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Abstract for General Public
High environmental temperatures can cause laying hens to become heat stressed, including
reduced egg production, egg quality, and body weight, and in some cases increased mortality. Two
mechanisms to reduce heat production and increase heat dissipation are reduced feed intake and
increased respiration rate during heat stress. The reduced feed intake can result in insufficient
nutrients to maintain egg production and increased respiration rate can change the blood chemistry,
reducing ionic calcium and ultimately causing thinner eggshells. The most efficient way to reduce
the negative effects of heat stress is by avoidance through controlling the environmental
temperature, however, above certain temperatures cooling methods fail. If heat stress conditions
are reached, it is important to understand the genetic ability of the hen to minimize the negative
consequences of elevated temperature. Therefore, the effects of a four-week heat stress were
determined with a focus on hen performance, egg quality, and blood chemistry parameters in
laying hens. Some parameters such as blood pH and ionized calcium, shell weight, and body
temperature were negatively affected within four to six hours while others, such as shell thickness,
Haugh unit, and egg production took longer to be affected. By the end of the experiment blood pH
returned to pre-heat stress levels but feed intake was significantly reduced over the 4 wk HS period.
This could indicate that the laying hens began to acclimate to the high environmental temperatures
but were not able to completely overcome the negative effects.
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Scholarly Abstract
Commercial laying hens are heavily selected for increased egg production, but little selection has
occurred for resistance to extreme temperatures. The objective of the experiment was to determine
the effects of a daily cyclic heat stress (HS) on performance, body temperature, egg quality,
nitrogen corrected apparent metabolizable energy, and blood chemistry in laying hens at acute and
chronic time points. In total, 407 pure line laying hen pullets (18 wk) were sourced from Hy-Line
International and housed individually for the duration of the experiment. Feed intake, egg
production, and body weights were significantly decreased while egg weight and feed efficiency
increased due to HS exposure. All egg quality parameters except yolk weight were decreased by
HS exposure, including Haugh unit, eggshell and albumen weights. Egg yolk weights were
increased over the first 2 wk of HS before falling. Blood chemistry was affected by HS resulting
in respiratory alkalosis likely caused by increased respiration and evaporative cooling. There was
a decrease in the PCO2, an increase in pH and a reduction in iCa in the blood within 4 to 6 hours of
HS when compared to pre-HS levels. The data indicate that the hens were negatively affected by
HS and the response was different for acute and chronic time points. At the acute time point the
changes to the hen’s physiology were caused by altered blood chemistry, but after chronic
exposure, the low feed intake seemed to influence the responses.
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CHAPTER I
Introduction
Global surface temperatures have risen by 0.75°C in the past 100 years and are
expected to rise by 0.5-5.5°C in the next 100 years (Collins et al., 2013). Although, laying
hens have been genetically selected for higher egg production and performance (Jones et
al., 2001; Stratmann et al., 2016), there has been little selection for resistance to extreme
temperatures in the most productive lines of laying hens (Soleimani et al., 2011). Higher
producing breeds and strains are more susceptible to high environmental temperatures
(Eberhart and Washburn, 1993; Mack et al., 2013). With higher surface temperatures and
little selection for heat tolerance, heat stress has the potential to become an increasing issue,
resulting in elevated mortality and reduced performance that are estimated to cost $98
million per year to the laying hen industry (Key, et al., 2014).
The optimum environmental temperature for performance of laying hens is in the
range of 19-22°C, with temperatures above this range reducing performance and ultimately
resulting in heat related stress (Kilic and Simsek, 2013). Susceptibility to heat stress is
complex, but feather coverage and a higher basal metabolic rate are contributing factors to
susceptibility of birds in comparison to mammals (Bharat et al., 2013). Above 25°C, hens
can start to experience heat stress manifested by decreased egg production and performance
(Khan, et al., 2011). The main cause of the drop in egg production is the reduction in feed
intake during high temperatures (Mashaly et al., 2004). Laying hens will reduce feed intake
in response to elevated environmental temperature to decrease the heat of digestion (Kilic
and Simsek, 2013). The reduced feed intake results in reduced nutrient intake and
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ultimately egg production (Mashaly et al., 2004). Respiratory alkalosis, a rise in blood pH,
can occur when the bird pants to remove excess heat through evaporative cooling, causing
the ratio of bicarbonate to carbon dioxide in the blood to increase and ultimately results in
a change in blood pH (Koelkebeck and Odom, 1994; Franco-Jimenez et al., 2007). The
rise in blood pH can cause a reduction in the concentration of ionized calcium in the blood.
Ionized calcium is important as it is available to the hen for deposition into the eggshell
(Odom et al., 1986). This can result in a reduction of eggshell thickness and quality when
the hen is exposed to high environmental temperatures (Samara et al., 1996).
Many of the negative effects of heat stress can occur quickly with exposure to acute
high temperature. Respiratory alkalosis and reduced blood ionized calcium have occurred
in as little as three hours of heat stress (Mahmoud et al., 1996). After exposure to longerterm heat stress, lowered feed intake will ultimately result in reduced egg production.
Although the hen may reduce feed intake within one day of exposure to high temperatures,
a drop in egg production is generally not noted until a longer heat stress period (a week or
more) is experienced (Melesse et al., 2013). A laying hen may be able to acclimate to high
environmental temperature. Feed intake and blood pH have been shown to at least partially
recover within a week of exposure to heat stress (Felver-Gant et al., 2014). Pretreatment
of laying hens with a mild cyclic increase in temperature was able to mitigate some of the
effects of a constant heat stress treatment in comparison to naïve hens (Deaton et al., 1982).
Some methods to reduce the negative effects of heat stress include management
practices, dietary supplementation, and genetic factors. Management practices can include
increasing ventilation, changing light schedules, or reducing stocking density (Balnave and
Brake, 2005; Melesse, et al., 2011; Abidin and Khatoon, 2013). While these management
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techniques can be effective methods to control heat stress, cost to the producer must be
considered when evaluating effectiveness. Supplementation to the diet can include
chromium, vitamin E, vitamin C, and increasing metabolizable energy and protein content
(Balnave and Brake, 2005; Khan et al., 2014). Vitamins E and C can act as antioxidants,
protecting the cell from lipid peroxidation of cellular membranes caused by increased free
radical production during heat stress (Ciftci et al., 2005). The majority of free radicals
produced are oxygen radicals such as superoxide, hydroxyl, hydrogen peroxide, and nitric
oxide radicals (Lin et al., 2000). Resistance to heat stress can also be incorporated into the
genome by crossing commercial hens with strains that are more resistant to high
temperatures. One negative consequence of this is reduced genetic potential for egg
production and efficiency (Melesse et al., 2011).
The current experiment was designed to quantify the effects of heat stress on egg
production, egg quality, nitrogen corrected apparent metabolizable energy (AMEn), body
temperature and blood gas parameters of laying hens to generate baseline heat stress data
at the individual bird level. The hens were exposed to a cyclic heat stress protocol for four
weeks, during which time blood samples were collected for blood gas analysis, and
performance and egg quality parameters were measured.
The hypothesis was that when hens are exposed to high enough environmental
temperature, they will experience heat related stress. The elevated environmental
temperatures result in an increase in the hen’s body temperature. The hen will reduce feed
intake and increase respiration rate, along with other behavioral changes. The reduction in
feed intake can lead to reduced egg production and body weights. There may also be a
change in the AMEn, a determination of how energy is metabolized by the body, during
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heat stress. In broilers, the AMEn was shown to increase during exposure to constant heat
stress. This increase in digestibility may have been due to a decreased passage rate. With
the chicken consuming less, the rate of feed passage may slow (Geraert and Guillaumin,
1992). By increasing respiration rate to dissipate heat, the blood pH can increase causing
respiratory alkalosis. Elevated blood pH will cause the level of ionized calcium in the blood
to decrease. With less bioavailable calcium, the shell thickness and quality may
immediately decrease. Over time, the hen may become acclimated to the high temperatures.
Some blood chemistry parameters and feed intake may start to improve; however, some
may still remain reduced.
The main objective of this thesis is to look at performance and physiological
changes in individual laying hens exposed to a daily cyclic heat stress protocol over a fourweek period. The phenotypic responses as observable or measureable traits of the laying
hens were recorded. Genomic DNA was extracted from blood samples obtained from the
same hens, to be genotyped using a 600K SNP panel. The phenotypic data collected here
will be used in conjunction with the genotypic data to correlate phenotypic and genotypic
relationships. With such information, it may be possible to select for heat resistant hens
that are still able to maintain higher egg production and performance, and use them to
overcome negative impacts of heat stress.
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CHAPTER II
Literature Review
Overview of Heat Stress
The optimum environmental temperature for performance of laying hens is
approximately 19-22°C, temperatures outside this range may require thermoregulation
resulting in reduced performance. Temperatures above this range can ultimately result in
heat related stress (Kilic and Simsek, 2013). Susceptibility to heat stress is complex, but
feather coverage and a higher basal metabolic rate are contributing factors to the
susceptibility of avian species in comparison to mammals (Bharat et al., 2013). Heat stress
can be costly to the laying hen industry, causing losses of up to $98 million per year in the
United States (Key et al., 2014). Several factors alter the hen’s response to heat stress
including dietary supplementations, management practices, and genetics.
The first response to increased environmental temperature is to maximize sensible
heat loss. Behaviors such as panting and wing lifting to expose skin to the air to facilitate
heat dissipation occur quickly soon after exposure to high temperatures (El Hadi and Sykes,
1982; Guo et al., 2012). These behaviors will allow heat to leave the body through
evaporative cooling, either as moisture from the lungs or from the skin into the air. Since
evaporation is important for this method of heat loss, the relative humidity of the
environment is a factor in the ability of the bird to dissipate heat. When the relative
humidity is high along with the ambient air temperature, less evaporation will be possible,
resulting in increased environmental stress (Koelkebeck and Odom, 1994). The intensity
of the temperature has an effect on the hen’s response. With higher temperatures, it
becomes increasingly more difficult to maintain normal body temperature. Meta-analyses
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and reviews of heat stress in laying hens have shown most negative effects occurring above
25°C (Marsden and Morris, 1987; Mignon-Grasteau et al., 2014). An increase of ambient
temperature by 1°C in the range of 28-32°C may result in a 0.95% decrease of feed intake
(Al-Saffar and Rose, 2002). That slight decrease in feed intake per degree Celsius could
have

large
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Figure 1. Changes in body temperature and feed intake through the thermoneutral
zone. Adapted from the University of Kentucky Poultry Production Manual (2014)

