Physical aspects of incubation and its relation with embryonic development

By R. Meijerhof

The earliest reference to artificial incubation can be found in Aristotle’s Historia Animalium, written
in the 4™ century BC, and it is known that the ancient Greeks and Chinese were already practicing
artificial incubation succesfully. Already at that time, it was known that for successful incubation, the
environment around the egg needs to be controlled. During incubation, the eggs need to be turned,
and temperature, humidity and ventilation need to be controlled. When the correct conditions are
applied to the egg, the embryo will start to develop and will grow into a complete chick, ready for
hatching. The process of turning the content of the egg into a hatchling is from a biological
standpoint extremely complicated, and far from being fully understood. However, the physical
conditions that control the biological process are relatively easy to understand and describe.

The environment around the egg influences embryonic development and hatchability (Ognabesan et
al, 2007). During incubation, the embryo consumes oxygen and produces carbon dioxide, water and
heat (Romanoff, 1967). Robertson (1923) already stated that the speed of the complex process of
growth and development will be determined by the slowest component. As gas exchange and
temperature determine the exchange of oxygen, water carbon dioxide and heat, this means that
these physical conditions are determining the developmental processes. Temperature is recognized
to be the most important climatical condition (Romanoff, 1960; Deeming and Fergusson, 1991,
Decuypere and Michels, 1992), as relatively small differentiations from the optimum will quickly
influence the process and with it the quality and the survival rate of the embryos. As the biological
processes involved in development and grow require oxygen and produce carbon dioxide, these
gases have to pass the membranes and the egg shell during the incubation process. During the
incubation period also metabolic water is produced, that needs to leave the egg to create an air cell
to allow the embryo to develop long respiration prior to the start of the hatching process. The three
different processes and their physical requirements (temperature, oxygen and carbon dioxide
exchange and moisture loss) will be discussed in the following section.

Temperature

Temperature is by far the most critical factor during incubation (Lundy, 1969; Wilson, 1991). Many
experiments and field results have shown that a differences of fractions of a degree Celsius in air
temperature will influence embryonic development (Romanoff 1960), hatchability (Wilson, 1991),
navel quality (Lourens et al, 2005, 2007; Hulet et al, 2007) and post hatch performance (Lundy 1969,
Wilson 1991). Not only organ weight and then especially heart weight is influenced by temperature
(Wineland et al., 2000; Leksrisompong et al., 2007; Lourens et al., 2007), but also metabolic disorders
as ascites (Molenaar et al, 2011) bone development (Oviedo-Rondén et al., 2009) and immune
system (Durant et al, 2012, Walstra et al, 2012) are influenced by temperature during incubation.
However, in recent years it has become clear that the determining factor is not the temperature of
the air, but the temperature of the embryo inside the shell. This is by itself logical, as the embryo will
react on the temperature outside of the shell by the influence it will have on the temperature of its
direct environment, which is the temperature inside of the shell.

In natural incubation conditions, the embryo uses the gradient in temperature between the brood
path of the mother hen and the bottom of the nest, by actively directing blood flow to regulate its



internal temperature, as shown by Tzschentke and Nicolmann (1997). By directing the blood flow
from its body to a larger or smaller extent to the relative cooler or warmer part of the egg, it can
influence its core body temperature. This allows the embryo in natural incubation to be less
dependent on temperature conditions outside of the egg shell, but the same authors also shown that
the embryo reacts already on slight differences in internal temperature, indicating that it tries to
regulate temperature in a very narrow range.

In artificial incubation, we provide the eggs with a uniform temperature around the egg. This means
that the embryo cannot regulate its own internal temperature as it has no gradient in temperature
that will help to regulate its temperature if the direction of the blood flow is changing. This means
that the control of the internal egg temperature has to be done completely from the outside of the
egg, by the control of the incubation conditions.

Embryo temperature

Embryo temperature is the core body temperature of the embryo inside the egg. Although this
temperature is not completely uniform but fluctuates slightly between the different parts of the
body, for practical reasons we can assume that the temperature distribution between the different
parts of the body of the embryo is uniform. As the egg shell loses heat, there is a temperature
gradient between the body of the embryo and the shell of the egg. Meijerhof and van Beek (1993)
presented a model which can be used to calculate this gradient, based on the thermal properties of
the content of the egg and the theory of heat diffusion. Although the thermal properties of yolk and
albumen are not completely equal (Meijerhof and van Beek, 1993), the differences are marginal. If
we assume that the temperature of the embryo is uniformly distributed over its body, it means that
the gradient between embryo and shell will be a function of the initial difference in temperature
between embryo and shell, the thermal properties of the egg content, and the amount of egg
content between embryo and shell.

