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Abstract. The effects of hypoxia at increased altitude levels on the cardio-respiratory development of broiler
embryos are distinct in comparison with those at sea level. The aim of the study was to investigate the effects
of high incubation temperature (H) and oxygen supplementation (O) during hypoxic high altitude (HA) on
developmental and physiological traits of embryos and hatching performance of embryonated hatching eggs in
broilers at different embryonic stages. A total of 1280 eggs obtained from broiler breeders laid at sea level were
used. Eggshell quality characteristics were measured for 20 eggs. The rest of the 1260 eggs were divided into
seven incubation condition (IC) groups (180 eggs per group) including a control group at 37.8 ◦C and 21 % O2; O
groups, with daily 1 h 23.5 % O2 supplementation at 37.8 ◦C as O0−11, O12−21, and O18−21; H groups at 38.5 ◦C
high incubation temperature at 21 % O2 as H0−11, H12−21, and H18−21 from days 0 to 11, 12 to 21, and 18 to
21 of incubation, respectively. All groups were incubated in three different incubators at hypoxic HA. The effect
of IC was determined on eggshell temperature, hatching performance, embryo development, right ventricular
(RV) to total ventricular (TV) ratio, and blood parameters. The highest egg water loss and embryonic mortality
and the lowest hatchability were in the H0−11 group, which depended on increased eggshell temperature during
incubation. On day 18 of incubation, due to the decreased egg water loss in the O12−21 and O18−21 groups,
there was an increase in hatchability in fertile eggs similar to the middle and late H groups. Towards the end of
incubation, embryo/chick weights were not different and RV and TV weights increased in the treated groups, and
the RV /TV ratio changed between 15 and 26 %. At hatching, yolk sac weight increased in H0−11 and H12−21
groups. The O groups had the lowest serum tri-iodothyronine (T3) concentration as distinct from H groups. The
serum thyroxine (T4) concentration increased in the treated groups, dependent on sex of the embryo. Blood
hemoglobin concentration of O groups decreased relative to other groups. The hematocrit value was the lowest
in the O12−21 and highest in the H12−21 groups. The H and O treatments during pre-hatch hypoxic HA condition
can be positively evaluated on physiological traits of embryos after half of incubation depended on the timing of
the IC exposure to the hatching eggs obtained from broiler breeders at sea level.

1 Introduction

Intensive genetic selection for rapid growth in meat-type
chickens has not occurred to the same extent for functions of
heart and lungs (Lorenzoni and Ruiz-Feria, 2006). This leads
to increased pulmonary hypertension or ascites susceptibil-
ity (Wideman et al., 2013; Khajali and Wideman, 2016) and
reduced embryonic development and growth as high oxy-
gen levels necessitate a high metabolic rate (Decuypere et

al., 2005). Oxygen (O2) provides continuity for metabolic
functions and biochemical processes in embryonic cells as
demanded by the development and growth of embryos (Si-
mon and Keith, 2008). Barometric pressure lowers when al-
titude increases, while the partial O2 pressure progressively
falls, causing hypoxia, which represents a reduction and in-
sufficiency of the O2 level in cells and tissues with failure
to fulfil their normal function (Carreau et al., 2011). The
reduced O2 availability at high altitude (HA) stimulates a
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higher respiration rate as the number of O2 molecules per
breath is reduced. This phenomenon plays an important role
in maintaining adequate O2 transfer to the blood (Monge and
León-Velarde, 1991). Therefore, O2 level should be at 21 %
throughout the pre-hatch period in broilers at any altitude be-
cause cellular metabolic functions depend on the availability
of O2.

Organ systems at different embryonic development pe-
riods have different “critical windows” (Burggren and El-
monoufy, 2017). Hypoxia occurring in early embryonic de-
velopmental stages may have different effects (Decuypere
and Bruggeman, 2007) than at later stages of embryonic
development. Under hypoxic conditions, organisms trigger
changes in cellular and physiological levels to recover O2
homeostasis based on epigenetic changes (Perez-Perri et
al., 2011). Epigenetic changes concluding with adaptation
to hypoxia play a key role in the systemic homeostatic re-
sponses to hypoxia (Xia and Kung, 2009; Xia et al., 2009;
Mutoh et al., 2012) which occurs by various physiologi-
cal conditions (Semenza, 2003). Epigenetic adaptation to
hypoxia by means of several practices during incubation
may provide optimal embryonic development at HA (Baba-
canoğlu and Güler, 2018). At HA, these practices might
be O2 supplementation to incubator and a higher incuba-
tion temperature because HA characterized by low atmo-
spheric pressure resulting from air heat content causes the
molecules to bounce off each other, and air temperature
with increasing altitude decreases at a rate of approximately
6.5 ◦C per 1000 m. The results of recent studies on high in-
cubation temperature indicated that embryos initially have
an accelerated growth rate at a high incubation temperature.
Eggshell temperature has been reported as 37.8 ◦C for op-
timal embryonic development and hatching success at nor-
moxia (Lourens et al., 2005, 2007; Molenaar et al., 2011).
An eggshell temperature of 38.9 ◦C from days 8 to 19 of in-
cubation initially increased embryonic development, which
was reflected in a high heat production, but a high eggshell
temperature had a negative effect on embryonic development
at the last stage of incubation (Lourens et al., 2007). More-
over, the embryos may be able to accomplish an accelerated
growth rate by high O2 concentration at the end of incu-
bation. For example, at the last stage of incubation, an in-
crease in the O2 level (25 %) resulted in improved embry-
onic growth (Lourens et al., 2007). A deviation of +0.7 ◦C
from the optimum incubation temperature or an O2 concen-
tration of 23.5 % can mitigate the negative effects of hypoxia
caused by HA (1720 m) for optimum embryonic develop-
ment (Babacanoğlu and Güler, 2018). Olkowski and Classen
(1999) indicated that pulmonary hypertension or ascites sus-
ceptibility of broilers at sea level is associated with leading
to cardiovascular failure due to rapid growth in broilers. This
was observed at sea level (Scheele and Frankenhuis, 1989;
Julian, 2000; Hassanzadeh et al., 2001) and has also been
observed at HA (Albers and Frankenhuis, 1990). For this rea-
son, this study was proposed to investigate the effects of high

incubation temperature and O2 supplementation to hatching
eggs obtained from broiler breeders at sea level (2 m) on de-
velopmental and physiological traits of embryo and hatching
performance induced by hypoxia at a 1720 m altitude.

2 Materials and methods

All procedures were approved by Yuzuncu Yil University
Animal Care and Use Committee (permit number 2016-04).