The effect of high temperatures on laying hens is different depending on the length
of exposure. Research has shown that laying hens may be able to acclimate to higher
environmental temperatures in as little as four to seven days (Yahav et al., 2000). Further,
feed intake of hens decreased for the first three days of heat stress but recovered slightly
after that time, indicating adaptation to the high temperature after day three of exposure
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(Felver-Gant et al., 2014). Hens kept at a cyclic temperature protocol, rendering them heatstressed, showed reduced negative responses when subjected to constant heat stress at 39°C
than those that had not previously been housed in high temperatures. The time exposed to
the cyclic protocol seems to have been enough to acclimate the hens to high temperatures.
When exposed to the more severe constant heat stress they were better able to maintain
performance (Deaton et al., 1982).
Along with the total duration, the type of exposure to high temperature can change
the effect on the hen. Hens can either be exposed to a constant heat stress where there is no
time for recovery, or a cyclic heat stress where the temperature drops down to a non-heat
stress level for part of the day. Hens exposed to a cyclic heat stress have less negative
effects than those that have no time to recover. The heterophil to lymphocyte (H/L) ratio
in the blood of a chicken is a good indicator of stress. When a bird is under some sort of
stress the ratio will increase. While hens exposed to cyclic heat stress show a significantly
higher H/L ratio than those under thermoneutral conditions, hens under constant heat stress
have a significantly higher H/L ratio than both of those groups (Mashaly et al., 2004).
The increased respiration rate that can occur within a short amount time of high
temperature exposure can result in an elevated blood pH known as respiratory alkalosis.
The partial pressure of carbon dioxide in the blood will decrease, changing the ratio of
bicarbonate to carbon dioxide in the blood. With the change in this ratio, the pH of the
blood will increase (Koelkebeck and Odom, 1994; Franco-Jimenez et al., 2007). Along
with the change in blood pH, the hen may divert blood away from its internal organs to the
skin. By moving more blood to the skin the hen is able to lose more heat through radiation
into the atmosphere (Etches et al., 2008). Another physiological change high temperatures
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can cause is lipid peroxidation. Lipid peroxidation occurs when a free radical reacts with
the cellular membrane, causing a chain reaction of free radical production and oxidation of
the membrane. While lipid peroxidation occurs under normal conditions, high temperatures
can cause an increase in the reactions that lead to lipid peroxidation (Altan et al., 2003).
The increase in lipid peroxidation could be caused by two mechanisms, either by an
increase in reactive oxygen species, which cause lipid peroxidation, or a decrease in
enzymes that protect against reactive oxygen species (Lin et al., 2000). With higher levels
of lipid peroxidation in an organ, its function can be decreased. Thiobarbituric acid reactive
substances, byproducts of fat degradation due to lipid peroxidation, increased more in the
liver than in the heart of broilers exposed to a six-hour heat stress (Lin et al., 2006).
During periods of elevated environmental temperature, the laying hen can become
stressed resulting in reduced overall performance, egg production, and increased mortality
(Mashaly et al., 2004). One method the hen will use to lower body temperature is by
reducing feed intake in order to decrease the heat produced from digestion (Kilic and
Simsek, 2013). The lower feed intake will ultimately reduce egg production as a result of
insufficient energy and nutrient intake to maintain the needed body composition to sustain
egg production at non-heat stress levels (Mashaly et al., 2004). Two of the physiological
changes to the hen, respiratory alkalosis and diverting blood, could cause a decrease in egg
production and quality; respiratory alkalosis through reducing available calcium and
diverting blood to the skin by not allowing for sufficient blood flow to the shell gland
(Etches et al., 2008). Calcium is found in the blood in three major forms. Calcium can be
bound as a complex with organic acids or bound to protein in the blood, with both of these
forms unavailable for eggshells production (Odom et al., 1986). Additionally, calcium is
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found in a non-bound ionic form that is bio-available for eggshell generation. The increased
blood pH will cause the ionized calcium to bind to protein, becoming non-available for use
in the shell gland (Odom et al., 1986). This can result in an immediate reduction in eggshell
quality after the hen is exposed to heat stress (Samara et al., 1996). One study has shown
hens that had been allowed to acclimate to a cyclic heat stress exposure did not have a drop
in blood ionized calcium that the non-heat stress exposed birds did during the time period
after the shell would be deposited on the egg (Samara et al., 1996). This could indicate that
hens acclimated to different environmental temperatures utilize calcium differently. With
hens acclimated to higher temperatures, the eggshell may be deposited more slowly over a
longer period of time resulting in the decrease of blood ionized calcium not being as sharp
compared to hens kept at thermoneutral conditions.	
  
Acute vs. Chronic Heat Stress Exposure
In temperate climates, heat stress may manifest as an acute issue, with temperatures
reaching heat stress for only short periods of time. While in the tropics, high temperatures
occur for extended periods of time or even year round. In some countries outside ambient
temperatures can reach 32°C or higher on a routine basis, where relative humidity may
make environmental control of the poultry houses ineffective or not possible. In tropical
climates, birds become acclimated to the chronic high temperatures (Balnave and Brake,
2005).
Many of the negative effects of heat stress in chickens can occur with only short,
acute high temperature exposure. Mahmoud and colleagues (1996) showed that respiratory
alkalosis occurred in the first three hours after beginning exposure to a 35°C environment.
The blood pH rose significantly over that of hens exposed to thermoneutral conditions, and
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stayed elevated throughout the 21-hour experiment. As a result of the respiratory alkalosis,
the concentration of ionized calcium in the blood was also significantly decreased within
the first three hours of heat stress exposure. Eggs laid by hens in the high temperature group
after this time period had visually thinner shells. When 20-month-old laying hens were
moved from a 21°C environment into 35°C temperatures, their body temperature and
respiratory rate quickly rose. Both body temperature and respiratory rate reached their peak
levels around two hours of heat stress exposure, and after the two-hour mark the parameters
began to decrease. The respiratory rate stabilized after about four hours at a level in
between the peak and the initial value. The body temperature took longer to reach a more
stable level, around six hours the sharp decrease stopped. After the first day of heat stress
exposure, the specific gravity of eggs produced quickly dropped without the egg weights
changing. Although blood calcium levels were not measured during this experiment, the
change in specific gravity may indicate that calcium metabolism was altered by a
respiratory alkalosis caused by panting within a short period of time (Harrison and Biellier,
1969). In broilers exposed to an acute heat stress of 32°C for 6 hours, panting caused by
the increase in body temperature reduced the level of carbon dioxide in the blood. This
difference was seen three-hours after exposure but by six-hours the difference was no
longer noted. The blood pH was not different in the heat stress birds compared to the
control birds at any time point. This may show that if the decrease in carbon dioxide content
of the blood is maintained for only a short period, alkalosis could be avoided (Lin et al.,
2006). Oxidative damage can also be caused by acute heat stress exposure. Broilers were
exposed to a three-hour high temperature environment and the levels of enzymes involved
with reactive oxygen species destruction were measured. After three hours of heat stress
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exposure, the levels of superoxide dismutase, glutathione peroxidase, and catalase were
elevated in both serum and liver tissue, indicating increased reactive oxygen species
presence. This shows that the elevated body temperature results in an upregulated rate of
metabolic reactions, thus creating higher potential for oxidative damage to occur (Tan et
al., 2010).
Over longer periods of exposure to heat stress, lowered feed intake can ultimately
contribute to reduced egg production. While the hen will consume less feed immediately
during heat stress, it may take longer than a short exposure to see effects from the lowered
feed intake. Even without intake to maintain production, the hen still has body reserves of
energy and calcium from which it could pull to do so. Melesse and colleagues (2013)
showed that New Hampshire hens raised in high temperatures through 56 weeks of age had
feed intake reduced by 24% and egg production reduced by 14% compared to hens raised
in thermoneutral conditions. At 20 weeks of age, the heat stressed hens had body weights
not significantly different from those at thermoneutral conditions but by 56 weeks the
difference was significant with heat stressed hens being 16% lighter in weight. In addition
to lowered feed intake, digestibility of proteins, fats, and starches can be decreased with
exposure to chronic heat stress (Zuprizal et al., 1993; Bonnet et al., 1997).
Heat shock proteins are a hyperthermia-induced group of proteins that can be found
in cells of all living organisms, including chickens (Li and Srivastava, 2001). Cells of
animals that have recovered from a mild heat stress express elevated levels of heat shock
proteins and exhibit tolerance to stressors with less negative effects seen (Mizzen and
Welch, 1988). Thus, their presence in cells could indicate previous heat stress exposure
and possible adaptation to high temperatures. Hens exposed to heat stress from hatch to 68
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weeks of age had heat shock protein levels measured at weeks 21, 38, 51, and 65. There
was no significant difference in the level of heat shock proteins between control and heat
stressed hens until 51 weeks of age. At 51 weeks of age, hens housed under heat stress
conditions had levels of heat shock proteins about 56% higher than the control group.
3,5,3’-Triiodothyronine (T3) is another indicator of adaptation to elevated environmental
temperature, with lower plasma T3 concentrations indicating higher thermotolerance. In the
same hens, T3 levels were significantly lower in the heat stress group compared to the
controls beginning at 22 weeks of age. The levels of heat shock proteins differed between
lines of hens tested in this experiment while T3 levels were consistent. This could indicate
that with long-term chronic heat stress exposure, there are multiple mechanisms by which
a hen can adapt. With the T3 mechanism acting early and the heat shock protein mechanism
becoming active after a longer time period (Maak, et al., 2003). 	
  
Cyclic vs. Constant Heat Stress Exposure
Traditionally, heat stress experiments have been conducted with either constant
heat stress utilized to demonstrate more consistent results or cyclic to better mimic
commercial conditions. Constant heat stress exposure can be more detrimental to the laying
hen as the constant elevated temperature allows for no recovery time. Cyclic heat stress
experiments have brought the non-heat stress temperature to anywhere between 21°C and
25°C for 8-12 hours. The non-heat stress period typically begins a few hours before the
dark period and end shortly after lights come back on (Samara et al., 1996; Persia et al.,
2003; Mashaly et al., 2004). With as much as 12 hours in a temperature closer to
thermoneutral conditions, the hen may be able to recover somewhat from the heat stress
exposure. However, in a commercial laying house the temperature may not get that low
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during the non-heat stress period causing greater negative impact than what may have been
observed in these experiments.
Daily feed consumption and hen day egg production were all lowest for hens
exposed to constant heat stress of 35°C compared to groups exposed to the control
temperature of 23.9°C, and a cyclic heat stress of 23.9°C for 8 hours a day increasing to
35°C for 4 hours of the day (Mashaly et al., 2004). The remaining 12 hours per day of the
cyclic group were in transition between the heat stress and the thermoneutral temperatures.
Feed intake was 37% lower in constant heat stress than cyclic and egg production was 34%
lower than both the cyclic and control groups. Haugh units, a measure of egg protein quality
based on the height of the albumen and weight of the egg, were significantly higher for the
constant heat stress group than both the cyclic and control groups during the last two weeks
of the experiment. Eggshell weight and thickness were also reduced in the constant heat
stress group compared to the other two treatments throughout the experiment. One reason
that the Haugh units could have been higher in the heat stress group is because the hens are
producing fewer eggs, and thus producing better quality albumen and yolk in those eggs
(Mashaly et al., 2004).
With cyclic heat stress, the air temperature is cooler at night when the shell is being
deposited on the egg. The partial pressure of carbon dioxide in the blood can drop during
heat stress, and be significantly lower in hens exposed to constant heat stress compared to
those exposed to a cyclic protocol (de Andrade et al., 1977). The cooler night time
temperature experienced by the hens subjected to the cyclic protocol may have given the
partial pressure of carbon dioxide in the blood time to recover. Since reduced blood carbon
dioxide can cause alkalosis as well as reduced blood calcium, having the night time to
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recover blood carbon dioxide levels could allow for increased blood calcium. While the
difference in blood calcium level was not significantly different between constant and
cyclic heat stress protocol, it was numerically higher (de Andrade et al., 1977). With this
information, more variation in temperature between the hottest and coolest part of the day
may be able to recover blood calcium when the shell is being deposited and help improve
shell quality during heat stress.	
  
Genetic Responses to Heat Stress
Numerous reports show differential responses to heat stress by different strains of
laying hens. The ancestor of the commercial chicken, the red jungle fowl (Gallus gallus
spadiceus), are highly adaptable to the hot and humid climate of southern Asia (Sykes and
Fataftah, 1986; Soleimani et al., 2011). Generally, the more productive lines of birds are
more severely affected by heat stress (Chen et al., 2009). This is also true for brown laying
hens, which are heavier with better feather coverage (Mignon-Grasteau et al., 2015).	
  
Body Size
One line of White Leghorn pullets was selected for fast growth from five to nine
weeks of age, while another was selected for slow growth during the same time period
(Bohren et al., 1982). The birds were raised in thermoneutral conditions until nine weeks
of age, at which the temperature was raised to 40.6°C for 6 hours. The birds selected for
fast growth had significantly higher mortality than those selected for slow growth. Larger
birds were less efficient at eliminating excess heat from the body and were therefore more
susceptible to heat stress.
Chicks from both a high weight broiler line and a low weight line, the AthensCanadian Randombred, were used to determine the effects of body weight on heat stress
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response. From three to six weeks of age they were exposed to either a thermoneutral
temperature of 21°C, a mild heat stress of 32°C, or a severe heat stress of 38°C. Body
weight gain was reduced in both lines exposed to the high temperatures but the high weight
line suffered more severe reduction when the temperature was increased from 32°C to
38°C. Mortality for the low body weight line was low throughout the experiment across all
temperatures where the heavy weight line suffered mortality as high as 25% for the last
week of the experiment at 38°C (Berrong and Washburn, 1998). A similar mortality
response was shown by Uneo and Komiyama (1987) for high and low body weight lines
of White Leghorn laying hens exposed to an acute heat stress of 38°C for 24 hours. The
body temperature of the low weight line was significantly lower at all time points than that
of the high weight line. Contrary to previous reports of heavier birds resulting in increased
mortality, lower body temperatures were noted in the heavy weight line in comparison to
the low weight line, indicating possible disagreement in the correlation between body
weight and body temperature (Eberhart and Washburn, 1993; Berrong and Washburn,
1998).	
  