For practical reasons, egg shell temperature is often used as an indicator for embryo temperature.
Measuring the egg shell temperature is not invasive, and when done with modern infrared
equipment, is much more quick then measuring embryo temperature which requires a probe inside
the egg. However, it must be realized that in some situations egg shell temperature and embryo
temperature can be substantially different. Although extensive studies involving the relation
between egg shell temperature and embryo temperature are not to the authors knowledge, some
assumptions in this respect can be made.

Egg shell temperature vs embryo temperature

At the start of incubation, there is a lot of egg content between the embryo and the egg shell. The
embryo is not producing any metabolic heat yet, which means that an equilibrium will be reached at
which the temperature of the egg is uniform and constant. However, during the warming process
that equilibrium is not reached yet, as the egg shell will be warmed much more quickly than the
embryo itself, and will therefore be substantially warmer than the embryo. Measuring the egg shell
as an indicator for embryo temperature is in this situation of limited use, as the difference between
embryo temperature and egg shell temperature will be high.



Once heat production of the embryo starts, the embryo will be warmer than the surrounding air and
heat will be transported from the embryo to the shell, creating again a gradient. This gradient is
again depending on the thermal properties of the egg and the amount of heat being produced, but as
the embryo is developing blood vessels towards the egg shell, the actual heat transport will probably
be bigger than can be expected from just the thermal properties of the egg content. In the first half
of the incubation process the amount of blood vessels will be minimal and the distance between the
embryo and the shell surface will be large, but as the heat production of the embryo is also still
minimum, a high difference between embryo and egg shell is not to be expected.

In the second half of the incubation process the embryonic heat production increases dramatically,
which will increase the gradient in temperature between the embryo and the surface of the egg
shell. However, as the embryo is also increasing in size and has developed a significant blood vessel
system under the shell, the heat transfer from embryo to egg shell will be increased as well,
suggesting that the temperature gradient between embryo and egg shell surface will be limited.

This means that although embryo temperature and egg shell temperature are not identical, for
practical reasons egg shell temperature can be used as an indicator for embryo temperature, unless
rapid temperature changes are applied. This is especially the case during the warming period of the
eggs, in which the egg shell temperature will go up much more quickly than the temperature of the
embryo itself.

Balance in heat

Several authors (Owen, 1991; Meijerhof and van Beek, 1993; French, 1997) developed models to
calculate the influence of the environment on the temperature of an egg. Although the models differ
in complexity, the main principle is that the temperature of an egg during incubation is a balance
between heat production (negative and positive) and heat transfer from the egg to the environment
of vice versa.

The heat transfer (the cooling and warming process of eggs) is basically influenced by two factors,
the heat flow through the egg content and heat transfer between egg shell and surrounding air,
which is mainly a function of differences in temperature between the egg shell and the air and air
velocity over the egg shell, (Meijerhof and van Beek, 1993). These authors presented a mathematical
model that quantifies the physical aspects involved. Lourens et al (2010) compared the results of
measurements with the calculated values from this model, and found a correlation between
calculated and observed values for temperature of eggs of 0.99 for small eggs and 0.98 for large eggs.
This indicates that the actual temperature of eggs can be calculated accurately when the conditions
are known.

Negative heat production

Eggs constantly lose water through the pores. This water is evaporated from the egg shell and
creates a cooling effect, which acts a negative heat production. The amount of water that is lost in a
specific time period is determined by the conductance of the egg shell and the difference in water
vapor pressure (the water vapor pressure deficit) across the egg shell (Meijerhof and van Beek,
1993). Water vapor pressure is the result of temperature and relative humidity, and will therefore be



influenced by the environmental conditions. The cooling effect of the moisture loss can be
determined by the evaporative heat loss of water, and the specific heat of eggs.

The energy that is required to evaporate water is 2.25kl/g. This means that when 1 gram of water is
evaporated from the egg shell, the egg will lose 2.25kJ of heat. This has a cooling effect and in a
steady-state situation, the resulting temperature of the egg will decrease. As the specific heat of eggs
is approximately 3.31 kl/kg/oC (Romanoff and Romanoff, 1949, as cited by Turner, 1985), an egg of
60 g will lose approximately 0,09 oC for each gram of water it evaporates. Depending on the climatic
conditions the amount of moisture loss will vary, but an average moisture loss during incubation is
approximately 0,6 to 0,7% of the initial egg weight per day. This means that an egg of 60 g loses
approximately 0.36 to 0.42 g of water per day, or 0.015 g to 0.018 g/hr.