2.1 Animal materials and experimental design

A total of 1280 hatching eggs laid at sea level (2 m altitude)
of Ross 308 broiler breeder at 45 weeks old were obtained
from a local hatchery and stored for 7 days at 15 ◦C and 75 %
relative humidity (RH). Quality characteristics of 10 eggs
randomly selected were measured. Eggshell conductance,
pore concentration, and pore diameter were determined in a
second set of 10 eggs. The rest of the 1260 eggs were num-
bered and divided into seven experimental groups (180 eggs
per group at six setting trays: each replicate included 30 eggs)
exposed to different incubation conditions (IC) as control:
at 37.8 ◦C and 21 % O2 throughout incubation; O2 supple-
mentation (O) groups: O0−11: daily 1 h 23.5 % O2 supple-
mentation from days 0 to 11 of incubation, O12−21: daily 1 h
23.5 % O2 supplementation from days 12 to 21 of incubation,
O18−21: daily 1 h 23.5 % O2 supplementation from days 18 to
21 of incubation at 37.8 ◦C; high incubation temperature (H)
groups: H0−11: 38.5 ◦C high incubation temperature from
days 0 to 11 of incubation, H12−21: 38.5 ◦C high incuba-
tion temperature from days 12 to 21 of incubation, H18−21:
38.5 ◦C high incubation temperature from days 18 to 21 of
incubation at 21 % O2. All groups were incubated in three
different single-stage incubators according to experimental
design in Table 1. Prior to incubation, the average of the egg
weights was 63.78±0.12 g. The eggs at each incubator were
pre-heated to 27 ◦C for 8 h before initiated incubation. Af-
ter 432 h of incubation, the eggs were candled, and those
with living embryos were transferred to hatcher baskets at
a temperature of 37.5 ◦C and 68 % RH, except for treatment
groups. Incubator cabin conditions were presented as approx-
imate values measurement per second by oximeters (PCE-
PHD 1, PCE Deutschland GmbH, Im Langel 4, D-59872
Meschede, Germany), air flow meters (PCE-PFM 2, PCE
Deutschland GmbH, Meschede, Germany), and a CO2 log-
ger (Wöhler CDL 210, Schützenstr. 41, Germany). During
incubation, air velocity was approximately 0.85 m s−1 and
the CO2 value was approximately 557 ppm. Incubator con-
ditions RH, incubation temperature, and barometric pressure
were, respectively, 58.50 %, 59.76 %, and 59.43 %; 37.56,
37.75, and 37.61 ◦C; and 623.28, 621.21, and 621.10 mm Hg
for the first incubator for incubation times of days 0 to 11,
days 12 to 17, and days 18 to 21, respectively. The respective
conditions for the 2nd incubator were 57.59 %, 58.34 %, and
57.80 %; 37.55, 37.56, and 37.51 ◦C; and 624.93, 622.09, and
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621.17 mm Hg for the respective incubation times mentioned
above. For the 3rd incubator, the respective conditions were
58.64 %, 58.51 %, and 58.93 %; 38.39, 38.50, and 38.46 ◦C;
and 622.20, 621.89, and 621.32 mm Hg for the same incuba-
tion times (days 0 to 11, days 12 to 17, days 18 to 21, respec-
tively). During incubation, conditions outside the incubators
were 38.85 %, 20.61 ◦C and 830.26 hPa for RH, incubation
temperature, and barometric pressure, respectively.

2.2 Examined traits

2.2.1 Eggshell quality characteristics and eggshell
temperature

Determining each eggshell quality characteristics as a use-
ful indicator of hatchability is important (Peebles and Brake,
1987) for the effects of manipulated IC on examined traits
during pre-hatch hypoxic HA. Quality characteristics of 10
randomly selected eggs were measured, including weights of
egg (g) and eggshells (g, %), egg shape index (%), eggshell
thickness (µm), average daily egg water loss (mg d−1),
eggshell conductance (mg H2O d−1 Torr−1) by a saturation
vapour conductance of 22.24 mm Hg−1 at 23.6 ◦C and rela-
tive eggshell conductance (mg H2O d−1 Torr−1 100 g−1; Pee-
bles and McDaniel, 2004), and eggshell surface area (cm2;
Narushin, 2005). Relative eggshell (dried shell plus mem-
branes) weight was presented as percentage of the egg weight
(EW). Egg shape index and eggshell surface area were deter-
mined by using formulas described below: egg shape index
= (egg width (mm) / egg length (mm))×100; eggshell sur-
face area (cm2)= 3.9782×EW0.7056. The EW, egg shape in-
dex, absolute and relative eggshell weight, average daily egg
water loss, eggshell conductance and relative eggshell con-
ductance, and eggshell surface area were 62.04 g, 78.40 %,
7.53 g 12.17 %, 200.75 mg d−1, 9.02 mg H2O d−1 Torr−1 and
14.04 mg H2O d−1 Torr−1 100 g−1, and 73.21 cm2, respec-
tively. Pore concentration (number per 0.25 cm−2), taken
from eggshell pieces from the pointed, equatorial, and en-
larged areas of the egg, was determined using a second set
of eggs (10 eggs) as described by Peebles and McDaniel
(2004). Pore diameters from 10 dying pores of three areas
of the same eggshell were measured. Micro-images of the
pore diameters were obtained with a 1024× magnification
by EZ4 HD stereomicroscope and ICC50 HD camera (Leica
Microsystems, Switzerland, 2010). Concentrations and val-
ues of pore diameter of the enlarged, equatorial, and pointed
areas of eggshell were 27.02, 26.86, and 26.81 number per
0.25 cm−2; and 35.369, 32.160, and 29.617 µm, respectively.
Eggshell temperatures were measured using an infrared ther-
mometer (Ebro, TFI 550, D-85055 Ingolstadt, Germany) for
a total of 210 eggs (5 candled eggs from IC/tray/day) at
days 3, 5, 7, 9 11, 13, 15, 17, and 19 of incubation.

2.2.2 Hatching performance and rectal temperature

A total of 210 eggs (5 candled eggs from IC/tray/day) were
reweighed at days 11, 14, and 18 of incubation to calculate
the relative egg water losses as described in the equation.
Relative EW loss = ( ( EW of day 0 − EW on days 11, 14,
and 18 of incubation) / EW of day 0 )×100.

At hatching, rectal temperatures of 10 chicks from each
group were measured using a thermocouple thermometer in-
serted approximately 1.2 cm into the colon. Hatchability of
fertile eggs was defined as the percentage of hatched chicks
per egg set tray. Eggs that failed to hatch were broken and as-
sessed, and embryonic mortalities were defined as early (be-
fore 6 days), middle (7 to 15 days), or late (after 15 days)
periods, and pipping (pipped shell but not emerged). Total
embryonic mortality was calculated.

2.2.3 Embryo/chick development and RV/TV ratio

At days 13, 15, 17, and 19 of embryo development, 10
randomly selected eggs from each IC group were individu-
ally weighed, and weight losses were calculated in propor-
tion to the initial egg weights. Eggs were opened and em-
bryos killed by cervical dislocation, separated from resid-
ual yolk sac, and dissected tissues from embryo. Embryo,
yolk sac, heart, liver, lung, brain, spleen, proventriculus +
gizzard and bursa of fabricius were weighed to the nearest
0.001 g. Relative weights of the organs and residual yolk sac
were shown as a percentage of the absolute weight of em-
bryo/chick. Dissected right ventricular and left ventricular +
septum from heart trimmed off at the atria, major vessels, and
fat were weighed. The right ventricular to total ventricular ra-
tio (RV /TV) was determined and classified as described by
Julian (1987). A RV /TV ratio of 0.25 is a normal RV hyper-
trophy and a RV /TV ratio between 0.25 and 0.29 is a mod-
erate RV hypertrophy. The randomly selected seven female
and seven male chicks from each IC group were weighed in-
dividually and all measurements were repeated at hatching.