Feather Coverage
The naked neck gene expressed in some chicken lines can be used to alleviate heat
stress. The naked neck gene can reduce feather coverage by up to 40% in chickens
homozygous with the gene. Two commercial lines, the Lohmann White and the New
Hampshire were crossed with an Ethiopian line that expressed the naked neck gene. The
performance and production parameters of the crosses were not as high as the non-crossed
commercial counterparts under normal conditions, however they did show reduced
negative response to heat stress (Melesse et al., 2011). This experiment demonstrated that
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while the Ethiopian line was not selected for as high of body weight or egg production, it
was able to adapt to heat stress more readily than commercial lines selected for growth in
temperate climates. This may be caused by the decreased feather coverage, lower growth
rate or a combination of factors.
Another two strains of laying hens, the DeKalb XL selected individually for higher
egg production, and a line named the “kind gentle bird” that was selected as a group for
higher group egg production and better survivability, were subjected to heat stress to see
differences in immune and heat shock protein response. The kind gentle bird had a higher
overall body temperature. During the first week of the experiment, the heat stressed DeKalb
XL did not result in elevated body temperature over that of either line housed under
thermoneutral conditions. This response is multifactorial but likely reduced feather
coverage of the DeKalb line is a contributing factor. Both strains showed a reduction in
spleen weight; however, due to heat treatment the DeKalb XL had a larger magnitude of
reduction of spleen weights in comparison to the kind gentle bird (Felver-Gant et al., 2012).
Immune function has been correlated with spleen weight; hens with heavier spleens
showed better immune response than those with smaller spleens. Spleen weight may be an
indicator of adaptability to stress, including heat stress. With larger spleens the bird may
be more resistant to pathogens during heat stress (Cheng et al., 2004). Heat stress exposure
increased the heterophil to lymphocyte ratio of both lines during the experiment, but the
increased ratio was more apparent in the DeKalb XL line showing that they were more
stressed by the heat than the kind gentle birds. Concentration of heat shock proteins was
higher in the kind gentle bird during exposure to heat stress, both numerically and in the
change from the respective control groups (Felver-Gant et al., 2012). Although the DeKalb
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XL showed more severe responses to heat stress in spleen weights and heterophil to
lymphocyte ratio, it was better able to maintain body temperature. This experiment did not
measure performance parameters though, making it difficult to determine if the thinner
feather coverage of the DeKalb XL translated into better performance than the kind gentle
bird during heat stress exposure.	
  
Other Factors
The addition of other stressors on top of heat stress can have an additive effect,
causing more of a negative impact than either alone. An increase in cage density, the
number of birds per area, can cause stress that lowers performance in laying hens (Asghar
Saki, et al., 2012). If the hens are housed more densely in a cage, they are not able to
express behaviors such as wing lifting to expose skin to the air in order to lose heat.
Combined with more heat produced by the greater number of birds, this may cause more
heat stress than birds housed individually (Guo et al., 2012). 	
  
Environmental Control of Heat Stress
While the objective of this thesis is to look at the response of hens to heat stress,
understanding how to reduce the negative effects is also important. The most effective
method to reduce heat stress is by avoiding it altogether. One method to achieve that is
through cooling commercial houses and reducing ambient temperature. However, at a
certain point, environmental control of heat stress may not be possible. Cage systems could
block sufficient airflow or relative humidity could be too high for sensible heat loss from
the hen (Balnave and Brake, 2005).	
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Dietary Supplementation
A cost effective method to maintain performance during heat stress may be through
the addition of dietary supplements. The negative effects of heat stress in laying hens have
been shown to be reduced by dietary supplementation such as vitamin E (Bollengier-Lee
et al., 1998) and vitamin C (Abidin and Khatoon, 2013; Khan et al., 2012). The lowered
feed intake during heat stress can cause the chicken to become deficient in micronutrients
such as vitamin E or vitamin C. Vitamins C and E both act as antioxidants protecting cell
from oxidative stress (Khan et al., 2011).
Free radicals are always produced in the body at low levels by normal cellular
metabolism, but under stress, more free radicals can be produced (Altan et al., 2003). In
the laying hen, the liver produces precursors to egg production. If the increase in
thiobarbituric acid reactive substances indicates free radical damage to the liver, this could
be one mechanism by which egg production or egg quality is reduced in laying hens
exposed to high temperatures. While the majority of lipid peroxidation is seen in the liver,
oxidative damage can also occur to the lipids of the cellular membranes of the cells and
mitochondria in the skeletal muscle, negatively affecting growth and performance
(Mujahid, 2011).
Vitamin E can be composed of tocopherols and tocotrienols, these both act as lipid
soluble antioxidants. Vitamin E can become integrated into the cellular membrane where
it reacts with lipid-free radicals, stopping the chain reaction of free radical production
(Wang et al., 1999). Vitamin E is specifically located near the membrane interface where
oxidized enzymes that produce free radicals exist (Hosseini-Mansoub et al., 2010). During
heat stress, vitellogenin and very low-density lipoprotein (VLDL) are significantly reduced
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in the blood of the laying hen, both are important to egg yolk formation. Vitamin E
supplementation can increase the concentration of these precursors in the blood during heat
stress. Ciftci and colleagues (2005) showed that hens supplemented with vitamin E had
higher egg yolk percent than the control and those supplemented with vitamin C alone.
Since vitamin E supplementation has only been shown to affect egg production with heat
stress, this may be accomplished through protecting the liver from lipid peroxidation,
allowing liver synthesis of the precursors to be increased. (Bollengier-Lee et al., 1999).
Like thiobarbituric acid reactive substances, the level of malondialdehyde in a tissue is and
indicator of lipid peroxidation occurrence. When vitamin E was supplemented at 250mg/kg
of diet, malondialdehyde levels in the liver were seen to be reduced in broilers exposed to
heat stress over those fed a control diet (Sahin et al., 2001). Laying hens supplemented
with 500 mg vitamin E per kg of diet did not show a significant drop in egg production
while hens fed a control diet of only 10mg vitamin E per kg of diet subjected to the same
temperature had a significant reduction in egg production during and after heat stress
(Bollengier-Lee et al., 1998).
Vitamin C is endogenously produced in the kidney of chickens from sugar
precursors. The main function of vitamin C is the biosynthesis of collagen as well as
steroidogenesis in the adrenal glands. During normal conditions, this endogenously
produced vitamin C is sufficient for physiological functions. However, during high
temperature conditions, the biosynthesis of vitamin C is reduced (Njoku and Nwazota,
1989) and the demand for vitamin C is higher for the chicken. Sufficient collagen synthesis
is needed to produce the collagen fibril network that allows for the formation of the
eggshell (Chung et al., 2005). Chung also found that broiler breeder hens when
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supplemented with vitamin C had significantly stronger eggshells, measured using an
Instron breaking strength machine, than those fed a control diet during heat stress exposure.
Like vitamin E, vitamin C will also act as an antioxidant to reduce the damage to cellular
membranes from lipid peroxidation (Abidin and Khatoon, 2013). Vitamin C can also
reduce damage from lipid peroxidation by reducing vitamin E tocoperoxyl radicals back to
the active, antioxidant form of vitamin E (Puthpongsiriporn et al., 2001). Njoku and
Nwazota (1989) found that an inclusion rate of 600 mg vitamin C per kg of feed
significantly increased the egg production by 22% and feed intake by 6.8% in hens grown
during the hot months (March through May) in Nigeria. Heat stress has been shown to
stimulate the release of corticosterone, hens with lower corticosterone levels are more
docile and produce more eggs. Vitamin C is also known to reduce blood corticosterone. By
supplementing laying hens with vitamin C, the effect of heat stress may be reduced through
lowered blood corticosterone levels (Njoku and Nwazota, 1989). Vitamin C also acts
alongside other free radical scavenging enzymes such as catalase, superoxide dismutase,
and glutathione peroxidase, conserving them (Ajakaiye et al., 2011).
When both vitamins E and C are fed together during heat stress, they can have a
synergistic effect improving performance. Vitamin E acts as the main antioxidant reacting
with lipid peroxyl radicals stopping the free radical reaction chain. Vitamin C will then
reduce the oxidized form of vitamin E, tocopheroxyl, back to the active antioxidant form
tocopherol, allowing for more protection from lipid peroxidation. Vitamin C will also act
as an antioxidant terminating free radical reactions in aqueous portions of the cell
(Puthpongsiriporn et al., 2001; Sahin et al., 2001). Several experiments have shown that
the combined effects of vitamins C and E resulted in significantly less body weight
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reduction when kept under hot and humid summer conditions than laying hens in the same
conditions fed either vitamin C or E alone (Ciftci et al., 2005; Ajakaiye et al., 2011). With
the addition of vitamin E on top of vitamin C, vitamin E is able to perform most of the
antioxidant functions leaving vitamin C to fill its other roles in the body (Chung et al.,
2005).	
  
