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Chapter 1 

Introduction 

The world population has increased over the past century and with this increase in 

the world population comes an increase in demand of animal protein for consumption. 

The United States produced 8.78 billion broilers and 244 million turkeys in the year 2016 

(USDA, 2017a,b). The production of broilers in the United States has increased by 1% 

from 2015 and turkey production is up 5% from 2015 (USDA, 2017a). One could 

speculate that these production values will continue to increase with an increasing world 

population. As the poultry industry grows, the usage of natural resources for energy will 

continue to increase and poultry operations need to become more energy efficient but in 

order to enhance energy efficiency, energy must be conserved without affecting yield or 

production yields must increase. 

The poultry industry is a vertically integrated system that uses contract growers to 

raise birds. This management system enables contract growers to assume less risk when 

raising birds by letting the companies that contract with them supply birds and feed 

while, contract growers supply the facilities to raise the birds and pay for the utility costs 

associated with raising birds which include electricity, gas, and water (May and Lott, 

2001). While feed costs are the most expensive component in the production of poultry, 

the costs of utilities to raise birds should not be forgotten (May et al., 1998). Facilities for 

poultry production have improved with better insulation, ventilation, heating systems, 

and evaporative cooling, but there has been an increase in the expenditures for electricity 

and liquefied petroleum gas to allow for these improvements to be more effective in 

controlling the environment within facilities (May and Lott, 2001). The ability of 
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facilities to maintain optimal environmental temperatures allow birds to have better feed 

efficient and therefore, reduces feed costs (May and Lott, 2000; May et al., 1998). Tabler 

and coworkers (2004) stated that energy costs consume approximately 25% of annual 

farm income of broiler operations and that heating costs are roughly four to five times the 

cost of electricity. Therefore, the ability to reduce heating costs would have the greatest 

impact on energy costs and overall profitability for contract growers depending on the 

operations location. 

Birds are homeotherms and can only maintain their body temperature within a 

narrow range of environments temperatures (Piestun et al., 2008) and therefore, regulate 

their body temperature by balancing heat production and heat loss. Heat loss occurs 

through respiratory evaporation and by convection or nonevaporative heat loss (Hillman 

et al., 1985; Wylie et al., 2001; Lin et al., 2005). Birds produce heat by their metabolism 

through feeding and muscle activity but also gain heat from their environment (West, 

1965; Farrell and Swain, 1977). Feathers also help in thermoregulation by providing a 

layer of insulation which allows birds to retain more heat during periods of cold exposure 

and therefore, optimizes energy utilization and feed efficacy (Lesson and Walsh, 2004b). 

The ability to grow birds within their thermoneutral zone allows birds to perform as 

efficient as possible but intensive genetic selection for increased growth rate and feed 

conversion (Pereira and Naas, 2007) could have an impact on the thermoneutral zone of 

poultry. 

Temperature at which birds are raised has an impact on their performance and 

body composition; the optimum environmental temperature to raise birds has been 

researched by many (Howlider and Rose, 1987; May and Lott, 2001). Majority of 
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research has been focused on high ambient temperatures effect on poultry production. 

High environmental temperatures have been known to increase mortality rates, decrease 

feed consumption, and lower body weights gains in poultry (Cooper and Washburn, 

1998; Quienterio-Filho et al., 2010; Zhang et al., 2012). It has also been noted that high 

ambient temperatures can affect muscle yields, fat deposition and profile, muscle color 

appearance, and water retention which can affect the economic value of poultry products 

(Ain Baziz et al., 1996; McMurdy et al., 1996; Mckee and Sams, 1997; Wynveen et al., 

1999; Molette et al., 2003; Petracci et al., 2004; Aksit et al., 2006; Zhang et al., 2012). 