2.2.4 Blood sampling and analysis

Fourteen newly hatched chicks per IC group were selected
randomly to obtain blood samples. Blood samples were col-
lected in biochemistry blood tubes by cardiac puncture of 14
chicks per IC group at hatching. Samples were centrifuged
at 3500 rpm for 10 min and serum was stored at −20 ◦C
until analysed. Serum T3 and T4 levels were measured by
chemiluminescence microparticle immunological analysis
using Abbott™ kits (Architect free T3B7K63T G4-6106/RO6
7K63 free T3 Reagent kit, Architect free T4B7K6UT G3-
6099/RO1 7K65 free T4 Reagent kit, Abbott Clinical Labo-
ratories, USA) with an auto-analyser (Architect C8000, Ab-
bott clinical chemistry analyser, Abbott Laboratories, USA).
The serum T3 assay was characterized by intra-assay and
inter-assay variations (CV) of 2× 08 and 3× 05 %, respec-
tively. The serum T4 assay was characterized by intra-assay

www.arch-anim-breed.net/61/337/2018/ Arch. Anim. Breed., 61, 337–349, 2018
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Table 1. The experimental design.

1st Incubator N 2nd Incubator N 3rd Incubator N

Days 0 to 11 Control, O12−21, O18−21, H12−21, H18−21 900 O0−11 180 H0−11 180
Days 12 to 17 Control, O0−11, O18−21, H0−11, H18−21 900 O12−21 180 H12−21 180
Days 18 to 21 Control, O0−11, H0−11 540 O12−21, O18−21 360 H12−21, H18−21 360

and inter-assay variations (CV) of 1× 87 and 3× 65%, re-
spectively. Blood hemoglobin concentration was obtained af-
ter centrifugation (Hettich EBA 21 Centrifuge, GMI Inc.,
Minnesota, USA) at 3000 g for 10 min, the cellular fraction
was separated from the plasma and was then analysed col-
orimetrically with Biolabo reagent diagnostic kit (Biolabo
Sa, Maizy, France) according to the manufacturer’s instruc-
tions. Hematocrit values were measured from blood samples
taken in capillary tubes at 13684× g for 5 min at 20 ◦C us-
ing a haemocytometer (Laborzentrifugen GmbH, Osterode
am Harz, Germany).

2.3 Statistical analysis

Data were subjected to ANOVA with models, IC group (con-
trol, O0−11, O12−21, H0−11, and H12−21), and embryo age
(on days 13, 15, 17, 19, and 21 of embryonic age). A second
analysis for the O18−21 and H18−21 groups on days 19 and 21
of incubation was repeated across IC groups (control, O0−11,
O12−21, O18−21, H0−11, H12−21, and H18−21) and embryo
age (on days 13, 15, 17, 19, and 21 of embryonic age), and in-
teractions between them were treated as the main effects us-
ing the General Linear Model procedure from the JMP statis-
tics package (SAS Institute Inc., 2007). Any trait determined
to have an interaction was reanalysed by one-way ANOVA at
each embryonic age. Eggshell temperature and hatching per-
formance were analysed by one-way ANOVA. IC group, sex,
and interaction effects were performed for the blood param-
eters at hatching. Least squares means were compared using
the Tukey HSD (honest significant difference) test.

3 Results

3.1 Eggshell temperature

Eggshell temperature values are presented in Table 2. At
day 3 of incubation, eggshell temperature was not different
across the IC groups. The eggshell temperature was higher
in the H groups, and the O18−21 group was not different
from the control, compared to O0−11 and O12−21 groups,
which were similar to the control on day 5 of incubation.
The eggshell temperature was the highest in the H0−11 group
compared to the control and the other groups, except for the
H18−21 and O18−21 groups at day 7 of incubation (Table 2).
On day 9 of incubation, the O0−11 group had the lowest
eggshell temperature, and it was significantly different from
the rest of the groups. There was no significant difference in

eggshell temperatures on day 11 of incubation (Table 2). The
highest eggshell temperature was significant for the H0−11
group compared with all of the groups that were on days 13,
15, 17, and 19 of incubation (Table 2). Although the eggshell
temperature decreased in the O12−21 group on days 15 and
17 of incubation, it was the lowest in the H12−21 and H18−21
groups relative to the O12−21 group on day 19 of incubation,
but these groups were similar to the control at days 15, 17,
and 19 of incubation (Table 2).

3.2 Hatching performance

Egg water loss was significantly increased in the H0−11 and
H12−21 groups compared to other the groups at day 11 of in-
cubation, but there were insignificant differences in egg wa-
ter loss at day 14 of incubation (Table 3). On day 18 of in-
cubation, the O0−11 and O12−21 groups had the lowest egg
water losses, but these were not different from the control.
Hatchability was 92.59% in the O12−21 group and 91.87%
in the O18−21 group, different from the control group, com-
pared with other groups. Whereas hatchability of the middle
and late H groups was similar to O groups and the control,
the early H group had the lowest hatchability compared to
all treated groups (Table 3). Early embryonic mortality was
similar in all groups, but H0−11 had the highest significant
embryonic mortalities from days 0 to 7 and days 8 to 18 of
incubation, when the O18−21 had the lowest in the group. To-
tal embryonic mortality was the lowest in the O12−21 and
O18−21 groups, and the highest rectal temperature was in the
O12−21 group compared with the control, O18−21, or H0−11
groups (Table 3).

3.3 Embryo/chick development

3.3.1 Embryo/chick weight

Embryo weight (g and % units) was the highest in the H12−21
group similar with the H0−11 group and the control, while it
was lowest in the O0−11 group at day 13 of incubation (Ta-
ble 4). On day 15 of incubation, the relative embryo weight
decreased in the O0−11 group, unlike the control and H12−21
groups. On day 17 of incubation, absolute embryo weight
of the O12−21 group was the highest compared with con-
trol, and the relative embryo weight of the O12−21 group was
higher than the H groups (Table 4). The absolute and rela-
tive embryo weights did not show differences in the treated
groups relative to the control at day 19 of incubation, and
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Table 2. Effects of incubation conditions (ICs) on eggshell temperature induced by hypoxia at high altitude in embryonated broiler eggs.

Incubation Days of incubation
conditions ICd

3 5 7 9 11 13 15 17 19
◦C

C 37.43 37.55ab 36.53b 38.03ab 36.55 37.40b 37.39bc 37.48bc 37.88bc

O0−11 36.32 36.55b 36.30b 35.67c 36.76 36.91b 36.91bc 36.36bc 37.94bc

O12−21 36.73 36.72b 36.10b 37.30b 36.22 36.72b 36.68c 37.14c 38.52b

O18−21 36.93 37.64a 36.77ab 38.12a 36.19 37.60b 37.53bc 37.91bc 38.22bc

H0−11 36.33 38.55a 37.68a 37.38ab 37.50 39.30a 39.27a 39.20a 39.33a

H12−21 36.71 38.12a 36.32b 37.42a 35.92 37.35b 37.40bc 37.60bc 37.59c

H18−21 36.79 37.95a 36.82ab 37.77ab 36.11 37.61b 37.67bc 38.04b 37.67c

SEM 0.49 0.42 0.35 0.28 0.40 0.32 0.30 0.28 0.27
P value 0.149 0.009 0.038 < 0.001 0.097 < 0.001 < 0.001 < 0.001 < 0.001

a−c Means within a column with different superscript differ significantly at P < 0.05; n= 18.
dC: control, O0−11: 23.5 % O2 supplementation between days 0 and 11 of incubation, O12−21: 23.5 % O2 supplementation between days 12 and 21
of incubation, O18−21: 23.5 % O2 supplementation between days 18 and 21 of incubation, H0−11: 38.5 ◦C high incubation temperature between
days 0 and 11 of incubation, H12−21: 38.5 ◦C high incubation temperature between days 12 and 21 of incubation, H18−21: 38.5 ◦C high incubation
temperature between days 18 and 21 of incubation. SEM: standard error means.