Conclusion
Heat stress in laying hens can occur when the environmental temperature increases
above the thermoneutral zone, causing a rise in body temperature. In order to lower its
body temperature, the hen will reduce feed intake and begin to pant (Franco-Jimenez et al.,
2007; Kilic and Simsek, 2013). The reduction in feed intake will cause egg production to
drop because of insufficient energy and nutrients (Mashaly et al., 2004). Panting can cause
respiratory alkalosis, an increase of blood pH, which could lead to a reduction of calcium
in the blood available to the shell gland. With less calcium available to the shell gland, eggs
produced may have a thinner or lower quality eggshell (Koelkebeck and Odom, 1994).
Higher relative humidity and ambient temperature can reduce the bird’s ability to
lose heat to the environment (Koelkebeck and Odom, 1994; Mignon-Grasteau et al., 2014).
If the temperature is elevated for a longer period, possibly maintaining heat stress
conditions throughout the whole day, the hen may not have time to recover as it would if
the temperatures were to drop for a portion of the day (Mashaly et al., 2004). After the
initial heat stress exposure, the birds start to adapt and key response variables such as feed
intake, egg production, and blood pH may start to return to pre-heat stress treatment levels
(Yahav et al., 2000; Felver-Gant et al., 2014). Birds with increased body weight or feather
coverage can be more severely affected by higher temperatures as they are less able to
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maintain body temperature during heat stress conditions through sensible heat loss (Chen
et al., 2009; Mignon-Grasteau et al., 2015).
Methods aimed at reducing the negative effects of heat stress can be through
manipulation of the environment with cooling mechanisms, genetic selection to
incorporate characteristics that are more resistant to high temperatures, or by
supplementing the diet with antioxidants to reduce the negative effects of lipid
peroxidation. The most effective method to reduce the negative effects of heat stress is to
avoid it altogether by cooling the environment with mechanisms such as fans. However,
this can be costly and with limited effectiveness above a certain temperature (Balnave and
Brake, 2005). The least expensive method aimed at reducing the negative effects of heat
stress may be through supplementing the diet with certain antioxidants such as vitamin E
or C. These could stop damage caused by the increased production of free radicals during
heat stress (Khan et al., 2011). Another method involves incorporating genes of more heat
resistant hens into those with good thermoneutral performance through selective breeding.
The genetic crosses may be able to tolerate higher environmental temperatures without a
severe reduction in egg production (Melesse et al., 2011).
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CHAPTER III
Effect of Heat Stress on Performance, Egg Quality, AMEn, Body Temperature and
Blood Gas Parameters of Laying Hens
Abstract
The effects of a daily cyclic heat stress (HS) on the performance, egg quality, nitrogen
corrected apparent Metabolizable Energy (AMEn), body temperature (BT) and blood
chemistry of laying hens were documented. Four hundred and seven 18-wk old pure line
laying hens (Hy-Line International, Dallas Center, IA) were housed individually in battery
cages. From 24 to 28-wk of age, the hens were subjected to a daily cyclic HS consisting
of 7 h at 35°C with 30°C for the remaining 17 h/d. Eggs were individually collected and
weighed daily. Feed intake (FI), egg production (EP), egg weights, egg mass, body weights
(BW) and feed efficiency (FE) were calculated over 2 wk time periods. Eggs were collected
for quality assessment the day before HS began, the 2nd day of HS, and on a weekly basis
throughout the 4 wk HS. Blood was collected and BT measured the day before heat HS
was initiated, on the first day of HS exposure, and again at 2 and 4 wk of HS exposure.
Feed intake, EP, and BW were all significantly decreased due to HS exposure. Egg weight
and FE increased due to HS exposure. Haugh unit was lower, eggshells were thinner, and
the albumens were significantly lighter after 2 wk of HS. Yolk weights however were
increased only at 2 wk of HS. There was a decrease in the PCO2 and an increase in blood
pH. As a result of the changing blood chemistry, blood iCa decreased within 4 to 6 h of HS
exposure. The cyclic HS had a significant effect on the performance, egg quality and blood
chemistry over the 4 wk HS. By the end of the experiment, blood pH had returned to preHS levels and FI had increased although not to pre-HS levels, indicating adaptation to HS,
and that hens respond differently depending on the duration of exposure.
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Introduction
The optimum environmental temperature for performance of adult laying hens is in
the range of 19-22°C, with temperatures above and below this range requiring some type
of thermoregulation (Lin et al., 2006). High temperatures can ultimately result in heat stress
(HS) including increased mortality, decreased performance, and altered blood chemistry
(Khan et al., 2011; Kilic and Simsek, 2013). Recent estimates for HS losses due to the
greater mortality and reduced performance in the poultry industry are up to $98 million per
year for laying hens (Key et al., 2014).
When exposed to higher environmental temperature, the laying hen will alter
behavior to both maximize heat loss to the environment and reduce heat production. If
altered activity and posture do not adequately increase heat loss, the hen will begin to
increase and deepen respiration rates in order to reduce body temperature through
evaporative cooling (El Hadi and Sykes, 1982). The increased respiration rate will
eventually result in an elevated blood pH known as respiratory alkalosis. Once this occurs,
the partial pressure of carbon dioxide in the blood will decrease, changing the ratio of
bicarbonate to carbon dioxide ultimately resulting in an increase in the pH of the blood
(Koelkebeck and Odom, 1994; Franco-Jimenez et al., 2007). The elevated blood pH can
cause the bioavailable form of calcium in the blood, ionized calcium (iCa), to bind to
proteins making it unavailable for use in the shell gland to form the eggshell (Etches et al.,
2008). This can result in a reduction in eggshell quality shortly after the hen is exposed to
HS (Samara et al., 1996). Another method the hen will use to lower body temperature is to
lower feed intake (FI) in order to decrease heat produced from digestion (Kilic and Simsek,
2013). The reduced FI will ultimately reduce egg production (EP) as a result of insufficient
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energy and nutrient intake to sustain EP at non-HS levels (Mashaly et al., 2004). The most
effective method to mitigate the negative effects of HS is to avoid hen exposure to higher
environmental temperatures by cooling commercial houses and reducing ambient
temperature. This can be costly and past a certain combination of temperature or relative
humidity general cooling protocols fail and environmental temperatures increase (Balnave
and Brake, 2005). Hen performance during HS can be improved by crossing commercial
lines with lines adapted to higher environmental temperatures. However, while these
crosses may perform better under HS, they generally have lower performance than
commercial hens under thermoneutral conditions (Melesse et al., 2011). One option may
be to use current genetic technology such as genotyping to identify and select stock for
increased heat tolerance and EP during HS.
The objective of this experiment was to quantify the responses of individual laying
hens in FI, EP, egg quality, body weight (BW), nitrogen corrected Apparent Metabolizable
Energy (AMEn), and blood gas parameters before and after elevated thermal exposure,
quantifying both acute (4-6 hours) and chronic (2 and 4 weeks) exposure to a daily cyclic
HS. The performance and physiological changes observed will be compared to the
individual hen’s specific genome in a genome wide association study (completed at Iowa
State). With that information it may be possible to select for heat resistant hens that are
able to maintain higher EP and performance, and use them to at least partially overcome
negative impacts of HS. The phenotypic data alone will be important to understand the
performance and physiological changes the laying hen experiences during HS.
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Materials and Methods
Animals and Housing
All experimental procedures were approved by the Institutional Animal Care and
Use Committee at Virginia Tech. Four hundred and seven 18-week (wk) old pure line W36 laying hens were obtained from Hy-Line International (Dallas Center, IA). The hens
were hatched in late February, raised during spring, and shipped overnight via truck and
trailer to Virginia Tech to minimize the environmental temperature extremes that the birds
were exposed to before the initiation of heat treatment. Upon arrival to Virginia Tech, the
pullets were housed individually in cages (38.1cm L x 22.9cm W x 43.2cm H) allowing
871 cm2 per hen, within a climate-controlled room that was maintained at approximately
23°C. The cages were arranged in 3 tiers with 4 cages per tier and were placed on wheels.
A water trough was shared by two neighboring hens while feed was provided in individual
feeders. A plastic mesh divider was utilized between feeders to ensure feed was consumed
from designated feeder and not surrounding feeders. Hens were given ad libitum access to
a mash layer diet formulated to 2900 kcal/kg (Appendix 1). The diet contained 0.20%
titanium dioxide as an inert marker for the calculation of AMEn. The lighting schedule
began at 11.5L:12.5D and light increased by 0.5 h each wk until the birds were 24 wk of
age at which point it increased by 0.25 h each wk until the end of the experiment (Appendix
2). Light levels were measured to be 1-2 foot candles at the feeder and cardboard covers
were used on the top tier of cages to reduce light intensity to be similar to the lower tiers.
Heat Stress
From 24 to 28 wk of age the hens were subjected to a daily, cyclic HS. On the first
day of exposure, the two identical HS chambers were brought up to temperature. Each
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room was heated using one heater (TPI Corporation model# F3F551QT) in the corner of
each room which is capable of heating the room to 40.5°C. Mixer fans were used to
minimize the temperature difference across the room as well as among the tiers. When the
room temperatures reached 35°C, half of the cages (200 hens) were rolled into room one
and the remaining half (200 hens) into room two. The cages would remain in the same
rooms throughout the experiment. The hens were moved into pre-heated rooms to allow
for timed collection of short term HS samples for physiological and digestive
measurements. After 7 hours at 35°C, the room temperature was dropped to 30°C for the
17 hours before the HS treatment was repeated the next day. Each day the heat was raised
to 35°C for 7 hours beginning at 9AM and then returned to 30°C for the rest of the day.
The non-HS portion of the day was maintained at a temperature above thermoneutral
conditions to mimic the conditions found in a commercial laying house. In a commercial
laying house, even during the night time, the temperature may not fully drop to
thermoneutral conditions. On sampling days one room began the 7-hour HS at 6am and the
other at 8am. The rooms were staggered by 2 hours so that samples could be taken from
the first room, then from the second at the same time point in the HS exposure. Hens
suffering severe heat distress were euthanized by cervical dislocation. A hen suffering from
heat distress was defined as one that is unable to stand, lying on its side, and generally
unresponsive (Persia et al., 2003). All mortalities or euthanized birds were recorded,
weighed, and their feed was weighed at the time of removal.
Sample Collection
Eggs were collected and weighed between 9:00 and 10:00AM each day. Egg
production, egg weights (EW), and egg mass (EM) were all recorded individually on a
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daily basis and summarized over a 2 wk period. Feed intake was determined by the weight
of a level scoop of feed (90g) provided to each bird individually. Feed refusal was recorded
every 2 wk beginning 2 wk before the initial HS exposure to determine individual pre-HS
FI. Eggs were collected the day before HS, the second day of HS, and weekly for the 4 wk
heat period to determine egg quality changes. The eggs were collected on the second day
so that eggs measured for acute HS measurements were being formed during the first day
of exposure. The collected eggs were refrigerated for approximately 1 wk to minimize
changes until analysis. Body temperature was measured, and blood and excreta samples
were collected on the day before HS exposure, the first day of HS exposure, and again at
the 2 and 4 wk time point of HS exposure. To measure BT, a thermometer (DeltaTrak
MDL11064) was inserted approximately 1.5 cm into the cloaca of each hen, and allowed
to stabilize before the temperature was recorded. Blood was taken from the ulner vein from
the wing of each hen. A new 1 mL heparinized syringe with a 25-gauge x 1.6 cm needle
was used to draw approximately 1 mL of blood for each sample. The blood sampled was
taken within 4 to 6 hours after initiation of HS. Excreta pans were cleaned at the beginning
of each collection day to ensure sample was representative. Collected excreta were placed
into individual Nasco WHRIL-PAK bags and frozen until analysis. A 500 g sample of feed
was collected from each batch received for accurate titanium concentration, gross energy,
and nitrogen content measurement. Using the gross energy, nitrogen, and titanium content
of the excreta and feed, the AMEn was calculated individually for each bird on each
collection day with the following equations (Scott et al., 1982):
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AMEn per g diet = gross energy of diet (kcal/g) – [excreta energy per g diet (kcal/g) + 8.22
x nitrogen retained per gram diet (g)]

Excreta energy per g diet = gross energy of excreta (kcal/g) x [TiO2 in diet (%)/ TiO2 in
excreta (%)]