Meijerhof and van Beek (1993) calculated the effect of moisture loss of eggs on temperature in
different situations and at different positions in the egg. They calculated the temperature of an egg
of 60 gram at the center and at the surface of the egg, 20 minutes after being placed from 400C into
200C. At the egg surface, the temperature of the egg was 29.74, 29.73 and 29.620C, when moisture
loss of the eggs was 0, 0.01%/h or 0.1%/h, respectively. At the centre of the egg, the temperature
after 20 minutes was 35.17, 35.16 and 35.010C, when moisture loss of the egg was 0, 0.01%/h or
0.1%/h. After infinitive time, the center temperature of the egg was 20, 19.96 and 19.56 with these
amounts of moisture loss. As a normal moisture loss of an egg is approximately 0,6%/24 h or
0.025%/h, this means that although the effect on temperature is marginal, the egg shell temperature
will always be slightly lower than air temperature, if no heat production by the embryo is present.

Positive heat production

During incubation the embryo starts to produce heat, as a byproduct of the metabolism of
converting the egg content into body tissue. This heat production is noticeable from day 4 of
incubation onwards, but it takes until day 8-9 before the machine has to start cooling to remove the
heat, depending on the type of machine and eggs.

Heat production of eggs during incubation seems to differ between strains and breeds. The
impression in the field is that modern broiler strains produce more heat than the strains that were
used in the past. Part of this effect might be due to the fact that over time the average egg size has
increased. As more body tissue is formed in a bigger egg, more heat will be produced as well. Also
the egg composition might play a role in this, if the ratio albumen/yolk has altered over the years,
which will also influence the heat production.

Some studies have shown differences in heat production between layer and broiler lines, (Nangsuay
et al, 2011) and even within broiler strains within different breeds (Tona et al, 2010). Although this is
a very intriguing area, one must be careful with the interpretation of the data. As Lourens et al (2007)
showed, a difference in embryo temperature will result in a difference in heat production by the
embryo, as its metabolism is altered. This means that incubation of eggs with equal air temperature
but with different heat production will result in differences in embryo temperature and therefore
differences in metabolism, which makes the heat production data difficult to quantify.

Temperature changes



To quantify the effect of the environment on the temperature of the eggs, one can work with the
concept of half times. A half time is defined as the time a body (an egg) needs to cover half of an
initial temperature difference. This means that if an egg is placed from 400C into 200C, the first half
time is the time the egg needs to cool from 400C to 300C, the second half time is the time needed to
cool from 300C to 250C etc. This method allows to compare different temperature profiles, as the
half time will be more or less equal for each temperature difference, and also the first, second and
consecutive half times are comparable. It is normally assumed that a body has a constant
temperature after 5 half times. Although there is a slight difference in half times between cooling
and warming bodies, for practical purposes this difference can be neglected. The theoretical method
to calculate half times in spherical bodies is presented in Meijerhof and van Beek (1993), but at a low
air velocity of 0.2 m/s, an uncovered egg will have a half time of approximately 30 minutes. This is
highly dependent on the way of storing the eggs, as an egg in the centre of a stack of eggs on
cardboard trays will have a half time of several hours.

Air velocity

Air velocity has a major impact on heat transfer, and with it on the half time of eggs. If there is no
heat production in an egg and no difference in temperature between egg and air, air velocity has no
effect, simply because the egg is not cooling or heating and therefore has no half time to experience.
Cooling or warming of eggs goes much faster if there is a significant air velocity over the eggs. If air
velocity is increased from 0 m/s to 0,5 m/s, the heat transfer and with it the cooling or warming rate
of eggs is increased approximately 4 times (Meijerhof and van Beek, 1993). A further increase to 2
m/s has relatively limited added value, as at this air velocity rate the heat transfer is 5 to 6 times
higher than at 0 m/s.

Heat transfer during incubation

During incubation, the embryos start to produce increasing amounts of heat, which will increase the
embryo temperature above air temperature (Sotherland and Rahn, 1987) if not adequately removed
to keep the embryo at the desired temperature (French, 1997). At a given heat production of the
embryo, the temperature of the egg will rise above air temperature, depending on air temperature
and air velocity. Meijerhof and van Beek (1993) showed that with a heat production of 3 W/kg egg
(0,18 W/egg at an egg weight of 60g), the temperature difference between egg and air would be
0,750C for an egg of 60 g in an air velocity of 2 m/s, but 1,40C for the same egg when placed in an air
velocity of 0.5 m/s. With increasing egg weight (at equal heat production/kg) the differences in
temperature between egg and air increase further. Eggs of 75g with the same heat production per kg
were calculated to be 1.70C warmer than air temperature at an air velocity of 0.5 m/s, and 0.80C
warmer at an air velocity of 2 m/s. The reason for this effect is that a bigger egg has more heat
production per egg, but also more egg content per surface area, which limits the heat transfer. These
theoretical results indicate not only that for an uniform embryo temperature in an incubator the air
velocity over the eggs need to be uniform at all places, but also that it is beneficial to have a relative
high air velocity to equalize differences between egg sizes in one machine.