Table 3. Effects of incubation conditions on egg water loss of broilers on days 11, 14 and 18 of incubation, hatchability, embryonic mortali-
ties, and rectal temperature induced by hypoxia at high altitude of chicks at hatching.

Incubation Egg water loss, Hatchability, Embryonic mortalities, Rectal
conditions % % % temperature,
ICd ◦C

Days of incubation Days 0 Days 8 Days 19 Non- Total
to 7 to 18 to 21 pipped

11 14 18

C 6.12b 7.25 10.07ab 76.68b 4.73b 2.35b 10.02 2.35 18.27b 36.52c

O0−11 5.79b 4.93 8.84b 78.40b 2.99b 2.26b 8.75 5.54 18.16b 37.87abc

O12−21 5.58b 9.29 9.03b 92.59a 0.57b 1.16b 2.28 3.41 5.72c 38.13a

O18−21 6.08b 9.05 11.03a 91.87a 1.74b 0.57c 4.10 – 6.41c 36.67bc

H0−11 8.08a 10.08 11.24a 39.95c 22.05a 20.28a 10.96 – 53.31a 36.45c

H12−21 7.83a 9.81 10.91a 84.00ab 0.58b 4.01b 9.16 2.22 14.30b 37.25abc

H18−21 5.92b 8.42 10.47a 84.11ab 3.69b 4.23b 9.42 2.45 18.54b 37.53abc

SEM 0.44 1.52 1.23 2.35 0.83 0.55 0.78 0.27 2.15 0.44
P value < 0.001 0.410 0.026 < 0.001 < 0.001 0.004 0.235 0.393 < 0.001 0.038

a−c Means within a column with different superscript differ significantly at P < 0.05.
dC: control, O0−11: 23.5 % O2 supplementation between days 0 and 11 of incubation, O12−21: 23.5 % O2 supplementation between days 12 and 21 of incubation,
O18−21: 23.5 % O2 supplementation between days 18 and 21 of incubation, H0−11: 38.5 ◦C high incubation temperature between days 0 and 11 of incubation, H12−21:
38.5 ◦C high incubation temperature between days 12 and 21 of incubation, H18−21: 38.5 ◦C high incubation temperature between days 18 and 21 of incubation. SEM:
standard error means.

chick weight was not different in the IC groups at hatching
(Table 4).

3.3.2 Yolk sac weight

The highest yolk sac weight was in the O groups, but the
012−21 group was not different from other groups on day 15
of incubation (Table 4). On the same day, the relative yolk sac
weight of the O0−11 and H12−21 groups were higher than that
of the H0−11 group. On day 17 of incubation, the O groups

had the highest absolute yolk sac weight, but O groups were
not different from the H0−11 group for the absolute yolk sac
weight (Table 4). On the same day, the relative weight of
the yolk sac from the H12−21 group was significantly lower
than the other groups (Table 4). On day 19 of incubation, the
H0−11 group had a lower yolk sac weight (g and %) than that
of all groups, whereas it had the highest yolk sac weights
at hatching (Table 4). Similar results were obtained for the
H12−21 group at hatching (Table 4).
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Table 4. Effects of incubation conditions and embryo age (at days 13, 15, 17, 19, and 21 of embryo development) on weights of embryo (g,
%), yolk sac (g, %), heart (g, %), right ventricular (g), left ventricular+septum (g), total ventricular (g), and right ventricular weight to total
ventricular weight ratio induced by hypoxia at high altitude.

Incubation Embryo weight Yolk sac Heart weight RV LV+ TV RV /TV
conditions weight weight septum weight
ICd weight

g % g % g % g g g

Age, days

13 C 9.90ab 16.17ab – – 0.070 0.71 0.013 0.047ab 0.060ab 0.22
O0−11 7.68c 12.67c – – 0.062 0.81 0.011 0.042b 0.054b 0.22
O12−21 9.34b 15.56b – – 0.071 0.77 0.014 0.051a 0.065a 0.21
H0−11 9.76ab 16.36ab – – 0.065 0.68 0.013 0.041b 0.054b 0.24
H12−21 10.24a 17.50a – – 0.077 0.76 0.013 0.052a 0.065a 0.20
SEM 0.31 0.60 – – 0.004 0.05 0.001 0003 0.003 0.01

15 C 16.31 27.55a 13.02b 22.51ab 0.130 0.79 0.021 0.075 0.096 0.22
O0−11 15.67 24.63c 16.85a 26.43a 0.127 0.80 0.018 0.080 0.099 0.18
O12−21 15.57 25.96abc 14.33ab 23.89ab 0.134 0.86 0.022 0.085 0.108 0.21
H0−11 14.90 25.32bc 11.35b 19.21b 0.114 0.77 0.019 0.075 0.094 0.20
H12−21 16.25 28.40ab 13.95b 24.52a 0.119 0.72 0.019 0.077 0.096 0.19
SEM 0.44 0.93 0.89 1.88 0.006 0.04 0.002 0.004 0.004 0.01

17 C 22.10ab 38.52ab 10.91b 19.16bc 0.144b 0.66 0.025b 0.081b 0.010b 0.26
O0−11 20.94b 36.78abc 13.41a 23.64a 0.146b 0.70 0.023b 0.077b 0.010b 0.25
O12−21 23.90a 38.94a 14.08a 23.02ab 0.202a 0.85 0.032a 0.105a 0.014a 0.24
H0−11 20.11b 35.48bc 12.78ab 24.04a 0.133b 0.67 0.022b 0.065b 0.09b 0.23
H12−21 20.70b 34.17c 10.43b 17.66c 0.121b 0.59 0.024b 0.071b 0.09b 0.23
SEM 0.72 1.08 0.81 1.57 0.009 0.04 0.001 0.006 0.01 0.01