Nitrogen retained per gram diet = nitrogen per g diet (g) – nitrogen per g excreta (g) x [TiO2
in diet (%)/ TiO2 in excreta (%)]
Analyses
Eggs were analyzed for Haugh unit using a Mattox & Moore Haugh meter. To
measure Haugh unit, the eggs were removed from the refrigerator and allowed to
equilibrate to room temperature for one to two hours. The eggshells were then broken open
and contents placed onto a flat, level, glass surface. The Haugh meter was placed over the
egg and the albumen height measured halfway between the edge of the yolk and the edge
of the albumen. The equation used to calculate Haugh unit from albumen height and egg
weight was as follows: HU = 100 log10 (h − 1.7w0.37+ 7.6), where HU is the Haugh unit, h
is the albumen height in millimeters, and w is the unbroken egg weight in grams (Maxkwee
et al., 2014). After the Haugh unit was determined, the yolk was separated from the
albumen and the weights of each were recorded. The eggshells were placed onto
individually labeled trays and dried overnight at 65°C. When the eggshells were fully dried,
their weights and thicknesses were recorded. Three individual measurements were taken
from each eggshell to determine the shell thickness and an average value calculated per
egg.
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The collected blood was immediately analyzed (within 5 minutes of collection)
using an Abaxis iSTAT 1 handheld analyzer with a CG8+ cartridge (Abaxis item# 6009001). The CG8+ cartridge measures sodium, potassium, iCa, glucose, hematocrit, pH,
PCO2, PO2, TCO2, HCO3, BE, sO2, and hemoglobin content of the blood. Once collected,
the needle was removed from the syringe and the first few drops of blood were discarded
before a blood sample was placed into the cartridge up to the fill line of 95 μL. The filled
cartridge was placed into the iSTAT analyzer, which measured and recorded the parameters
covered by the CG8+ cartridge. To ensure timely analysis of samples, multiple handheld
units were utilized.
Frozen excreta samples were placed individually into drying pans and into a 65°C
oven for 4 days. Both the dried excreta and feed were then ground using a cyclone mill
with a 2-mm screen. For AMEn determination, nitrogen content of the feed and excreta
was measured using an Elementar Vario EL Cube. Between 20 and 40 mg of either excreta
or feed were weighed in either duplicate or quadruplicate, respectively, into tin capsules
(Elemental Microanalysis item# D1018), which were folded and compressed to ensure no
sample loss. Each foil capsule was placed individually into the sample holders on the
carousel of the Vario EL Cube that automatically measured and recorded the nitrogen
content. The gross energy was measured using a Parr 6400 bomb calorimeter. For both
excreta and feed samples, approximately 0.5 g of sample was weighed in either duplicate
or quadruplicate, respectively, into a stainless steel fuel capsule (Parr Instruments Co.
item# 43AS). The fuel capsule was placed into the oxygen bomb head (Parr Instruments
Co. item# 1138), 10.2 cm of a cotton ignition thread (Parr Instruments Co. item# 845DD2)
was tied from the bomb head and placed in contact with the sample to act as a fuse in order
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to burn the sample. The bomb head was loaded into the calorimeter and the bucket sealed.
The bucket was pressurized with oxygen, the fuse ignited, and the sample burned. The heat
released by the sample raises the temperature of water surrounding the bucket. This change
in temperature is used to calculate the energy contained in the sample. The Parr 6400 uses
a fixed bomb and bucket where neither is removed from the calorimeter during sample
analysis. The water surrounding the bucket is replaced with cool water at the end of each
analysis, bringing the bucket and bomb temperature down to starting temperature quickly.
Using this design, the calorimeter can be calibrated with standards that allow it to
automatically calculate the gross energy/g for each sample.
Feed and excreta samples were wet-ashed with nitric and sulfuric acid using the
methods outlined by Boguhn et al. (2009) so that the titanium was liberated from organic
matter and soluble in the acidic solution. Briefly, the method included weighing
approximately 0.5 g of excreta and 1.0 g of feed in either duplicate or quadruplicate,
respectively into 125 mL Erlenmeyer flasks. Two mL of 65% w/v nitric acid (diluted from
Fisher Chemical item# A200-212) and 20 mL of 98% w/v sulfuric acid (Fisher Chemical
item# A300-212) were added to each flask. The flasks were placed on a hot plate and the
samples were heated to boiling at which point they were allowed to boil for approximately
5 minutes or until the orange nitric acid vapors were replaced by white vapors and there
was a color change in the liquid. The flasks were removed from the hot plate and set on a
cooling rack where they were allowed to cool to room temperature. Another 2.5 mL of
65% w/v nitric acid were added to each flask. They were then placed back onto the hot
plate set to the highest setting. The samples were heated to boiling at which point they were
allowed to boil for 20 minutes. The flasks were removed from the hot plate and set on a
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cooling rack where they were allowed to cool to room temperature. If the liquid in the
flasks was not completely clear and colorless, another 1 mL of 65% w/v nitric acid was
added and samples were boiled for another 20 minutes. When the samples were clear and
colorless, they were poured from the Erlenmeyer flasks into 100-mL volumetric flasks
already containing approximately 50 mL deionized water to react with the acid content of
the sample. Once the sample in the flasks cooled from the reaction with water, they were
filled to the 100-mL mark of the flask. The sample was filtered to remove any precipitate
using hardened ashless filter paper (Whatman item# 1541-090) into plastic centrifuge tubes
(VWR item# 21008-240). Samples were analyzed by the Virginia Tech Department of
Crop and Soil Environmental Sciences using inductively coupled plasma atomic emission
spectrometer (Spectro ARCOS SOP) at 336.121nm to determine the concentration of
titanium. In plasma emission spectroscopy, the liquid sample is injected into an inductively
coupled argon plasma torch at approximately 8000°C. The titanium molecules become
excited when heated to that temperature and begin to emit light at a wavelength of 336.121
nm. The emitted light is collected by the spectrometer, separated into a spectrum of
wavelengths, and then amplified to an intensity that can be measured and converted into
an elemental concentration in the sample.
Statistical Analyses
All data were analyzed over time (HS treatment). Fisher’s Least Significant
Difference was used to separate means (P ≤ 0.05) if ANOVA was significantly different.
Coefficients of variance were calculated for all parameters during HS. The coefficients of
variance were obtained by calculating the standard deviation of each parameter at each
time point and dividing by the mean from the same data set. This value was multiplied by
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100 to get a percentage. Correlations were calculated by comparing data sets from different
variables at the same time point and fitting a line. The R2 values for these lines were also
calculated.
Results and Discussion
Performance
There was a drop in FI (P ≤ 0.05) after 2 wk of HS when compared to the 2 wk
prior to the beginning of exposure (Table 1). During HS, hens reduce FI in order to decrease
the heat of digestion (Kilic and Simsek, 2013). After the initial drop in FI, it increased by
14% (51.2 to 58.4 g/h/d) from 2 to 4 wk compared to the 2 wk HS exposure values (P ≤
0.05); however, it did not fully recover to the level prior to HS. This indicates that the hens
may have begun to acclimate to the high environmental temperatures although they were
still limiting FI. Mashaly and colleagues (2004) showed that constant HS exposure had a
more severe effect on FI when compared to cyclic HS. The FI over a 5 wk period for the
constant HS dropped by 52% compared to the control, while the cyclic group dropped by
37% compared to the control (Mashaly et al., 2004). The FI for the 2 wk period before HS
was higher than average FI indicated by the Hy-Line management guide. For hens aged
22-24 wk, the Hy-Line guide indicates an average FI of 85g/b/d. This could be caused by
the fact that the hens were housed individually and given access to their own feeder. The
fact that the pre-HS FI was elevated could have led to the drop of FI during HS to be more
pronounced.
Egg production dropped from 90.1% prior to HS to 84.4% after 2 wk of exposure,
a drop of 6.3% (P ≤ 0.05), and did not recover by the end of 4 wk, remaining low at 85.6%
(Table 1). The reduced FI and hence nutrient intake resulted in insufficient nutrients to
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maintain EP at non-HS levels (Mashaly et al., 2004). With less nutrients available in the
blood, it may have taken longer to produce each egg since resources had to be mobilized
from body reserves, leading to decreased EP. There was an increase in EW from the preHS value to 2 wk HS, from 56.3 to 56.9 g/egg (P ≤ 0.05) that returned to 56.3 g/egg for the
two to 4 wk HS period. The change in EW is slight and the significance is most likely due
to the large number of replicate observations. Other reports have demonstrated a decrease
in egg weight within 1 wk of exposure of either cyclic or constant HS (de Andrade et al.,
1977; Emery et al., 1984; Maak, et al., 2003; Mashaly, et al., 2004; Franco-Jiminez, et al.,
2007). As the hens were still young during this experiment (22-28 wk of age), the egg
weights would have been expected to increase under thermoneutral conditions. According
to the Hy-Line management guide, egg weights for this time period should increase from
52.3 to 58.0 g/egg (Hy-Line Int. USA, 2016). The heavier than expected pre-HS egg
weights of 56.3 g/egg at 22 wk of age may have been due to the increased FI of the
individually housed hens, but it is important to note that a slight increase in egg weights or
egg weights staying the same actually indicates a reduction from expected egg weights.
Because there was a decrease in EP and only a slight increase in EW, egg mass
(EM) measured as g egg produced/h/d decreased during HS (P ≤ 0.05; Table 1). Since the
drop in FI was more severe than the drop in EP, the feed efficiency (FE) nearly doubled,
from 593 to 1133 g egg /kg FI (P ≤ 0.05), after the first 2 wk of HS exposure when
compared to the 2 wk prior to HS. For the 2 to 4 wk post HS period, FE dropped by 13%
from 1133 to 983 g/kg (P ≤ 0.05) as FI started to increase, but EP was further decreased.
The pre-HS FE was lower than expected, likely caused by the high FI for that time period
that might be related to the individual housing of the laying hens. Feed efficiency was not
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affected by a 35°C to 16°C cyclic HS treatment (Deaton et al., 1982). The lower non-HS
temperature of 16°C resulted in no significant differences in FI or EP, and no change in FE
as the birds were likely able to consume adequate feed during the non-HS period. The
increased FE noted with HS was most likely related to BW reductions over the duration of
the HS period (Table 1). Before HS was initiated, the hens had an average BW of 1.53 kg,
which dropped to 1.47 kg (P ≤ 0.05) by 2 wk of HS exposure. By the end of the experiment
at 4 wk, the BW further decreased to 1.46 kg (P ≤ 0.05). The loss of BW may have
supported the increased FE as the hens were able to mobilize body stores to help maintain
EP even during reduced FI. After 2 wk of HS, AMEn dropped by 1.2% when compared
to the pre-HS AMEn, but was not different during acute HS or after 4 wk of chronic HS.
While the change was small, it was most likely significant due to the large number of
replicates and low SEM with the individually housed hens in this experiment. Bonnet and
colleagues (1997) reported that AMEn is affected differently depending on the type of diet
being fed. Corn/soybean diets similar to the one fed in this experiment were shown to yield
mixed results for AMEn during HS. One experiment showed that broilers exposed to a
constant HS had a significant increase in AMEn compared to the controls housed under
thermoneutral conditions. The increase in AMEn could have been due to a decrease in feed
passage rate. As the broilers consumes less feed during HS, the passage rate may decrease
leading to an increase in digestibility (Geraert et al., 1992). Other studies have shown no
significant differences in AMEn for chickens housed under high environmental
temperatures when compared to their thermoneutral controls (Husseiny and Creger, 1980;
Wallis and Balnave, 1984).
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On the first day of HS exposure (acute effects) the hen’s BT rose to 108.5 °F
compared to 106.5 °F the day before HS treatment was initiated (P ≤ 0.05). By 2 and 4 wk
of exposure to high environmental temperature the hen’s BT had decreased to 107.1 °F.
The hen’s BT after chronic HS was significantly lower than the acute BT value, but did not
reach the BT of the pre-HS hens. This could indicate that after 2 wk of exposure to HS, the
hens were able to at least partially acclimate to increased environmental temperatures.
Egg Quality
The Haugh unit, a measure of albumen quality significantly decreased after 2 wk
of chronic HS exposure when compared to the pre-HS and acute HS values (Table 2). The
Haugh unit again decreased by the end of the 4 wk HS exposure after an additional 2 wk
of chronic HS treatment. Previous experiments have shown no significant change in either
the albumen height (Mashaly et al., 2004) or Haugh unit (Franco-Jiminez et al., 2007) in
eggs produced by laying hens exposed to either cyclic or constant HS. Eggs collected after
one day of exposure to the high temperatures did not have a significantly different Haugh
unit when compared to those collected pre-HS. In the previous experiment, there was a