Lourens (2001) measured in a field situation the egg shell temperature of eggs after 18 days of
incubation and placed in 37.20C air temperature. He found that at an air velocity of 0 m/s, the egg
shell temperature was 40.30C, where at 0.5 m/s the egg shell temperature was only 38.40C. When
the air velocity increased further to 2 m/s, the egg shell temperature dropped to 37.70C. These



results confirm that a small increase in air velocity in the lower range of air velocity has more effect
than increases in the high air velocity ranges.

A complicating factor with the interpretation of practical measurements is the effect that
temperature by itself has on embryo metabolism and therefore heat production. Lourens et al (2007)
and Molenaar et al (2010) showed that an increase in egg shell temperature of 0.90C resulted in an
increase in heat production until incubation day 15, but a decrease in heat production later in
incubation. At day 18 and 19, the higher embryo temperature resulted in approximately 10% less
heat production. This means that in experiments with factors that have an influence on heat transfer
or heat production, the possible influence on embryo temperature and with it on embryo
development need to be evaluated. Especially experiments that can influence air velocity over the
eggs, for instance experiments with turning angle or turning frequency need attention.

Relative humidity

During the developmental process, embryos produce metabolic water (Romanoff, 1960). As the
embryo needs an air cell to initiate lung respiration, this metabolic water needs to be lost during the
incubation process. The effect of moisture loss on incubation results has been widely studied, and its
general accepted that optimal moisture loss until internal pipping is approximately 12 to 14% of the
initial egg weight. During the incubation process, CO2 is expelled from the egg and 02 is taken up
which have a different molecular weight, but due to the RQ value of respiration the change in egg
weight can be fully explained by the moisture loss of the eggs (Ar and Rahn, 1980). This means that
weighing the egg at different moments is adequate to determine moisture loss.

Moisture loss of of an egg is related to the driving force for moisture loss and the porosity or
conductance of the shell. For the driving force, several properties can be used: water potential (Pa),
water vapor concentration (kg/m3) water vapor pressure (Pa) and mol fraction (mol/mol).
Theoretically, the best property to use is the mol fraction as the related coefficient of diffusion of
water vapor only depends on temperature and is independent of pressure (Nobel, 1983). However,
using water vapor pressure is more commonly used. Moisture loss of eggs is often predicted with
Fick’s first law of diffusion (Ar et al, 1974), and depends on the resistance of the egg shell and
membranes and the difference in water vapor pressure across the egg shell. Fick’s law is based on
egg shell conductance expressed as milligrams of water per Torr per day. The author prefers to
calculate with a transpiration coefficient based on Sl units, which allows to use the Mollier diagram
to calculate water vapor pressure deficits under variable situations, including warming and cooling of
eggs (Meijerhof and van Beek, 1993).

Air velocity does not have a direct effect on moisture loss (Meijerhof and van Beek, 1993). This is due
to the fact that the limiting factor for moisture loss is the passage of moisture through the shell, and
no the removal of water from the surface of the shell. As air velocity influences only the release of
water from the shell surface, moisture loss is a function of water vapor pressure deficit and
conductance, which are not influenced by air velocity.

The water vapor pressure difference across the egg shell is determined by temperature and relative
humidity inside and outside of the egg. Because the of the high water content, the water vapor



pressure in the egg is nearly saturated, which means that the water vapor pressure can be calculated
for absolute humidity with the Magnus equation, and will only be dependent on temperature. The
water vapor pressure outside the egg is a function of temperature and relative humidity of the air
surrounding the egg. As temperature inside and outside of the egg are relatively constant, it means
that relative humidity of the air is the most important factor to control moisture loss. The amount of
moisture loss will be related to the change in water vapor pressure in the air, which will be
dependent on relative humidity (at a given temperature) and can be obtained from the Mollier
diagram. However, it must be realized that also temperature changes of for instance the egg shell
have an impact on moisture loss. This means that if embryo temperature changes, a slight change in
moisture loss will be observed. This is the reason why sometimes air velocity seems to influence
moisture loss, as it influences the heat transfer of the eggs and therefore its temperature, which will
change the water vapor pressure deficit over the shell.