Much research has been done in order to determine if birds have the ability to 

adapt to differing temperatures. Studies have looked at the effect of high or low 

incubation temperatures during embryogenesis in an effort to improve the acquisition of 

thermotolerance to high or low environmental temperatures post hatch (Tzschentke et al., 

2001; Tzschentke and Basta, 2002; Yahav et al., 2004a,b; Piestun et al., 2008; Shinder et 

al., 2009). Birds may be able to thermal adapt to high or low environmental temperatures 

by a process of thermal conditioning during the early postnatal period (Yalcin et al., 

2005). Studies have shown that thermal conditioning at an early age can improve 

thermotolerance to heat and cold stress, but this effort to acquire thermotolerance can 

have an effect on the performance and internal organs of the birds (Yahva and Hurwitz, 

1996; Shinder et al., 2002). Cyclic temperature regimes have been studied in an effort to 

determine if birds benefit from periods of warmer and cooler environmental temperatures 

during different parts of the day (Waibel and Macleod, 1994). One management strategy 

that has not been researched in poultry, but has been studied in the swine model is the 

method of reduced nocturnal temperatures. Johnston and coworkers (2013) studied this 
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management strategy in an effort to determine if it would be a viable option in reducing 

energy usage without affecting pig performance and therefore, making operations more 

economically efficient. One could suggest that reductions in nocturnal temperatures could 

potentially be an effective management strategy in an effort to reduce energy usage, 

greenhouse gas emissions, and production costs of poultry operations if birds’ 

performance and health are not significantly altered.  
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Chapter 2 

Literature Review 

2.1 The Poultry Industry 

Broiler and turkey production: 

 The poultry industry has experienced tremendous growth over the past century. 

The USDA (2017a) has reported that for the year 2016, 8.78 billion broilers were 

produced in the United States with an economic value of $25.9 billion. Approximately 

64% of the broiler production came from only six states that included Alabama, 

Arkansas, Georgia, Mississippi, North Carolina, and Texas (USDA, 2017a). When 

looking at the turkey side of the poultry industry, a combination of six states account for 

nearly two-thirds of the turkeys produced in the United States during the year 2017 

(USDA, 2017b). The six states include North Carolina, Arkansas, Indiana, Virginia, 

Missouri, and Minnesota which is the largest turkey producing state with a total of 42.5 

million turkeys being produced for the 2017 year (USDA, 2017b). In 2016, the total 

number of turkeys raised in the United States was 244 million with an economic value of 

$6.18 billion as reported by the USDA (2017a). This USDA data allows us to better 

understand the magnitude of the poultry industry and the size of the broiler industry when 

compared to the turkey industry. This data gives us the ability to better understand where 

the majority of poultry production is located within the United States. The majority of 

broiler production occurs in the south-eastern region of the United States whereas, turkey 

production seems to have a less generalized location within the United States (USDA, 

2015). The south-eastern region of the United States is a more economical area to raise 
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broilers due to lower heating costs associated with warmer winter temperatures as 

compared to the northern or central United States. 

Poultry operations: 

 The poultry industry is a vertically integrated system. Companies set up contracts 

with growers to raise birds. These contracts that poultry companies pay growers are for 

the quantity of birds grown and they also provide incentives for growers that have lower 

feed to gain ratios than the average (May and Lott, 2001). Incentives are given for better 

than average feed conversion rates because feed is the most expensive component in the 

production of poultry (May et al., 1998). Growers generally provide the facilities for 

birds to be raised. As well as the facilities, growers have to pay for the utility costs 

associated with raising birds which include electricity, water, and gas (May and Lott, 

2001). While improvements to housing have advanced with better heating systems, 

insulation, ventilation, and evaporative cooling, the expenditures for electricity and 

liquefied petroleum gas to control the environment within the houses have increased 

(May and Lott, 2001). 

Electricity is required for ventilation, evaporative cooling during hot weather as 

well as automatic feeding and lighting equipment (May et al., 1998; Heidari et al., 2011).  

The most common type of ventilation in broiler houses is tunnel ventilation. Tunnel 

ventilation works by pulling external air into the house creating negative pressure and 

moving this air horizontally along the entire length of the barn. This type of ventilation is 

intended to decrease the air temperature by removing the heat produced by birds and 

providing birds with a wind-chill effect (Costantino et al., 2018). When additional 

cooling of air temperature inside the barn is needed beyond the ability of tunnel 
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ventilation, evaporative cooling is utilized. Evaporative cooling uses cooling pads on the 

opposite end of the barn compared to the tunnel fans to decrease the outside air 

temperature when pulled into the barn and is more effective when relative humidity of the 

outside air is low (Costantino et al., 2018). 