19 C 29.95abc 52.09ab 12.89a 22.48a 0.19ab 0.64 0.021b 0.113bc 0.13bc 0.15b

O0−11 28.64c 53.32a 12.09a 22.38a 0.18b 0.65 0.027ab 0.103c 0.13bc 0.20a

O12−21 31.80ab 53.30a 12.79a 21.48a 0.22a 0.71 0.033a 0.140a 0.17a 0.19a

O18−21 32.55a 54.66a 11.45a 19.23a 0.20ab 0.63 0.028ab 0.120ab 0.15ab 0.19a

H0−11 28.76bc 47.57b 9.55b 15.84b 0.19ab 0.67 0.020b 0.091c 0.11c 0.17ab

H12−21 29.95abc 52.17ab 12.69a 22.16a 0.18b 0.59 0.022b 0.092c 0.12c 0.19a

H18−21 29.77abc 50.76ab 12.35a 21.04a 0.18b 0.60 0.023b 0.100bc 0.13bc 0.17ab

SEM 0.38 0.62 0.31 0.82 0.004 0.01 0.001 0.003 0.003 0.004

Hatching C 45.68 – 6.51c 14.34b 0.25c 0.55 0.048b 0.19b 0.24b 0.20
O0−11 46.54 – 7.88bc 16.94b 0.24c 0.52 0.048b 0.18b 0.24b 0.20
O12−21 45.11 – 7.19c 16.00b 0.28ab 0.63 0.055a 0.22a 0.28a 0.19
O18−21 44.95 – 6.99c 15.50b 0.29a 0.65 0.058a 0.23a 0.29a 0.20
H0−11 44.53 – 9.84ab 22.33a 0.24c 0.55 0.049b 0.19b 0.24b 0.20
H12−21 45.30 – 9.93a 21.93a 0.24c 0.54 0.047b 0.18b 0.22b 0.21
H18−21 45.48 – 7.00c 15.46b 0.26bc 0.57 0.048b 0.19b 0.24b 0.20
SEM 0.30 – 0.27 0.71 0.004 0.01 0.001 0.002 0.003 0.003

P value IC 0.009 0.012 0.661 0.016 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.275
Age < 0.001 < 0.001 < 0.001 0.037 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
IC×Age 0.021 0.001 < 0.001 0.015 0.005 0.310 0.282 0.006 0.004 0.175

a−c Means within a column for each of embryonic age with different superscript differ significantly at P < 0.05.
dC: control, O0−11: 23.5 % O2 supplementation between days 0 and 11 of incubation, O12−21: 23.5 % O2 supplementation between days 12 and 21 of incubation, O18−21: 23.5 % O2
supplementation between days 18 and 21 of incubation, H0−11: 38.5 ◦C high incubation temperature between days 0 and 11 of incubation, H12−21: 38.5 ◦C high incubation temperature
between days 12 and 21 of incubation, H18−21: 38.5 ◦C high incubation temperature between days 18 and 21 of incubation.
RV: right ventricular; LV: left ventricular; TV: total ventricular; RV /TV: right ventricular weight to total ventricular weight ratio. SEM: standard error means.

3.3.3 Organ weights and indicators of RV/TV ratio

The absolute heart weight was significantly higher in the
O12−21 group than the other groups on day 17 of incubation

(Table 4). Similar results were obtained on day 19 of incu-
bation, but the O12−21 group was not different from the con-
trol, O18−21, or H0−11 groups. At hatching, the highest heart
weight (g) was found in the O12−21 group, which was not
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different from the H18−21, or O18−21 groups. (Table 4). At
day 17 of incubation, the right ventricular (RV), left ventric-
ular (LV) + septum, and total ventricular (TV) weights were
higher in the O12−21 group than in other groups (Table 4). At
day 19 of incubation, the highest RV weight was in all O2
groups, but the O0−11 and O18−21 groups were not different
from the control and other treatment groups. The highest LV
+ septum and TV weights were in the O12−21 groups simi-
lar to the O18−21 group at day 19 of incubation (Table 4). At
hatching, the highest RV, LV+ septum, and TV weights were
in the O12−21 and O18−21 groups compared to other groups
(Table 4). The RV /TV ratio was similar to the control in the
H0−11 and H18−21 groups relative to other groups at day 19
of incubation, although it was not different in groups at other
embryonic ages (Table 4).

Absolute liver weight significantly decreased in both treat-
ment groups from days 0 to 11 of incubation and on day 13
of incubation, whereas it was lower in the H0−11 than groups
from days 18 to 21 of incubation at hatching (Table 5). Rel-
ative liver weight was the lowest in the O12−21 group and
was the highest in the H12−21 group at day 17 of incubation.
While relative liver weight was found to be the lowest in both
treatment groups from days 0 to 11 of incubation, it was de-
termined that it was the highest in both treatment groups from
days 18 to 21 of incubation at hatching (Table 5).

Absolute brain weight decreased in the H0−11 group com-
pared with control group at days 13 and 19 of incubation. The
absolute brain weight of the H0−11 group was different from
the H18−21 and O0−11 groups at hatching (Table 5). The high-
est relative brain weight was found in the O0−11 group, and
the lowest value was found in the H0−11 group, which was
similar to the control at day 13 of incubation (Table 5). At
day 17 of incubation, treatment groups at the middle period
of incubation had decreased in relative brain weight com-
pared to the H0−11 group, which had the highest brain weight
(%) similar to the control, O0−11, and H12−21 groups (Ta-
ble 5). Relative brain weight significantly decreased in the
H0−11 group relative to the increase in the H12−21 group,
which only was different from the O12−21 group at day 19 of
incubation. Proventriculus+ gizzard weight (g) was lower in
the O0−11 group than the control and other groups at day 13
of incubation. A similar pattern was observed in the O0−11
group, but it was only different from the control at day 15 of
incubation. Compared with control and the middle- and late-
period O groups, the H0−11 and H12−21 groups had the low-
est proventriculus+ gizzard weight (g) at hatching, although
treatment groups were similar to the control at day 19 of in-
cubation (Table 5). The highest differential relative proven-
triculus + gizzard weight was obtained from the control and
the treatment groups from days 12 to 21 and at day 13 of in-
cubation, whereas treatment groups were not different from
the control for relative brain weight at day 17 of incubation
and hatch (Table 5). The lowest lung weights (g and %) were
found in the H0−11 group compared to the other groups at
day 13 of incubation, while the lowest lung weight (g) was

found in the H12−21 group compared to the other groups at
day 17 of incubation. The relative lung weights of the treat-
ment groups were not different from the control at day 17 of
incubation and at hatching, where treatment groups were not
different from the control for absolute lung weight (Table 5).
At day 19 of incubation, the bursa of fabricius weights (g and
%) were lower in the O0−11 group than control. At hatching,
the highest absolute bursa of fabricius weight was found in
the H18−21 group, whereas the lowest absolute bursa of fabri-
cius weight was found in the H0−11 group (Table 5). Com-
pared to the control and other groups, the H12−21 group had
the lowest relative bursa of fabricius weight at hatching. The
absolute and relative spleen weights in all O and H groups
were similar to the control at the examined embryonic ages
(Table 5).

3.3.4 Blood parameters

The effect of IC was significant on all blood parameters. The
chicks from the O12−21 group had significantly higher serum
T3 concentration than the chicks from O groups or the con-
trol, which had the lowest serum T3 concentration distinct
from the H groups. The serum T4 concentration of the treated
groups was higher than the control, except for the H12−21 and
O18−21 groups. The T3 /T4 ratio was the lowest in the O0−11
group, but the T3 /T4 ratio of O0−11 group did not show a
difference from the control, O18−21, or H0−11 groups. The
blood hemoglobin concentration of the O groups decreased
relative to chicks from the control and H groups, except for
the H0−11 group. The blood hematocrit value was signifi-
cantly the lowest in the O12−21 and the highest in the H12−21
groups, but it was not different from the H18−21 group. The
sex effect was significant for the serum T4 concentration,
which it was increased in male chicks compared with female
chicks. The sex effect was insignificant for serum T3 con-
centration, T3 /T4 ratio, blood hemoglobin, and hematocrit
values at hatching (Table 6).