The other factor that determines moisture loss is the conductance of the egg shell, basically the
resistance of the shell against passage of gases. The conductance is the combined effect of the
resistance of the shell membranes, the number, shape and size of the pores in the egg shell and the
added effect of the cuticle. During incubation the embryo utilizes calcium from the inside of the egg
shell for bone formation, but this doesn’t influence the resistance of the egg shell against gas
exchange. In normal situations the conductance of an egg will not change during storage or
incubation, unless the cuticle of the egg is removed. This can happen when eggs are washed or
sprayed with certain detergents. The conductance can artificially be lowered by for instance spraying
oil over an egg shell, as is sometimes practiced with table eggs to increase their shelf life. The
conductance of an egg can be measured by the weight loss over time, if the water vapor pressure
deficit over the egg shell is known. If the conductance of an egg is expressed as a percentage of
weight loss per time unit per Pa of water vapor pressure deficit (kg/(kg.Pa.s), we can actually predict
moisture loss of that egg in every situation if we know the temperature and relative humidity (and
therefore the water vapor pressure), by measuring the weight loss of an egg over time in any
situation with a known water vapor pressure. So if we measure weight loss during storage or the first
days of incubation (with known temperature and relative humidity) we can simply predict the total
weight loss of these eggs over the total incubation period, and we can adjust the relative humidity to
the required water vapor pressure deficit if the predicted value for moisture loss doesn’t meet the
requirements.

Several researchers have found that the optimum for moisture loss until pipping is between 12 and
14% of the initial egg weight (Meir et al, 1984, Hulet et al, 1987). This can be controlled rather
accurate with relative humidity if the conductance is known. However, in nature the moisture loss of
eggs will be very variable as the incubating bird has limited possibilities to influence the relative
humidity in the nest. Neither can they change the conductance of the eggs based on the expectations
of weather for the coming period. Visscherdijk et al (1985) demonstrated a high variation in
conductance between individual eggs, as high as 20%. Tullett (1981) has shown that individual eggs
can tolerate a high variation in moisture loss before their hatchability is affected, which is in
agreement with the fact that birds cannot actively influence the moisture loss during natural
incubation. The apparent contradiction between a limited range for optimum moisture loss and a
wide range of acceptable moisture loss for individual eggs is can be explained by the high variation in
moisture loss between individual eggs. Due to this high variation, the average moisture loss of the



eggs in the machine must be between rather narrow limits, to avoid extreme moisture losses of
individual eggs that will affect their chance on successful hatching.

Gas exchange

Besides water vapor, also oxygen and carbon dioxide needs to be exchanged over the egg shell. This
gas exchange is also dependent on the conductance of the egg shell, as the exchange has to go
through the same pores as the water vapor. At the moment of production, the egg contains carbon
dioxide equal to the blood level. After oviposition, carbon dioxide is released from the egg content
which forces the pH of the albumen to rise in a few days to a level of approximately 9.3-9.5. This
helps to protect the egg against micro-organisms and has a function in early development of the
embryo (Stern, 1991). When incubation starts, the embryo slowly starts to produce carbon dioxide
due to its metabolic activity, which forces the pH to decrease again (Gillespie and McHanwell, 1987).
Until internal pipping, these gases are brought to the shell by the blood stream from the embryo
towards the shell. In natural incubation conditions, this blood stream is influenced by the
temperature of the egg (Tzschentke, 2007; 2008), as the embryo uses the gradient between bottom
of the nest and brood path of the hen to regulate its own internal temperature. If this has an effect
on the gas exchange of the embryo is not known.

It is well known that incubation at higher altitudes (higher than 600-700 meter above sea level)
increases embryonic mortality numbers and decreases hatch, due to the reduction of the partial
pressure of oxygen. Because incubating embryos respire by diffusion, the diffusion rate and with it
respiration decrease with barometric pressure reduction. Bagley and Christensen (1989) showed that
reduced diffusion rates reduced organ maturation and body weight. Lokhorst and Romijn (1965)
already reported a reduction of hatchability and of heat production when eggs were incubated at
increased altitude. Incubation at a simulated altitude of 3000 m above sea level reduced the heat
production of the embryos with almost 50%, and embryos did not hatch anymore.