drop on both overall egg weights as well as albumen weights, this may have led to the lack
of response seen with Haugh unit. The yolk weights were significantly greater in eggs
measured after acute exposure to HS (14.7 g) compared to pre-HS (14.1 g) (Table 2). The
yolks remained heavier through 2 wk of HS (P ≤ 0.05), but by 4 wk of HS, the yolk weights
were lower, resulting in a value intermediate to the pre-HS and acute/2 wk HS values.
Albumen weights at the acute HS time point were not significantly reduced when compared
to pre-HS values, but after 2 wk of chronic exposure, the albumen weights were
significantly lower than those of the pre-HS birds (Table 2). Throughout the 4 wk chronic
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HS the albumen weights remained low, never returning to pre-HS values. As Haugh units
are calculated by albumen height (related to albumen weight) the reduced weights are most
likely the cause of the reduced Haugh unit noted with chronic HS exposure. The reduction
in albumen weight was also noted by Mashaly and colleagues (2004); however, in their
report, yolk and overall egg weights were also decreased. Along with the reduced albumen
noted in the current experiment, shell weights were decreased by both acute and chronic
HS treatments (Table 2). A similar response of eggshell weights was seen previously as
hens exposed to either constant or cyclic HS had significantly lighter eggshells in four out
of a 5 wk HS exposure (Mashaly et al., 2004). By the fifth wk of cyclic HS treatment there
was no difference in shell weight with the non-HS treatment; however, the hens exposed
to a constant HS had significantly lighter shells and the overall 5 wk means were
significantly lower for both HS treatments than the control treatment. The shell thickness
did not change with acute HS when compared to the pre-HS treatment but were reduced
with chronic HS exposure with 4 wk of chronic HS resulting in the thinnest shell thickness
value. The egg weight and shell weight data taken together should indicate a thinner shell
thickness, contrary to the data collected. Although egg weights are generally related to
surface area, surface area of the eggs was not measured to more accurately equate shell
thickness to shell weight, but the changes in shell thickness and weight are unexplained
and unexpected. Contrary to the current experiment, Franco-Jiminez and colleagues (2007)
found that both eggshell weights and thicknesses decreased together when hens were
exposed to a 2 wk constant HS.
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Blood Chemistry Parameters
The acute and chronic effects of HS on blood chemistry values of laying hens are
reported in Table 3. In this experiment, the partial pressure of carbon dioxide in the hen’s
blood dropped by 29% after only six hours of acute exposure to the high environmental
temperatures (P ≤ 0.01). During the same time period, the blood bicarbonate dropped by
19% (P ≤ 0.01) and the blood pH increased by 0.8% (P ≤ 0.01). Bicarbonate ions are a
known buffer for acid-base status of the blood (Odom, et al., 1986; Franco-Jiminez et al.,
2007). Reference values for blood chemistry parameters were determined by Schaal and
colleagues (2016) in first cycle Hy-Line W-36 laying hens (n = 377). The reference ranges
are presented in Tables 3 and 4 as the determined mean plus or minus one standard
deviation. The pre-HS values for the partial pressure of carbon dioxide were on the lower
end of the reference range while the concentration of bicarbonate was near the mean
reference value. This may have contributed to the pre-HS value for pH to be slightly higher
than the reference range of 7.23-7.37. The blood partial pressure of carbon dioxide and
bicarbonate increased (P ≤ 0.01) by 2 wk of chronic HS exposure, corresponding to a
decrease of 0.1% in the blood pH (P ≤ 0.01). By the end of the experiment at 4 wk, the
partial pressure of carbon dioxide in the blood had increased again by 13%; however, it
was still lower than that of the pre-HS value (P ≤ 0.01). The blood bicarbonate decreased
again by 4% at the last measurement point after 4 wk of heat exposure (P ≤ 0.01). By the
end of the experiment the blood pH had dropped by 0.9% compared to the 2 wk value (P
≤ 0.01), returning the blood pH value to slightly below the pre-HS values. Along with
reduced FI, the hen will also pant in order to dissipate heat through evaporative cooling.
The increased respiration rate can often cause the partial pressure of carbon dioxide to
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decrease (El Hadi and Sykes, 1982). This will change the ratio of carbon dioxide to
bicarbonate ions in the blood, contributing to an increase in the blood pH (Koelkebeck and
Odom, 1994; Franco-Jimenez et al., 2007). Calcium is typically found in a bio-available
ionic form for eggshell generation. An increase in blood pH can cause the iCa to bind to
protein, becoming unavailable for use in eggshell formation (Odom et al., 1986). Table 3
shows a drop of iCa in the blood of 22.7% from 1.41 to 1.09 mmol/L on the first day of HS
when compared to the pre-HS value (P ≤ 0.01). By 2 wk of HS the iCa had recovered
somewhat to 1.36 mmol/L (P ≤ 0.01), but was still reduced in comparison to pre-HS levels.
Between 2 and 4 wk of the experiment, the blood iCa dropped again to 1.28 mmol/L (P ≤
0.01). The drop in blood iCa with acute exposure to HS could result in an immediate
reduction in eggshell quality (Samara et al., 1996). The pre-HS value of iCa of 1.41
mmol/L in this experiment was below the reference range of 1.55-1.83 for commercial
laying hens (Schaal et al., 2016). The differences in iCa between the current experiment
and the commercial data are most likely due to differences in calcium feeding due to
experimental v. commercial conditions and age of the birds. The reference values were
taken from hens aged 20 to 68 wk while the hens in the current experiment were 22 to 24
wk old. As the hens age their calcium metabolism may change, resulting in differences in
the mean values between the two groups. The hens in the current experiment were also
consuming more feed than the Hy-Line management guidelines indicate for that time
period (Hy-Line Int. USA, 2016). The blood glucose dropped from 231 mg/dL the day
before HS to 228 mg/dL on the first day of HS exposure (P ≤ 0.05). The blood glucose did
not change within the first 2 wk of HS when compared to the first day (P = 0.50) but did
drop to its lowest level of 219 mg/dL after 4 wk of cyclic HS (P ≤ 0.05). The continued
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decrease of blood glucose could show that while other parameters were starting to
acclimate to the high temperatures, the metabolism of the hen was still in decline, as
cumulative effects of the lowered FI over the 4 wk HS period, resulting in a reduction of
blood glucose. Both the hematocrit and concentration of hemoglobin decreased during
exposure to HS. Within four to six hours of first exposure, the hematocrit and hemoglobin
concentration dropped, increasing at 2 wk but not to pre-HS level, and dropping again by
the end of the experiment at 4 wk post HS, similar to results found by Yahav and colleagues
(1997). The concentration of sodium and potassium ions in the blood followed the same
trend as the hematocrit, decreasing for the acute time point, increasing by 2 wk of HS, and
decreasing again by 4 wk of HS never recovering to pre-HS values. The volume of plasma
increased during HS possibly in order to allow for a reduction in resistance of blood flow
to better dissipate heat (Yahav et al., 1997). This increase in plasma volume could cause a
decrease in the concentration of ions in the blood as well as the hematocrit and hemoglobin
concentration.
Variation
Tables 5-7 show the coefficients of variation of the data collected during the
experiment. The variation of FI increased for the first 2 wk of HS compared to the pre-HS
values but was decreased from two to 4 wk post HS compared to the first 2 wk. The
variation in egg weights increased between the pre-HS and 2 wk measurements but
decreased between the 2 and 4 wk measurements. The variation in albumen weight
increased during the last 2 wk of the experiment, when the overall egg weights returned to
pre-HS variation. The yolk weights however decreased in variation for measurements taken
at 4 wk of HS exposure. This may indicate that the increase in variation of overall egg
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weights was associated with the change in weights of albumen and not the yolk. The
eggshell thickness variation increased for the acute time point, then decreased for the first
2 wk of HS. By the last 2 wk of the experiment, the eggshell thickness variation had
decreased again. As expected, the body temperature of hens increased in variance for the
acute period when compared to the pre-HS values and decreased at the 2 wk time point and
again at the 4 wk time point. This could indicate that for a short term HS exposure, some
hens are better able to control body temperature during acute HS, although over time it
appears that chronic exposure mitigates some of these differences. The partial pressure of
carbon dioxide and the concentration of bicarbonate in the blood both reached their highest
variance for the acute time point and decreased for both the 2 and 4 wk time points. The
blood pH variance was increased throughout the 4 wk of HS. This could indicate that other
mechanisms may affect the blood pH besides the ratio of carbon dioxide and bicarbonate.
While the amount of calcium found as iCa in the blood is affected by pH, the variance of
blood iCa increased at the acute time point, but decreased for the 2 and 4 wk measurements
unlike the pH variance. One possible explanation is that iCa concentration was also being
affected by FI and not just blood pH.
During the 4 wk HS, a total of nine hens were euthanized due to heat distress. Seven
of the nine mortalities occurred in the first wk of HS exposure, indicating that acute HS
can have a more severe effect on the laying hen.
Summary and Conclusion
In conclusion, HS negatively impacted the performance of laying hens, which
reduced FI most likely to reduce heat of digestion and ultimately stabilize body
temperature. The drop in FI led to a decrease in both EP and BW over time. There were
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also significant changes in blood chemistry parameters, mainly thought to be due to panting
that is used to dissipate heat via evaporative cooling. Because EP dropped, the egg mass
was reduced in comparison to pre-HS values during the entire experiment. Respiratory
alkalosis, an increase in blood pH, also occurred. The increase in blood pH was likely due
to an altering of the ratio of blood carbon dioxide and bicarbonate through panting.
Respiratory alkalosis can cause the bioavailable form of calcium, iCa, to bind to proteins
becoming unavailable for use in EP. Reduced concentration of blood iCa caused
significantly lighter weight shells as soon as the first day of exposure to HS. The
coefficients of variance for the parameters show how the response of individual hens may
differ at time points throughout the experiment. The higher the coefficient, the more
variation there is between hens at that point in time for that parameter. These data show an
increase in coefficient of variance for body temperature, egg quality parameters, partial
pressure of carbon dioxide, iCa concentration, and hematocrit for the acute time point. By
the end of the 4 wk HS period, the variation for those parameters had decreased. The
coefficients of variance may indicate that some hens are better able to respond to HS over
an acute exposure, but by the end of the experiment, individual hens seemed to have more
consistent responses to HS.
The effects seen at the acute time point were mainly caused by the elevated ratio of
bicarbonate to carbon dioxide in the blood. The change in the bicarbonate to carbon dioxide
ratio resulted in an elevated blood pH, causing a drop in concentration of iCa. With less
iCa available for eggshell production, there was a decrease in shell weights when compared
to pre-HS. After 2 wk of HS exposure, the hen’s body temperature had stabilized at a level
intermediate to the pre-HS and acute body temperatures. Both FI and EP dropped over the
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first 2 wk of HS, and remained reduced over the 2 to 4 wk HS period. The reduced FI and
insufficient nutrient intake most likely forced the hens to mobilize body reserves to
maintain EP, resulting in a decreased BW. At the 2 wk time point there was a drop in
albumen weight and Haugh unit, and the blood iCa increased some, but not to pre-HS
levels. By the end of the experiment at 4 wk, the ratio of bicarbonate to carbon dioxide in
the blood recovered to a level similar to pre-HS. The blood pH also recovered to pre-HS
levels however, the concentration of iCa decreased again at this time point. While the drop
in iCa at the acute time point was most likely due to the elevated blood pH, at the end of
the experiment pH had recovered. The drop in iCa at 4 wk may have been caused by the
low FI throughout the experiment. Blood glucose reached its lowest concentration after 4
wk of HS exposure, while other parameters seemed to stabilize or even recover by this
time. The drop in blood glucose concentration may have also been due to the overall low
FI throughout the experiment. There was a continued decrease of the albumen weight,
Haugh unit, and the eggshell weights also decreased again at this time point. The negative
effects seen during acute HS are most likely caused by the changing blood chemistry while
chronic effects may be due to a decrease in FI.
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Table 1. Effect of heat stress (HS) over time on performance parameters in laying hens1
Treatment2
Feed
Egg
Egg
Egg
Feed
Body
Intake Production Weight Mass Efficiency Weight
(g/h/d)
(%)
(g/egg) (g/h/d)
(g/kg)
(kg/h)
a
a
b
a
c
2-0 wk before HS
1.53a
95.4
90.1
56.3
50.7
593.1
0-2 wk after HS
1.47b
51.2c
84.4b
56.9a
48.0b
1133.5a
2-4 wk after HS
1.45c
58.4b
85.6b
56.3b
48.4b
983.1b
P-value
Pooled SEM

