E. O., J. Small, M. J. Wineland, V. L. Christensen,
P. S. Modziak, M. D. Koci, S. V. L. Funderburk, D. T. Ort, and
K. M. Mann. 2008. Broiler embryo bone development is influenced
by incubator temperature, oxygen concentration and eggshell con-
ductance at the plateau stage in oxygen consumption. Br. Poult.
Sci. 49:666–676.

Oviedo-Rond�on, E. O., J. Small, M. J. Wineland, V. L. Christensen,
J. L. Grimes, S. V. L. Funderburk, D. T. Ort, and
K. M. Mann. 2008. Effects of incubator temperature and oxygen
concentration during the plateau stage of oxygen consumption on
turkey embryo long bone development. Poult. Sci. 87:1484–1492.

Oviedo-Rond�on, E. O., M. J. Wineland, S. Funderburk, J. Small,
H. Cutchin, and M. Mann. 2009. Incubation conditions affect leg
health in large, high-yield broilers. J. Appl. Poult. Res. 18:640–
646.

Oviedo-Rond�on, E. O., M. J. Wineland, J. Small, H. Cutchin,
A. McElroy, A. Barri, and S. Martin. 2009. Effect of incubation
temperatures and chick transportation conditions on bone devel-
opment and leg health. J. Appl. Poult. Res. 18:671–687.

Pechak, D., M. Kujawa, and A. Caplan. 1986. Morphological and his-
tochemical events during first bone formation in embryonic chick
limbs. Bone. 7:441–458.

Pechak, D., M. Kujawa, and A. Caplan. 1986. Morphology of bone
development and bone remodeling in embryonic chick limbs. Bone.
7:459–472.

Semenenko, M., E. Kuzminova, K. Semenenko, A. Vlasenko, and
I. Zholobova. 2021. Biochemical markers of bone tissue metabolism
in broiler chickens. Interagromash 273:1–7.

Shao, X., G. Z. Xing, L. Y. Zhang, L. Lu, S. F. Li, X. D. Liao, and
X. G. Luo. 2019. Effects of dietary calcium or phosphorus defi-
ciency on growth performance, rickets incidence characters and
tibia histological structure of broilers during 1 to 21 days of age.
Chin. J. Anim. Nutr. 31:2107–2118.

Shim, M. Y., and G. M. Pesti. 2011. Effects of incubation temperature
on the bone development of broilers. Poult. Sci. 90:1867–1877.
Shim, M. Y., A. B. Karnuah, N. B. Anthony, G. M. Pesti, and
S. E. Aggrey. 2012. The effects of broiler chicken growth rate on
valgus, varus, and tibial dyschondroplasia. Poult. Sci. 91:62–65.

Srivastava, D., H. Singh, S. Mishra, P. Sharma, P. Kapoor, and
L. Chandra. 2018. Facial asymmetry revisited: part I- diagnosis
and treatment planning. J. Oral. Biol. Craniofac. Res. 8:7–14.

Tazawa, H., H. Wakayama, J. S. Turner, and C. V. Paganelli. 1988.
Metabolic compensation for gradual cooling in developing chick
embryos. Comp. Biochem. Physiol. 89:125–129.

Tona, K., O. Onagbesan, Y. Jego, B. Kamers, E. Decuypere, and
V. Bruggeman. 2004. Comparison of embryo physiological parame-
ters during incubation, chick quality and growth performance of
three lines of broiler breeders differing in genetic composition and
growth rate. Poult. Sci. 83:507–513.

Toscano, M. J., M. A. F. Nasr, and B. Hothersall. 2013. Correlation
between broiler lameness and anatomical measurements of bone
using radiographical projections with assessments of consistency
across and within radiographs. Poult. Sci. 92:2251–2258.

Van der Pol, C. W., I. A. M. van Roovert-Reijrink, C. M. Maatjens,
I. van den Anker, B. Kemp, and H. van den Brand. 2014. Effect of
eggshell temperature throughout incubation on broiler hatchling
leg bone development. Poult. Sci. 93:2878–2883.

Weeks, C. A., T. D. Danbury, H. C. Davies, P. Hunt, and
S. C. Kestin. 2000. The behaviour of broiler chickens and its modi-
fication by lameness. Appl. Anim. Behav. Sci. 67:111–125.

Whittow, G. C., and H. Tazawa. 1991. The early development of ther-
moregulation in birds. Physiol. Biochem. Zool. 64:1371–1390.

Wijnen, H. J., H. Van den Brand, A. Lammers,
I. A. M. van Roovert-Reijrink, C. W. van der Pol, B. Kemp, and
R. Molenaar. 2020. Effects of eggshell temperature pattern during
incubation on primary immune organ development and broiler
immune response in later life. Poult. Sci. 99:6619–6629.

Wijnen, H. J., C. W. van der Pol, I. A. M. van Roovert-Reijrink,
J. de Smet, A. Lammers, B. Kemp, H. van den Brand, and
R. Molenaar. 2021. Low incubation temperature during late incu-
bation and early feeding affect broiler resilience to necrotic enteri-
tis in later life. Front. Vet. Sci. 2021:1–16.

Willemsen, H., B. Kamers, F. Dahlke, H. Han, Z. Song, P. Z. Ansari,
K. Tona, E. Decuypere, and N. Everaert. 2010. High and low tem-
perature manipulation during late incubation: effects on embry-
onic development, the hatching process, and metabolism in
broilers. Poult. Sci. 89:2678–2690.

Yair, R., Z. Uni, and R. Shahar. 2012. Bone characteristics of late
term embryonic and hatchling broilers: bone development under
extreme growth rate. Poult. Sci. 91:2614–2620.

Zuidhof, M. J., B. L. Schneider, V. L. Carney, D. R. Korver, and
F. E. Robinson. 2014. Growth, efficiency, and yield of commercial
broilers from 1957, 1978, and 2005. Poult. Sci. 93:2970–2982.

http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0028
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0028
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0028
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0029
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0029
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0030
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0030
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0030
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0030
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0031
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0031
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0031
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0031
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0032
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0032
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0032
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0032
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0032
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0032
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0032
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0033
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0033
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0033
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0033
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0033
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0033
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0034
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0034
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0034
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0034
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0034
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0035
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0035
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0035
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0035
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0035
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0036
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0036
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0036
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0037
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0037
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0037
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0038
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0038
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0038
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0039
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0039
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0039
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0039
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0039
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0040
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0040
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0041
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0041
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0041
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0042
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0042
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0042
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0043
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0043
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0043
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0044
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0044
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0044
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0044
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0044
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0045
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0045
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0045
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0045
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0046
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0046
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0046
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0046
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0047
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0047
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0047
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0048
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0048
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0049
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0049
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0049
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0049
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0049
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0050
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0050
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0050
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0050
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0050
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0051
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0051
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0051
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0051
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0051
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0052
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0052
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0052
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0053
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0053
http://refhub.elsevier.com/S0032-5791(22)00345-5/sbref0053

	Eggshell temperature during early and late incubation affects embryo and hatchling development in broiler chicks
	INTRODUCTION
	MATERIALS AND METHODS
	Experimental Setup
	Measurements
	Statistical Analysis

	RESULTS
	DISCUSSION
	General Chick Quality
	Bone Development

	DISCLOSURES
	REFERENCES