4 Discussion

The main reason for this study was to achieve optimal hatcha-
bility and chick development by changing physiological sys-
tems of the embryo when provided with a combination of
macro- and micro-environmental conditions of the eggs dur-
ing incubation by key factors such as appropriate IC, period,
and feature of any IC (Tong et al., 2013). During embryo-
genesis, the formation of organ systems occurs at day 11 of
incubation, the early embryogenesis stage. After this stage,
growth and maturation of embryo occurs at the middle to late
embryogenesis stages. In this study, only H administration
at an early embryonic stage affected eggshell temperature at
day 7 of embryonic age when the body begins to develop
rapidly, and the heart is completely enclosed in the thoracic
cavity and the vitelline system transports nutrients from yolk
sac to embryo (Dawson and Whittow, 2000). When consider-
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Table 5. Effects of incubation conditions and embryo age (at days 13, 15, 17, 19, and 21 of embryo development) on weights of liver (g, %),
brain (g, %), proventriculus and gizzard (g, %), lung (g, %), bursa of fabricius (g, %), and spleen (g, %) induced by hypoxia at high altitude.

Incubation Liver weight Brain weight Proventriculus Lung weight bursa of fabricius Spleen weight
conditions + gizzard weight
ICd weight

g % g % g % g % g % g %

Age days

13 C 0.188a 1.90 0.32ab 3.24b 0.218b 2.20b 0.164ab 1.68ab 0.015 0.147 – –
O0−11 0.153c 1.91 0.30b 3.88a 0.173c 2.25b 0.156bc 2.03a 0.019 0.257 – –
O12−21 0.187ab 2.01 0.33ab 3.52ab 0.255ab 2.74a 0.156bc 1.67ab 0.016 0.176 – –
H0−11 0.165bc 1.73 0.30b 3.16b 0.245ab 2.57ab 0.126c 1.34c 0.017 0.187 – –
H12−21 0.197a 1.93 0.36a 3.57ab 0.278a 2.71a 0.193a 1.88a 0.013 0.125 – –
SEM 0.01 0.09 0.01 0.17 0.01 0.13 0.01 0.13 0.02 0.05 – –

15 C 0.305 1.90 0.49 2.98 0.47a 2.89 0.018 0.11 0.017 1.05 – –
O0−11 0.320 2.10 0.46 3.00 0.39b 2.57 0.014 0.08 0.017 1.12 – –
O12−21 0.311 1.99 0.48 3.10 0.43ab 2.74 0.019 0.12 0.017 1.27 – –
H0−11 0.329 2.24 0.50 3.34 0.43ab 2.87 0.015 0.10 0.015 1.02 – –
H12−21 0.319 1.92 0.50 3.02 0.44ab 2.69 0.014 0.08 0.016 0.98 – –
SEM 0.02 0.13 0.02 0.10 0.02 0.14 0.002 0.03 0.05 0.28 – –

17 C 0.47 2.16ab 0.61 2.76ab 0.71 3.18ab 0.19ab 0.89ab 0.017 0.08 0.010 0.045
O0−11 0.51 2.43ab 0.61 2.93ab 0.63 3.03b 0.20a 0.94a 0.026 0.12 0.012 0.059
O12−21 0.48 1.99b 0.57 2.41b 0.76 3.18ab 0.20a 0.85ab 0.024 0.10 0.011 0.049
H0−11 0.45 2.22ab 0.61 3.08a 0.74 3.67a 0.16bc 0.82ab 0.017 0.09 0.012 0.059
H12−21 0.52 2.63a 0.51 2.27b 0.67 3.19ab 0.15c 0.73b 0.021 0.12 0.010 0.051
SEM 0.03 0.18 0.05 0.22 0.04 0.81 0.04 0.20 0.04 0.03 0.001 0.007

19 C 0.61 2.04 0.83a 2.80a 1.07ab 3.62 0.26 0.88 0.04a 0.10a 0.008ab 0.028
O0−11 0.57 2.02 0.74bc 2.62ab 1.01b 3.57 0.24 0.84 0.02b 0.06b 0.009ab 0.031
O12−21 0.62 1.99 0.73bc 2.31bc 1.16a 3.66 0.24 0.76 0.03ab 0.09ab 0.010ab 0.031
O18−21 0.59 1.83 0.79ab 2.46abc 1.18a 3.66 0.29 0.89 0.04a 0.09ab 0.009ab 0.029
H0−11 0.60 2.03 0.68c 2.10c 1.12ab 3.89 0.28 1.09 0.02ab 0.09ab 0.007b 0.026
H12−21 0.58 1.93 0.80ab 2.67a 1.16a 3.89 0.26 0.87 0.03ab 0.09ab 0.011a 0.038
H18−21 0.58 2.00 0.72bc 2.51abc 1.09ab 3.74 0.22 0.76 0.03ab 0.08ab 0.009ab 0.031
SEM 0.01 0.04 0.02 0.05 0.03 0.07 0.02 0.05 0.01 0.04 0.00 0.01

Hatch C 0.95ab 2.09ab 0.74ab 1.63 2.27ab 5.01ab 0.25ab 0.55ab 0.24b 0.52ab 0.013 0.028
O0−11 0.95ab 2.05b 0.80a 1.72 2.13bc 4.59b 0.21b 0.45b 0.21b 0.45b 0.011 0.024
O12−21 1.03ab 2.29ab 0.73ab 1.60 2.37a 5.27a 0.20b 0.44b 0.21b 0.46b 0.016 0.035
O18−21 1.05a 2.34a 0.77ab 1.71 2.36a 5.26a 0.24ab 0.55ab 0.24b 0.44b 0.017 0.038
H0−11 0.91b 2.05b 0.62b 1.43 2.03c 4.57b 0.30ab 0.68ab 0.14c 0.54a 0.015 0.035
H12−21 0.95ab 2.13ab 0.75ab 1.69 2.04c 4.57b 0.24ab 0.53ab 0.25b 0.33c 0.013 0.030
H18−21 1.05a 2.33a 0.78a 1.73 2.23abc 4.94ab 0.39a 0.86a 0.36a 0.55a 0.012 0.026
SEM 0.01 0.03 0.01 0.05 0.02 0.06 0.02 0.04 0.02 0.03 0.00 0.01

P value IC 0.478 0.669 0.504 0.149 0.034 0.033 0.957 0.286 0.547 0.359 0.808 0.685
Age < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.022 0.001
IC×Age 0.682 0.085 0.472 0.009 0.005 0.024 0.925 0.205 0.697 0.192 0.721 0.725

a−c Means within a column for each of embryonic age with different superscript differ significantly at P < 0.05.
dC: control, O0−11: 23.5 % O2 supplementation between days 0 and 11 of incubation, O12−21: 23.5 % O2 supplementation between days 12 and 21 of incubation, O18−21: 23.5 % O2 supplementation between
days 18 and 21 of incubation, H0−11: 38.5 ◦C high incubation temperature between days 0 and 11 of incubation, H12−21: 38.5 ◦C high incubation temperature between days 12 and 21 of incubation, H18−21:
38.5 ◦C high incubation temperature between days 18 and 21 of incubation. SEM: standard error means.