Lourens et al (2007), incubated eggs at 17, 21 and 25% oxygen concentration, and at an egg shell
temperature of 37.80C (normal) and 38.90C (high). Until day 15, eggs incubated at the higher egg
shell temperature produced more heat than eggs incubated at the normal profile. At day 16-17, eggs
incubated at the higher egg shell temperature profile in combination with the lower oxygen
concentration started to produce less heat than the other groups. At day 18 and 19, only the eggs at
25% oxygen concentration continued to produce more heat when incubated at the higher egg shell
temperature. This suggests that there needs to be a balance between the speed of the development
of the embryo, which is determined by the temperature in the egg, and the availability of oxygen for
the embryo. Oxygen availability for the embryo is dependent on the altitude above sea level and
oxygen concentration in the air, but also on oxygen conductance of the egg, on blood cell formation
of the embryo, and on ability to release carbon dioxide from the egg to the surrounding air and
therefore on carbon dioxide concentration in the machine. This suggests that it might be beneficial to
adjust embryo temperature to the availability of oxygen for the embryo, which needs further study.

In single stage incubation, ventilation can be adjusted to the stage of development of the embryos.
Nowadays, ventilation is often closed completely for the first several days of incubation, which
increases the carbon dioxide levels. It is shown that this higher level of carbon dioxide results in an
increase of blood vessel development early in incubation (Ognabesan, 2007). The effect of this on
embryo development, hatchability and chick quality needs to be further examined.



In single stage incubation, often CO2 levels of 3000-4000 ppm are used in the second half of the
incubation process, to reduce the amount of ventilation. In multi stage incubation levels do not often
exceed 1500 ppm, due to the fact that often in these machines the cooling capacity is limited, and
more air exchange needs to be used for cooling. During the final stages of incubation and hatching,
high levels of CO2 stimulate the pipping and hatching process and shortens the period between
internal and external pipping (Visschedijk, 1968). In field situations, carbon dioxide levels of 4000-
5000 ppm are often maintained during the hatching stage, as it stimulates the hatching process and
makes the difference in hatch time smaller. This is due to the fact that high levels of CO2 stimulate
the hatching process, but also because a high level of CO2 means a limited amount of ventilation and
with it a more uniform distribution of embryo temperature. The interactions between parameters as
ventilation and temperature are complex but important to understand the balances in environment
that occur in the machines.

Interactions between parameters

One of the biggest challenges involved in the physical conditions during incubation are the
interactions between different parameters, and then especially the effect that some conditions can
have on temperature of the embryo. This makes the interpretation of the effects of that specific
adjustments in parameters have complicated, especially if egg shell temperatures are not controlled
or adjusted.

As discussed, embryo temperature during incubation is the result of the heat production of the
embryo and the heat loss from the egg to the environment. Lourens et al (2007) showed that at the
end of incubation, heat production of the embryos decreases with increasing embryo temperature
and decreasing oxygen availability. This means that a change in environment resulting in a difference
in heat loss might change the heat production of the embryo, although the direct influence of the
change on the embryo might be limited. Lourens et al (2006) showed that the difference in heat
production and development of embryos in big and small eggs is proportional to their difference in
egg size, when both groups are incubated at the same egg shell temperature. However, if these eggs
are incubated at the same air temperature, egg shell temperature of the bigger eggs will be higher
than that of the small eggs due to differences in air velocity over the eggs and shell/surface ratio’s.
Due to the differences in embryo temperature, differences in embryo development and heat
production per gram of egg can be expected.

Especially air velocity over eggs can change rapidly when difference in turning, tray position, egg size,
ventilator speed etc are applied. As air velocity has a high effect on heat loss and therefore on egg
shell temperature, experiments with for instance turning should always be done with a strict control
of embryo temperature, to avoid misinterpretation of results.

The level of ventilation and the condition of the air that is used for ventilation can have a significant
influence on the heat balance during incubation, and with it on the temperature of the air and the
eggs. The amount of ventilation and the temperature of the air that is brought into the machine
influences the heat exchange of the machine. But as relatively cold air is brought into the machine,
the machine has to add water to maintain the relative humidity at the often used level of 50-55%.
This water requires energy to evaporate, and with it is functions as a major cooling force, although an
uneven distribution of the water spray throughout the machine can lead to local cool spots.