P≤0.05
0.41

P≤0.05
0.54

P≤0.05
0.32

n3

P≤0.05
0.16

P≤0.05
6.91

P≤0.05
0.004

398
398
398
398
398
398
HS treatment consisted of a cyclic HS that reached 35°C for 7h/d with a reduced
temperature of 30°C for the remainder of the 17h/d.
2
Samples were collected daily and calculations made over 2 wk time points
3
n = number of samples analyzed at each time point
a-c
Values without similar letters within a column are different (P≤0.05)

1
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Table 2. Effect of heat stress (HS) over time on egg quality parameters in laying hens1
Treatment2
Haugh
Yolk
Albumen
Shell
Shell
3
unit
Weight
Weight
Weight
Thickness
(g)
(g)
(g)
(mm)
a
b
a
a
Pre-HS
94.4
14.1
35.0
6.04
0.39b
a
a
ab
b
Acute HS
94.6
14.7
34.5
5.60
0.39b
2wk Chronic HS
88.4b
14.7a
33.9bc
5.60b
0.41a
4wk Chronic HS
87.1c
14.4ab
33.4c
5.48c
0.35c
P-value
Pooled SEM

P≤0.01
0.32

P≤0.01
0.11

P≤0.01
0.21

P≤0.01
0.026

P≤0.01
0.002

n: Pre-HS4
369
369
369
365
365
n: Acute HS4
279
275
278
276
276
n: 2wk Chronic HS4
384
382
384
383
383
4
n: 4wk Chronic HS
377
373
376
356
356
1
HS treatment consisted of a cyclic HS that reached 35°C for 7h/d with a reduced
temperature of 30°C for the remainder of the 17h/d.
2
Pre-HS samples were collect one d before initiation of the HS treatment. Acute HS were
collected from eggs produced from the first day of HS. Chronic 2 wk HS eggs were
collected after 2 wk of HS treatment and Chronic 4 wk HS eggs were collected after 4 wk
of HS treatment.
3
Haugh unit calculated by measuring the albumen height and comparing with the overall
egg weight
4
n = number of samples analyzed at each time point
a-c
Values without similar letters within a column are different (P≤0.05)
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Table 3. Effect of heat stress over time on body temperature and blood chemistry
parameters in laying hens
Body
pH1
pCO21
pO21
HCO3- 1
TCO21
Temp
(mmHg) (mmHg) (mmol/L) (mmol/L)
(°F)
Pre-HS
106.4c
7.39c
42.8a
44.8b
25.7a
27.0a
Acute HS
108.4a
7.45a
30.2d
43.1c
20.7d
21.6d
2wk Chronic HS
107.1b
7.44b
33.2c
42.6c
22.4b
23.4b
4wk Chronic HS
107.0b
7.37d
37.5b
46.9a
21.6c
22.7c
P-value
Pooled SEM
n: Pre-HS2
n: Acute HS2
n: 2wk Chronic HS2
n: 4wk Chronic HS2

sO21
(%)

iCa1
(mmol/L)

78.9b
80.6a
79.2b
80.9a

1.41a
1.09d
1.36b
1.28c

P≤0.05
0.04

P≤0.01
0.003

P≤0.01
0.32

P≤0.01
0.29

P≤0.01
0.11

P≤0.01
0.12

P≤0.01
0.35

P≤0.01
0.011

396
395
385
389

384
383
381
380

384
382
381
379

384
382
381
379

384
382
381
380

384
383
380
379

384
383
380
379

379
383
381
378

Reference Range3
NA
7.23-7.37 41.6-59.8 39.1-52.7 22.0-27.6 23.5-29.3 65.8-84.2
1
pH = blood pH; pCO2 = partial pressure of carbon dioxide in the blood; pO2 = partial
pressure of oxygen in the blood; HCO3- = concentration of bicarbonate ions in the blood;
TCO2 = total concentration of carbon dioxide in the blood; sO2 = saturation of oxygen in
the blood; iCa = concentration of ionized calcium in the blood
2
n = number of samples analyzed at each time point
3
Blood chemistry reference ranges calculated from mean values plus or minus one
standard deviation determined by Schaal et al. (2016) for first cycle Hyline W-36 laying
hens
a-d
Values without similar letters within parameters are different (P≤0.05)
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1.55-1.83

Table 4. Effect of heat stress over time on blood chemistry parameters in laying henscontinued
AMEn1
Na1
K1
Glucose1
Hematocrit1 Hemoglobin1
(kcal/kg) (mmol/L)
(mmol/L)
(mg/dL)
(% PCV)
(mmol/L)
a
a
a
a
Pre-Heat Stress
2437a
142.0
4.74
231.5
22.6
7.69a
Acute
2446a
132.0d
4.15d
228.3b
19.2c
6.54c
b
b
b
b
b
2 wk Chronic
2407
138.5
4.56
227.6
20.9
7.11b
4 wk Chronic
2449a
135.7c
4.40c
218.6c
19.4c
6.60c
P-value
Pooled SEM
n: Pre-HS2
n: Acute HS2
n: 2wk Chronic HS2
n: 4wk Chronic HS2

P≤0.05
6.3

P≤0.01
0.42

P≤0.01
0.022

P≤0.01
0.79

P≤0.01
0.13

P≤0.01
0.043

359
367
359
345

383
379
381
378

383
380
381
379

382
383
381
379

381
377
381
379

381
378
381
379

Reference Range3
NA
146.6-152.2
4.3-5.3
212.4-236.4
21.0-26.4
7.2-9.0
1
AMEn = nitrogen correct apparent metabolizable energy of diet; Na = concentration of
sodium ions in the blood; K = concentration of potassium ions in the blood
2
n = number of samples analyzed at each time point
3
Blood chemistry reference ranges calculated from mean values plus or minus one
standard deviation determined by Schaal et al. (2016) for first cycle Hyline W-36 laying
hens
a-d
Values without similar letters within parameters are different (P≤0.05)
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Table 5. Coefficient of variance of performance parameters1
Prewk22
wk42
HS2
Feed intake
8.1
14.9
10.8
Egg Production
13.6
10.4
12.8
Egg weight
5.4
6.2
5.2
Egg mass
15.0
12.2
11.7
Feed efficiency
9.0
15.7
15.2
Body weight
5.1
5.8
6.1
1
Calculated by dividing the standard deviation of data at each time point by
corresponding mean and multiplying by 100
2
Pre-HS: data collected for the 2 wk period before heat stress; wk2: data collected from
the first 2 wk of heat stress; wk4: data collected from 2 to 4 wk of heat stress.
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Table 6. Coefficient of variance of body temperature, AMEn, blood gas, and egg quality
parameters1
PreAcute2
wk22
wk42
HS2
Body Temperature
0.59
0.83
0.73
0.67
AMEn
4.2
5.4
5.3
4.6
pH
0.69
0.89
0.85
0.90
pCO2
15.2
22.1
16.7
16.8
pO2
12.2
13.0
14.3
11.4
HCO3
8.4
12.3
8.4
9.2
TCO2
8.5
12.8
8.4
9.2
sO2
8.5
9.1
9.4
6.6
Na
5.7
8.5
5.0
4.4
iCa
15.0
22.4
14.0
12.6
Glu
5.7
8.9
6.2
5.9
Hct
10.1
15.4
11.3
11.7
Hb
10.1
15.4
11.2
11.7
Haugh unit
5.9
6.5
6.8
6.9
Yolk wt
16.4
16.3
15.5
9.5
Albumen wt
10.2
12.8
9.9
13.1
Shell wt
7.9
11.2
7.4
8.3
Shell Thickness
10.3
14.6
10.4
8.1
1
Calculated by dividing the standard deviation of data at each time point by
corresponding mean and multiplying by 100
2
Pre-HS: data collected the day before heat stress; acute: data collected within 4-6 hours
of first heat stress exposure; wk2: data collected after 2 wk of heat stress; wk4: data
collected after 4 wk of heat stress.
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CHAPTER IV
Epilogue
The objective of this thesis was to quantify the performance and physiological
adaptations of laying hens exposed to acute and chronic cyclic heat stress (HS) over a 4 wk
period. The phenotypic data generated in this thesis, in combination with SNPs determined
through genotyping, may possibly be used to select for heat resistant hens that are able to
maintain egg production (EP), performance and survivability overall, but especially during
bouts of elevated temperatures and HS. In total, 407 pure line laying hens were individually
housed and subjected to a daily cyclic heat stress for 4 wk which consisted of seven hours
at 35°C followed by a drop to 30°C for the remainder of the day. The environmental
temperatures were maintained above the range of optimum performance for chickens
which is 19-22°C (Kilic and Simsek, 2013). In contrast to previous cyclic HS protocols,
the non-HS temperature was maintained at a higher temperature in an attempt to better
mimic commercial laying hen house conditions than previous experiments that brought the
non-HS temperature to 25°C (Rozenboim et al., 2007).
Within 4-6 hours of first exposure to high environmental temperature, hen body
temperature increased (Fig. 2) indicating a HS response. Over the same time period, the
ratio of bicarbonate to carbon dioxide in the blood rose, most likely as a result of increased
respiration rate as part of the cooling mechanism employed by laying hens in an attempt to
maintain core body temperature (El Hadi and Sykes, 1982). The rise in the ratio of
bicarbonate to carbon dioxide caused the blood pH to increase. The increase in blood pH
with HS can cause ionized calcium (iCa) to bind to proteins, becoming unavailable for use
in the shell gland (Franco-Jiminez et al., 2007). With the reduction in iCa due to HS,
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Conclusions:*Acute*Heat*Stress

eggshell weights for the acute time point (those first eggs produced after hens were exposed
to HS) were significantly reduced than those collected before HS exposure.

HCO3 :*CO2

Body*temperature
Blood* pH

Shell*weight
Yolk*weight

iCa

Figure 2. Conclusions: Effects of acute heat stress on performance, egg quality,
and blood chemistry in laying hens	
  
	
  
Hen body temperatures were able to stabilize between pre-HS and acute body
temperatures after 2 wk of HS exposure indicating some adaptation over time (Fig. 3).
However, to accomplish this stabilized body temperature at elevated environmental
temperatures, both feed intake (FI) and EP were significantly reduced in comparison to
pre-HS values. Egg production did not drop at the same rate as FI suggesting that the hens
may have been pulling from body reserves in order to maintain EP, resulting in loss of
body weight over both the 2 and 4 wk HS periods in agreement with previous literature
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Conclusions:*2wk*Chronic*Heat*Stress

(Gregory and Robins, 1998). Albumen weight and subsequently, Haugh units were both
reduced after 2 wk of HS exposure.

Feed*intake

Albumen* weight

Egg*production
Body*temperature
Feed*efficiency

Haugh* unit

Body*weight
iCa

Figure 3. Conclusions: Effects of two-week chronic heat stress on performance,
egg quality, and blood chemistry in laying hens
	
  
By the end of the experiment at 4 wk the ratio of bicarbonate to carbon dioxide in the blood
decreased to a level similar to the pre-HS, allowing the pH to recover to pre-HS levels as
well (Fig. 4). Over the 2 to 4 wk period of the experiment, FI increased in comparison to
the 0 to 2 wk HS period, but did not recover to pre-HS FI. Body weights continued to
decrease through the end of the experiment. Although blood pH returned to pre-HS levels,
blood iCa was again reduced at 4 wk of HS exposure likely related to overall low FI
(reduced Ca intake) over the duration of the 4 wk experiment. Blood glucose reached its
lowest value by 4 wk of HS, indicating that the reduced FI might have cumulative effects
that ultimately affect the hen’s metabolism during HS. By the end of the experiment, the
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eggshell weights had decreased, along with a continued drop in albumen weight and Haugh

Conclusions:*4wk*Chronic*Heat*Stress

unit.