ing the physiological status of the embryo at day 7 of incuba-
tion, it may be concluded that an epigenetic change occurs in
response to heat manipulation because this treatment group
compared with all of the other treatment groups had the high-
est eggshell temperature at days 13, 15, 17, and 19 of incu-
bation. The developmental stage-related heat production of
the chicken embryo gradually increases from days 9 to 16
and then reaches a plateau phase from days 17 to 19. Janke
et al. (2004) demonstrated different heat production rates
at different developmental stages of embryo. The increased
eggshell temperature in H administration at an early embry-

onic stage can be increased by the rate of heat production,
controlled by the central nervous system, as heat production
is linearly related to eggshell temperature and may limit em-
bryo development at 38.9 ◦C (Lourens et al., 2006). Inter-
estingly, the highest eggshell temperature by H treatment at
an early incubation stage (days from 0 to 11 of incubation)
resulted in the lowest rectal temperature in newly hatched
chicks, which may be due to a decreased thermoregulatory
set point of chicks (Tzschentke and Nichelmann, 1999). The
present study has demonstrated that broiler embryos exposed
to H treatment at an early embryonic stage did not develop
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Table 6. Effects of incubation conditions and sex on blood parameters induced by hypoxia at high altitude for newly hatched chicks.

T3 T4 T3 /T4 Hemoglobin Hematocrit
ng mL−1 ng mL−1 g dL−1 %

Incubation C 0.51c 5.58bc 0.098ab 11.40a 36.11c

conditions, O0−11 0.48c 6.91a 0.063b 9.35c 36.70bc

ICd O12−21 0.78a 6.94a 0.112a 8.57d 32.00d

O18−21 0.46c 5.27c 0.090ab 10.65b 38.40bc

H0−11 0.81a 7.86a 0.103ab 9.01cd 37.77bc

H12−21 0.63b 6.21ab 0.110a 12.62a 43.03a

H18−21 0.75ab 7.19a 0.106a 11.49a 39.49ab

SEM 0.04 0.58 0.007 0.43 1.64

Sex Female 0.62 6.04b 0.101 10.69 37.82
Male 0.63 7.08a 0.094 10.66 37.47
SEM 0.03 0.32 0.005 0.31 1.27

P value IC < 0.001 0.012 0.003 0.026 0.048
Sex 0.152 0.026 0.364 0.939 0.850
IC×Sex 0.799 0.718 0.196 0.233 0.939

a−d Means within a column with different superscript differ significantly at P < 0.05.
dC: control, O0−11: 23.5 % O2 supplementation between days 0 and 11 of incubation, O12−21: 23.5 % O2
supplementation between days 12 and 21 of incubation, O18−21: 23.5 % O2 supplementation between days 18 and 21
of incubation, H0−11: 38.5 ◦C high incubation temperature between days 0 and 11 of incubation, H12−21: 38.5 ◦C high
incubation temperature between days 12 and 21 of incubation, H18−21: 38.5 ◦C high incubation temperature between
days 18 and 21 of incubation. SEM: standard error means.

resistance to high temperature during the early embryonic
stage when eggs from sea level were incubated in hypoxia
caused by 1720 m altitude. On the other hand, Bahadoran et
al. (2010) indicated that hypoxia due to HA during early em-
bryogenesis may change the endocrine functions of the em-
bryo, enhance embryo growth, or shorten the hatching pro-
cess of chickens. However, early H treatment at hypoxic HA
resulted in an increased egg water loss at day 11 of incu-
bation. This excessive water loss resulted in increased em-
bryonic mortalities, obtaining the worst hatchability. At an
early incubation period, the resulting effects due to a com-
bination of high temperature and hypoxic HA indicated that
the chick’s thermal-tolerance acquisition did not improve and
negatively affected all examined traits. However, at 1720 m
altitude, the best hatchability was obtained when incubated
hatching eggs from sea level were treated with middle and
late O2 supplementation to incubators. The best hatchabil-
ity could be related to a decrease in egg water loss resulted
in the lowest eggshell temperature on days 15 and 17 of in-
cubation in O2 supplementation to incubator at the middle
embryogenesis stage, whereas this treatment had the highest
rectal temperature. Due to adaptability to hypoxia, supple-
mental O2 is a good way to improve hatchability and chick
quality. Zhang et al. (2008) indicated that breeding chick-
ens adapted to HA (a 2900 m altitude) had a lower egg water
loss and greater hatchability when they were incubated in hy-
poxic conditions. The findings of this study indicated that O2
supplementation to the incubator after middle to last stages
of embryogenesis could increase hatchability and decrease

embryonic mortality because of the lowest egg water loss.
This phenomenon was confirmed by the findings reported by
Lourens (2008), who had shown that eggs require different
IC conditions for maximum hatchability.

Oxygen treatment at an early stage of incubation resulted
in decreased embryonic development until day 15 of incuba-
tion, but O treatment at the middle stage of incubation led to
the highest embryo weight on day 17 of incubation in the cur-
rent study. Oxygen treatment at the middle stage of incuba-
tion relative to other incubation stages could improve the em-
bryo weight relative to the sensitivity of embryos to hypoxia.
This was explained by Dzialowski et al. (2002), who reported
that chicken embryos are most sensitive to hypoxia during
the middle-third period of incubation relative to the early- or
late periods of incubation. At hypoxic HA, IC treatments rel-
ative to the control did not affect the absolute and relative
embryo or chick weights at days 19 of incubation at hatch-
ing. However, when incubated at HA, eggs from sea level
had a depressive effect on embryo growth at day 20 of incu-
bation due to decreased uptake of yolk resources (Giussani
et al., 2007). The different conclusions on development may
be related to the timing of IC exposure in hypoxia caused by
HA, which plays a role in the development of embryos and
newly hatched chicks. The results indicated that developmen-
tal stages of broiler embryos on development are important
to the timing of O2 exposure at hypoxic HA during incu-
bation. The highest yolk sac weight was in the O treatment
groups applied early, middle, or late in development, espe-
cially on day 17 of incubation, which indicated lower yolk
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sac utilization, but this situation was reversed by O treatment
in embryos at day 19 of incubation, when it can require more
uptake of energy as respiratory muscle activity for metabolic
energy consumption because the embryo prepares for pul-
monary respiration and hatching (Tickle et al., 2014). Un-
der hypoxia, changes in lung function enhance the transition
to pulmonary respiration and to ensure early hatching (On-
agbesan et al., 2007). At hypoxia due to a 1720 m altitude,
early hatching was also observed by Güler and Babacanoğlu
(2017), who concluded that shorter external pipping and total
incubation durations at hypoxia were due to HA. On day 17
of incubation, the weight of lung increased in O2 treatment
rather than in H treatment at the middle period of incuba-
tion at hypoxic HA. This was because O2 supplementation
(23.5 % O2) to meet the required metabolic energy need of
broiler embryos resulted in an increase in the lung devel-
opment at hypoxic HA. Liver weight increased in H treat-
ment relative to O treatment from days 12 to the end of in-
cubation. This showed that metabolic activity of the embryo
was affected differently by O2 or heat exposure during this
embryogenesis stage at hypoxic HA. A similar result was
also reported at normoxia (2 m altitude), with increased liver
weight by heat acclimation for 5 days after day 12 of incu-
bation (Babacanoğlu et al., 2006). Lourens (2008) indicated
that deviations from 37.8 ◦C in the first or third week of in-
cubation depressed embryo development. However, in this
study, only the H treatment at an early stage of incubation
was effective to depress embryonic development. Interest-
ingly, the depression in H treatment at an early stage was
not observed at hatching. Before hatching, the depressed de-
velopment of embryos from H treatment at an early stage of
incubation may have been responsible for the lower yolk sac
absorption. Conversely, it was concluded that higher yolk sac
uptake of embryos from H treatment at the middle embryonic
stage on day 17 of incubation, though chick development was
not affected. This result was similar to the conclusions ob-
tained by long-term high incubation temperature (38.8 ◦C)
from day 12 to the end of incubation resulting in reduced
yolk consumption of embryos (Ozaydın and Celik, 2014).
At normoxia, high incubation temperature accelerates chick
weight exposed to 39.6 ◦C for 6 h daily from 10 to 18 days
of incubation (Yalçın et al., 2008), whereas high incubation
temperature at hypoxic HA had no effect on chick weight in
the current study. Similarly, Iqbal et al. (1990) reported that
no differences in the weights of chicks from eggs incubated
in optimum conditions or exposed to 39.0 ◦C for 6 h daily
from 11 to 20 days of incubation.