Especially if cooling capacity of machines is limited, it is important to avoid fluctuations of the
amount of spraying provided, to ensure a climate in the machine that is as even as possible. In multi
stage machines, the ventilation rate is more or less constant over time, which means that only a
change in condition of the air will influence the amount of spraying that is provided. This makes it
important to control the condition of the air in the setter room, to avoid unexpected operation of the
sprayer. In single stage machines, the amount of ventilation is adjusted during the incubation
process, to facilitate the eggs with sufficient air for respiration. The increased amount of air that is
needed at the end of the incubation process requires an increasing amount of spraying, to
compensate for the increasing amount of relatively dry air entering the machine. To avoid the
fluctuating amount of spraying and with it a relative imbalance of the machine, the concept of non-
linear moisture loss is often used. With this concept, a higher level of relative humidity (and
consequently a lower level of moisture loss by the eggs) is used in the first period of incubation. Over
time, when ventilation is increasing, the level of relative humidity is lowered (and moisture loss of
the eggs increased), and with it the amount of spraying that needs to be used is decreased. As the
main function of the moisture loss is to create a sufficient air cell at the moment of internal pipping,
non-lineair moisture loss functions well as long as the total required moisture loss is achieved.

As ventilation rate influences CO2 levels in the machine, changing the CO2 level by opening or closing
the damper wil not only influence CO2 but also the relative humidity of the machine, and with it the
amount of cold air entering and the amount of spraying needed to maintain the relative humidity. As
this might influence the heat balance and with it the embryo temperature of the eggs, the result of a
change in results after changing the CO2 level might sometimes be caused by a change in
temperature instead of being a direct result of the change in CO2 itself.



Literature cited

Ar, A., C. V. Paganelli, R.B. Reeves, D.G. Green, and H. Rahn. 1974. The avaian egg: water vapor
conductance, shell thickness and functional pore area. Condor 76: 153-158

Ar, A. and H. Rahn. 1980. Water in the avian egg: overall budget of incubation. American Zoologist
20: 373-384

Bagley, L.G. and V.L. Christensen. 1989. Comparisons of turkey embryos incubated in tenuous or
dense gas environments-1l. Organ growth. Comp. Biochem Physiol. 93A: 451-454

Deeming, D.C., and M.W.J. Ferguson. 1991. Physiological effects of incubation temperature on
embryonic development in reptiles and birds. Pages 147-172 in: Egg Incubation. D.C. Deeming and
M.J.W. Ferguson, ed. Cambridge University Press, Cambridge, UK.

Decuypere, E., and H. Michels. 1992. Incubation temperature as a management tool: a review.
World’s Poult. Sci. J. 48: 28-38

Durant, S. E., W. A, Hopkins, D. M. Hawley, and G. R. Hepp. 2012. Incubation temperature affects
multiple measures of immunocompetence in young wood ducks (Aix Sponsa). Biol. Lett. vol. 8 no. 1:
108-111

French, N.A.. 1997. Modelling incubation temperature: the effect of incubator design, embryonic
development, and egg size. Poult. Sci. 76: 124-133

Gillespie, J.I. and S. MacHanwell. 1987. Measurement of intraembryonic pH during the early stages of
development in the chick embryo. Cell and Tissue Research 247: 445-451

Hulet, R.M. V.L. Chrisensen and L.G. Bagley. 1987. Controlled egg weight loss during incubation of
turkey egs. Poult. Sci. 66: 428-432

Hulet, R.M., G. Gladys, D. Hill, R. Meijerhof, and T. El-Shiekh. 2007. Influence of egg shell embryonic
incubation temperature and broiler breeder flock age on posthatch growth performance and carcass
characteristics. Poult. Sci. 86: 408-412

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

Lokhorst, W., and C. Romijn. 1965. Some preliminary observations on barometric pressure and
incubation. In: Energy metabolism. Ed K.L. Blaxter. London, U.K. Academic: 419-422

Lourens, A.. 2001. The importance of air velocity in incubation. World Poultry 17 (3): 29-30



Lourens, A., R. Meijerhof, B. Kemp, and H. van den Brand. 2011. Energy partitioning during
incubation and consequences for embryo temperature: A theoretical approach. Poult Sci 90: 516-523

Lourens, A., R. Molenaar, H. van den Brand, M.J.W. Heetkamp, R. Meijerhof and B. Kemp. 2006.
Effect of egg size on heat production and the transition of energy from egg to hatchling. Poult. Sci.
85:770-776

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

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

Lundy, H.. 1969. A review of the effects of temperature, humidity, turning and gaseous environment
in the incubator on the hatchability of the hen’s egg. in: The Fertility and Hatchability of the Hen’s
Egg. T.C. Carter and B.M. Freeman, ed. Oliver and Boyd, Edinburgh: 143-176

Meijerhof R. and G. van Beek. 1993. Mathematical modeling of temperature and moisture loss of
hatching eggs. J. of Theor. Biol. 165: 27-41

Meir, M., A. Nir and A. Ar. 1984. Increasing hatchability of turkey eggs by matching incubator
humidity to shell conductance of individual eggs. Poult. Sci. 63: 1489-1496