Shell*weight
HCO3 :*CO2

Albumen* weight

Feed*intake

Blood* pH

Body*weight

iCa

Feed*efficiency

Haugh* unit

Glucose

Figure 4. Conclusions: Effects of four-week chronic heat stress on performance,
egg quality, and blood chemistry in laying hens
The initial negative effects of HS on the hen at the acute time point were most likely
due to the changing blood chemistry as the hen immediately alters respiration rate and
blood flow to stabilize body temperature. After longer term heat exposure, chronic effects
of the HS treatment may have been more associated with low FI. By the end of the
experiment, at least partial acclimatization was noted in the blood chemistry and body
temperature, but FI was still greatly reduced in comparison to pre-HS measurements.
Interpretation of the data are somewhat limited due to the experimental design of
a genome-wide association study (GWAS). The individual replication needed for the
GWAS required approximately 400 hens to be housed individually under HS conditions
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leaving little room for non-HS control hens for direct measurement of non-HS effects at
the same time and hen age. The only non-HS measurements were taken before the start of
HS and would change over time as the first-cycle hens increase FI, EP and egg weights
over this time of their growth and productive life cycle. In addition, pair feeding to the HS
birds would have better differentiated the effects as either physiological due to HS or more
related to the reduced FI associated with HS responses. The high number of birds needed
for GWAS comparisons and links, when analyzed on a physiological basis may lead to
slight differences that have questionable physiological meaning to become statistically
different so caution in over interpretation is warranted (egg weights and AMEn).
Although this research will lead to the generation of important information for use in the
selection of heat resistant genes in the laying hen population follow up approaches could
also generate substantial benefit. The general thoughts have been that reduced FI and
subsequent nutrient intake are the leading factors that contribute to the reduced EP
(Mashaly et al., 2004). However, there may be other factors related to HS that is affecting
EP. Little information has been generated on the effects of HS on reproductive hormones
that could also negative affect EP. This idea is somewhat supported by the increased egg
yolk weights noted in this experiment as the heavier yolks during the first 2 wk of HS might
have been related to reduced oviposition allowing more time for nutrients to be deposited
in the yolk, resulting in the increased weight. With a pair fed control group, it may be
possible to determine the mode of action for the acute and chronic effects of HS on iCa.
While this experiment looked at the effects of HS on AMEn, the digestibility and
metabolism of other nutrients such as protein, fat, and calcium were not quantified. These
nutrients, especially Ca may have direct effects on the hen’s ability to maintain EP over
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prolonged heat exposure. In addition to direct digestibility effects, HS has been shown to
reduce intestinal cell barrier function in various species that could be verified in laying
hens (Quinteiro-Filho et al., 2010; Deng et al., 2012). Both reduced FI and alteration of
nutrient partitioning to dissipate heat can reduce energy and nutrient resources directed to
the immune system, that could cause the immune system to be down-regulated, increasing
the hen’s susceptibility to disease and compounding the negative effects of HS or even
altering the interaction of the host with the microbiome. In addition to the host response to
the microbiome, the change in intestinal temperature, reduction in FI (nutrient availability)
and intestinal motility could all alter microbiome. Therefore, additional birds were sampled
for microbiome analysis, but those results will be reported elsewhere.
The hens were able to mitigate or at least partially mitigate some of the negative
effects of HS, but even after 4 wk, FI was significantly reduced, resulting in reduced EP.
The data generated in this thesis will be helpful to identify traits useful in maintaining EP
under HS conditions and can be incorporated into selection programs. Overall it is
interesting to note that acute and chronic alterations are most likely due to separate factors.
Early alterations to blood chemistry due to temperature control seems to cause the major
differences, while over time (up to 4 wk), blood chemistry was at least partially controlled,
but reduced FI seemed to drive the negative effects of HS exposure.
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Appendix 1. Composition of layer diet
Ingredient (%)
Corn
44.9
Soybean meal, 48% CP
34.5
Meat and bone meal
2.5
DDGS
2.0
Soy oil
4.4
DL-Methionine
0.3
Limestone, small
4.4
Limestone, large
4.4
Dicalcium phosphate
1.2
Salt
0.4
1
Vitamin and mineral premix 0.7
Titanium Dioxide
0.3

Calculated Composition
Metabolizable energy (kcal/kg)
Crude Protein (%)
Calcium (%)
Fat (%)
Digestible Methionine (%)
Digestible Cysteine (%)
Digestible Lysine (%)
Digestible Threonine (%)
Non-phytate phosphorus (%)

2900
22.403
4.000
6.849
0.554
0.321
1.106
0.772
0.524

Analyzed Composition
Gross energy (kcal/kg)
3302
Metabolizable energy (kcal/kg)
2437
Crude Protein (%)
22.466
Titanium (%)
0.170
1
Provided per kg of diet: vitamin A, 6595.69 IU; vitamin D3, 2209.56 ICU; vitamin E,
1.65 IU; vitamin B12, 6.60μg; menadione, 1.15 mg; riboflavin, 4.12 mg; D-pantotheic
acid, 6.07 mg; niacin, 19.79 mg; choline, 381.68 mg; Co, 0.25 mg; Cu, 4.04 mg; I, 1.00
mg; Fe, 50.65 mg; Mn, 64.26 mg; Zn, 48.69 mg.
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Appendix 2. Lighting schedule of hens subjected to heat stress
Age
Light
Dark
(weeks)
(hours)
(hours)
17
11.00
13.00
181
11.50
12.50
19
12.00
12.00
20
12.50
11.50
21
13.00
11.00
22
13.50
10.50
23
14.00
10.00
24
14.25
9.75
25
14.50
9.50
26
14.75
9.25
27
15.00
9.00
282
15.25
8.75
1
Hens arrive at Virginia Tech
2
End of experiment, hens euthanized

70

Appendix 3. P and R2 values of comparison between variable on top and variables on the
left
Feed Intake
1
7/8-7/21
7/22-8/81
8/9-8/211
P
R2
P
R2
P
R2
Egg Production <0.01
0.08
<0.01
0.03
0.01
0.02
Egg Weight
0.02
0.01
<0.01
0.07
<0.01
0.05
Egg Mass
0.01
0.02
<0.01
0.03
<0.01
0.02
Feed Efficiency
7/8-7/211
7/22-8/81
8/9-8/211
2
2
P
R
P
R
P
R2
Feed Intake
<0.01
0.56
<0.01
0.66
<0.01
0.49
Egg Production <0.01
0.06
<0.01
0.07
<0.01
0.14
Egg Weight
0.60
0.00
0.27
0.00
<0.01
0.02
Egg Mass
<0.01
0.33
<0.01
0.15
<0.01
0.37
Body Weight
7/102
8/122
8/202
1
1
7/8-7/21
7/22-8/8
8/9-8/211
P
R2
P
R2
P
R2
Feed Intake
<0.01
0.04
<0.01
0.18
<0.01
0.10
Egg Production
0.97
0.00
0.69
0.00
0.01
0.02
Egg Weight
0.09
0.01
0.17
0.00
0.50
0.00
Egg Mass
<0.01
0.04
0.19
0.00
0.04
0.01
Feed Efficiency
0.39
0.00
<0.01
0.14
<0.01
0.12
1
Time period feed intake, feed efficiency, egg production, egg weight, and egg mass were
calculated over
2
Dates body weight measured on
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Appendix 4. P and R2 values of comparison between feed intake and feed efficiency and
blood variables
Feed Intake
1
7/8-7/21
7/22-8/81
8/9-8/211
2
2
Control
wk2
wk42
P
R2
P
R2
P
R2
pH
0.96
0.00
0.46
0.00
0.45
0.00
PCO2
0.52
0.00
0.03
0.01
0.02
0.02
PO2
0.14
0.01
0.67
0.00
0.55
0.00
BE
0.25
0.00
0.02
0.02
0.07
0.01
HCO3
0.27
0.00
<0.01
0.03
<0.01
0.02
TCO2
0.21
0.00
<0.01
0.03
<0.01
0.03
sO2
0.13
0.01
0.79
0.00
0.74
0.00
Na
0.74
0.00
0.02
0.01
0.79
0.00
K
0.88
0.00
0.02
0.01
0.28
0.03
iCa
1.00
0.00
<0.01
0.03
0.84
0.00
Glu
0.64
0.00
0.03
0.01
0.49
0.00
Hct
0.87
0.00
<0.01
0.05
0.09
0.01
Hb
0.84
0.00
<0.01
0.05
0.10
0.01
Feed Efficiency
7/8-7/211
7/22-8/81
8/9-8/211
2
2
Control
wk2
wk42
P
R2
P
R2
P
R2
pH
0.31
0.00
0.63
0.00
0.33
0.00
PCO2
0.34
0.00
0.05
0.01
0.20
0.00
PO2
<0.01
0.02
0.92
0.00
0.61
0.00
BE
0.90
0.00
0.02
0.01
0.99
0.00
HCO3
0.71
0.00
<0.01
0.03
0.52
0.00
TCO2
0.64
0.00
<0.01
0.02
0.33
0.00
sO2
0.01
0.02
0.99
0.00
0.23
0.00
Na
0.73
0.00
<0.01
0.02
0.57
0.00
K
0.35
0.00
0.01
0.02
0.26
0.00
iCa
0.91
0.00
<0.01
0.03
0.49
0.00
Glu
0.88
0.00
<0.01
0.03
0.97
0.00
Hct
0.32
0.00
<0.01
0.06
0.01
0.02
Hb
0.33
0.00
<0.01
0.06
0.01
0.02
1
Time period feed intake and feed efficiency were calculated over
2
Dates at which blood variables were measured. Control: the day before heat stress began,
wk2: two weeks of heat stress exposure, wk4: four weeks of heat stress exposure.
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Appendix 5. P and R2 values of comparison between body weight and blood variables
Body Weight
1
7/10
8/121
8/201
Control2
wk22
wk42
2
2
P
R
P
R
P
R2
pH
0.63
0.00
0.77
0.00
0.50
0.00
PCO2
0.29
0.00
0.42
0.00
0.97
0.00
PO2
0.12
0.01
0.46
0.00
0.25
0.00
BE
0.48
0.00
0.07
0.01
0.30
0.00
HCO3
0.31
0.00
0.04
0.01
0.38
0.00
TCO2
0.29
0.00
0.05
0.01
0.68
0.00
sO2
0.41
0.00
0.75
0.00
0.11
0.01
Na
0.09
0.01
0.14
0.01
0.59
0.00
K
0.66
0.00
0.12
0.01
0.78
0.00
iCa
0.05
0.01
0.42
0.00
0.42
0.00
Glu
0.09
0.01
0.43
0.00
0.38
0.00
Hct
0.36
0.00
<0.01
0.03
0.06
0.01
Hb
0.36
0.00
<0.01
0.03
0.06
0.01
1
Dates body weight measured on
2
Dates at which blood variables were measured. Control: the day before heat stress began,
wk2: two weeks of heat stress exposure, wk4: four weeks of heat stress exposure.
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Appendix 6. P and R2 values of comparison between body temperature and blood
variables, feed intake, feed efficiency, and body weight
Body Temperature
1
Control
Acute1
wk21
wk41
2
2
2
P
R
P
R
P
R
P
R2
pH
<0.01 0.03
<0.01
0.06
0.06
0.01
0.14
0.01
HCO3
<0.01 0.06
<0.01
0.16
<0.01
0.06
0.01
0.02
iCa
<0.01 0.02
<0.01
0.02
<0.01
0.04
0.21
0.00
Feed Intake
0.09
0.01
0.03
0.01
0.91
0.00
Feed Efficiency
0.72
0.00
0.19
0.00
0.49
0.00
Body Weight
0.30
0.00
0.23
0.00
0.05
0.01
1
Dates at which blood variables and body temperature were measured. Control: the day
before heat stress began, wk2: two weeks of heat stress exposure, wk4: four weeks of
heat stress exposure.
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Appendix 7. P and R2 values of comparison between AMEn and feed intake, feed
efficiency, and body weight
AMEn
Control1
Wk21
Wk41
7/8-7/212
7/22-8/82
8/9-8/212
3
3
7/10
8/12
8/203
P
R2
P
R2
P
R2
Feed intake
<0.01
0.04
0.08
0.01
0.09
0.01
Feed Efficiency
0.16
0.01
0.41
0.00
0.92
0.00
Body Weight
0.44
0.00
0.10
0.01
0.59
0.00
1
Dates at which AMEn was measured. Control: the day before heat stress began, wk2:
two weeks of heat stress exposure, wk4: four weeks of heat stress exposure.
2
Time period feed intake and feed efficiency were calculated over
3
Dates body weight measured on
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Appendix 8. P and R2 values of comparison between shell weight and blood ionized
calcium level
Shell Weight
1
1
7/22
7/24
8/61
8/201
2
2
2
Control
Acute
Wk2
Wk42
P
R2
P
R2
P
R2
P
R2
iCa
0.52
0.00
<0.01
0.04
0.07
0.01
0.54
0.00
1
Dates shell weight measured on
2
Dates at which blood iCa level was measured. Control: the day before heat stress began,
wk2: two weeks of heat stress exposure, wk4: four weeks of heat stress expo
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