In this study, the ratio of T3 /T4 was observed similar
among IC treatments at hypoxic HA, similar to the results
reported by de Souza Morita et al. (2016), who showed that
exposure to high incubation temperature may be an effec-
tive factor in their adaptation to environmental conditions at
the post-hatch stage without changes in thyroid hormones of
broiler chicks. At hypoxia due to HA, as the embryo prepares
for its post-hatch life, significant changes are ensured by

controlled physiological changes that coordinate the marked
changes (De Oliveira et al., 2008). The marked changes occur
as physiological changes by metabolic hormone profiles dur-
ing embryo development (Lu et al., 2007). The chicks from
the H treatments had higher serum T3 and T4 concentrations,
which is a sign of the highest heat production rate compared
to control chicks. Thyroid hormones are primarily involved
in energy production by increasing metabolic rate; heat pro-
duction is especially regulated with these hormones (Mcn-
abb, 2000). In this study, the effect of early and late H treat-
ments on thyroid hormones resulted in an increase that can
be explained by an alteration at the post-hatch thermoregu-
latory system inducing epigenetic adaptation by significant
changes in these metabolic hormones at hatching. Obtained
higher serum T4 concentration in the newly hatched male
chicks in this study was due to higher development depen-
dent on a decreased basal arterial blood pressure (Herrera et
al., 2013), and enhanced pulmonary artery diameter (Sali-
nas et al., 2014), where thyroid hormone activity caused by
rapid growth related to lung development (Hassanzadeh et
al., 2008) rather than female broiler chicks.

Thyroid hormones act on the brain development of chick
embryos (Giguere et al., 1996) because thyroid hormones as
regulatory factors are responsible for differentiation, matu-
ration, and growth of the tissues in the pre- and post-hatch
development (Mcnabb and Wilson, 1997). The brain devel-
opment of embryos from O treatment at the middle embry-
onic stage and from H treatment at the early embryonic stage
decreased at internal pipping because T3 and T4 concen-
trations increased in these treatments of the study. Higher
T3 and T4 serum concentrations and the ratio of T3 /T4,
as well as lower blood hemoglobin and hematocrit levels
in newly hatched chicks from O treatment from days 12 to
21 of incubation at hypoxic HA, may be able to accelerate
metabolism and to carry more O2 to cells from blood to re-
cover physiologically O2 homeostasis based on epigenetic
changes (Perez-Perri et al., 2011).

Plasma T3 and T4 concentrations increased from days 18
to 21 of incubation as concluded by Darras et al. (1994), but
lower serum T3 and T4 concentrations by O supplementation
towards the end of incubation may be related to increased
hemoglobin concentration because higher blood hemoglobin
concentration was found in the treated embryos than con-
trol and H embryos at the middle and late periods of em-
bryogenesis. The H treatment at the middle and late embryo-
genesis stages may cause the high hematocrit concentration
to increase hemoglobin at hypoxic HA during the pre-hatch
period because high hematocrit appears less susceptible to
stress effects by maintaining leukocytes at a constant level
in broilers (McWilliams, 2008). Additionally, this study has
shown a decreased hemoglobin concentration, which was ob-
served in the same result in newly hatched chicks from the
O treated group, through the release of red blood cells from
storage sites. The relative bursa of fabricius development
decrease in the H treatment at the middle embryonic stage
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may be explained by the findings reported as the metabolic
demands of the developing embryo led to tissue hypoxia
(Druyan et al., 2007). Tissue hypoxia in the bursa of fabricius
of treated groups was likely the reason for genes expressed
at day 7 of incubation in the chick embryo, such as tissue-
specific hypoxia for the HIF1 gene induction.

The heart weight from O treated embryos at middle em-
bryonic stages on day 17 of incubation and heart weight
of embryos from O treatment of middle and late embryonic
stages at hatching increased related to the findings of exam-
ined parameters, which were the weights of RV, LV+ septum
and TV in the study. Zhang and Burggren (2012) reported
that only the heart weight was found to be differentially stim-
ulated by hypoxia among the measured internal organs of the
embryo, and authors concluded that hypoxia had highly dif-
ferential effects on embryonic development, depending on
the level and timing of hypoxia. For example, its occur-
rence early during incubation (first 10 days) has larger ef-
fects on embryonic mortality and organ growth than hypoxia
occurring at later stages (days from 10 to 18). The non-
hypertrophic RV :TV ratio changed by 0.19 and 0.20 for the
O groups during pre-hatch at hypoxic HA, suggesting a low
incidence of ascites syndrome when reared of broiler chicks
from the O groups, as an RV :TV ratio over 0.25 was not
observed (Gonzales et al., 1998). Hassanzadeh et al. (2004)
recommended the investigation of the connection between IC
and processes involved in the development of ascites. The
connection by means of physiological functions can be al-
tered with IC, especially by O treatments at hypoxic HA. As-
cites susceptibility may be decreased by developmental and
endocrine changes by the influence of O treatment at middle
and late stages of embryonic development at hypoxic HA.
Such changes may be related to physiological responses to
provide adaptation to hypoxic HA and to meet elevated O2
demand by the cardiovascular system in broilers. Physiolog-
ical alterations of broiler embryo from O2 supplementation
and H affected adaptation to hypoxic HA can be confirmed
with unchanged absolute and relative weights of spleen.

The study has concluded that depending on the timing of
IC exposure, eggs obtained from broiler breeders at sea level
can be evaluated for a more effective treatment of O that pos-
itively affects changes in the physiological system, especially
after half of the incubation, or H can be a long-term epige-
netic force, effecting changes in physiological traits of the
broiler embryo during the pre-hatch period at hypoxic HA.
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