Molenaar, R., R. Meijerhof, I. van den Anker, M. J. W. Heetkamp, J. J. G. C. van den Borne, B. Kemp
and H. van den Brand. 2010. Effect of eggshell temperature and oxygen concentration on survival
rate and nutrient utilization in chicken embryos. Poult. Sci. 89: 2010-2021

Molenaar, R., R. Hulet, R. Meijerhof, C.M. Maatjens, B. Kemp, and H. van den Brand. 2011. High egg
shell temperatures during incubation decrease growth performance and increase the incidence of
ascites in broiler chickens. Poult. Sci. 90: 624-632

Nangsuay, A., Y. Ruangpanit, R. Meijerhof, and S. Attamangkune. 2011. Yolk absorption and embryo
development of small and large eggs originating from young and old breeder hens. Poult. Sci 90:
2648-2655

Nobel, S. 1983. Biophysical plant physiology and ecology. New York, Freeman. 401-403

Onagbesan, 0., V. Bruggeman, L. De Smit, M. Debonne, A. Witters, K. Tona, N. Everaert and E.
Decuypere. 2007. Gas exchange during storage and incubation of Avian eggs: effects on
embryogenesis, hatchability, chick quality and post-hatch growth. World’s Poult. Sci. J. 63: 557-573

Oviedo-Ronddn, 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 development and leg
health. J Appl Poult Res 18: 671-678

Owen, J.. 1991. Principles and problems of incubator design. In: Avian Incubation. Ed. S.G. Tullett.
Butterworth-Heinemann, London. 205-224



Robertson, T.B., 1923. The chemical basis of growth and senescence. Lippincott, Philadelphia and
London (Bibliography).

Romanoff, A.L. 1960. The avian embryo: structural and functional development. Macmillan, New
York.

Romanoff, A.L. 1967. Biochemistry of the avian embryo: a quantitative analysis of prenatal
development. John Wiley and sons, New York.

Sotherland, P.R., and H. Rahn, 1987. On the composition of bird eggs. Condor 89: 48-65

Stern, C.D. 1991. The sub-embryonic fluid of the egg of the domestic fowl and its relationship to the
early development of the embryo. In: Avian Incubation. Ed. S.G. Tullett. Butterworth-Heinemann,
London, U.K.: 81-90

Tullet, S.G. 1981. Theoretical and practical aspects of eggshell porosity. Turkeys 29: 24-28

Turner, J.S., 1991. The thermal energetic of incubated bird eggs. In: Egg Incubation. D.C. Deeming and
M.J.W. Ferguson, ed. Cambridge University Press, Cambridge, UK.: 117-146

Tona, K., O.M. Onagbesan, B. Kamers, N. Everaert N, V. Bruggeman, and E. Decuypere. 2010.
Comparison of Cobb and Ross strains in embryo physiology and chick juvenile growth. Poult. Sci. 89:
1677-1683

Tzschentke, B. and M. Nichelmann. 1997. Influence of prenatal and post-natal acclimation on
nervous and peripheral thermoregulation. Ann. NY. Acad Sci. 813: 87-94

Tzschentke, B. 2007. Attainment of thermoregulation as affected by environmental factors. Poult.
Sci. 86: 1025-1036

Tzschentke, B. 2008. Monitoring the development of thermoregulation in poultry embryos and its
influence by incubation temperature. Comput. Electron Agr. 64: 61-71

Visschedijk, A.H.J. 1968. The air space and embryonic respiration: 2. The times of pipping and
hatching as influenced by an artificially changed permeability of the shell over the air space. Br. Poult.
Sci. 9: 185-196

Visschedijk, A.H.J., H. Tazawa, and J. Piiper. 1985. Variability of shell conductance and gas exchange
of chicken eggs. Respiratory Physiology 59: 339-345

Walstra, W.I., J. ten Napel, B. Kemp, and H. van den Brand. 2012. Adaptive response to Eimeria
acervulina in rearing hens is affected by suboptimal incubation temperature and heat exposure in
later life. Animal vol 6: 137-144

Wilson, H.R.. 1991. Physiological requirements of the developing embryo: Temperature and turning.
in: Avian Incubation. S.G. Tullet, ed. Butterworth-Heinemann, London, UK.: 145-156

Wineland, , M.J., K.M. Mann, B.D. Fairchild, and V.L. Christensen. 2000. Effect of different setter and
hatcher temperatures upon the broiler embryo. Poult. Sci. 79 (suppl 1): 123 (abstr)