Propane is used as the primary energy source for brooding chicks in the United 

States and is a significant expense during brooding (Deaton et al., 1996). Traditional 

pancake brooders or radiant brooder systems are used to heat the litter within the house.  

These systems create a temperature gradient that allow the chicks to find their comfort 

zone. Radiant brooders are used as the primary heat source during brooding but when 

supplemental heat is needed due to cold weather, space heaters are used in conjunction 

with radiant brooders (Cobb-Vantress, 2012). The two different methods of brooding 

used in the poultry industry are whole house brooding or partial house brooding. Partial 

house brooding is commonly practiced in an attempt to reduce heating costs by reducing 

the total amount of space that is used for brooding and also provides an advantage in 

maintaining correct brooding temperatures due to the smaller area (Cobb-Vantress, 

2012).  Maintaining optimal environmental temperatures within barns allows for more 

efficient feed conversion and therefore, reduces feed costs but increases utility and water 

costs (May and Lott, 2000; May et al., 1998).  

Energy Costs: 

In 1973, Deaton and coworkers stated that at least 25% of the United States 

commercial broiler production is grown under controlled environmental conditions that 

require producers to make a choice between feed or fuels as the energy source for the 

birds. Since 1973, we have seen this percentage of commercial broilers raised under 
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environmentally controlled conditions increase with the increase in broiler production in 

the United States and therefore we have seen an increase in energy usage. Approximately 

25% of the annual farm income of broiler operations is consumed by energy costs (Tabler 

et al., 2004). Average electricity usage for a broiler house in the state of Arkansas is 

3,154 kWH per flock and based on 5.5 flocks per year a broiler house would use a total of 

17,348 kWH of electricity per year (Tabler et al., 2004). If the cost of electricity is 0.10 

cents per kWH then the electricity cost to raise one flock would be $315.40 or $1,734.80 

per year based on 5.5 flocks per year (Tabler et al., 2004).  The average propane 

consumption for a broiler house to raise one flock of birds is 914 gallons of propane and 

if we assume 5.5 flocks per year than total propane consumption for a broiler house 

would be 5,029 gallons (Tabler et al., 2004). If the cost of propane is 1.00 dollar per 

gallon than the propane cost to raise one flock of birds would be $914 or $5,029 per year 

based on 5.5 flocks per year (Tabler et al., 2004). This breakdown of energy costs for 

broiler production can only be used for regions of the United States with the same climate 

as the state of Arkansas and the costs for propane and electricity can vary, but from this 

breakdown we can see that propane costs may be roughly two to three times the costs of 

electricity. Therefore, reducing the total amount of propane used would have the greatest 

impact on energy costs associated with broiler production depending on the location 

within the United States. 

2.2 Thermoregulation of Poultry 

Poultry embryos and for a small period after hatch are classified as poikilotherms 

until they perfect their homeothermic mechanisms (Campbell et al., 2003). A 

poikilotherm’s body temperature will fluctuate with environmental temperatures. The 
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transition of poultry being poikilotherms to homeotherms starts at day 19 of incubation 

and is completed when birds are approximately 4 to 5 days old (Meijerhof and Furmanek, 

2018). Once birds perfect their homeothermic mechanisms they are classified as 

homeotherms and are able to maintain their body temperature within a narrow range of 

environment temperatures (Piestun et al., 2008). They regulate the balance between heat 

production and heat loss to maintain their deep body temperature at approximately 40°C. 

During exposure to high temperatures, heat production decreases while heat dissipation 

increases (Lin et al., 2005). The main method of heat dissipation for birds that are 

exposed to a higher temperature environment is respiratory evaporation (Hillman et al., 

1985). The other method of heat loss is through nonevaporative heat loss or heat loss by 

convection which takes place at the surface of bare skin and plumage and is affected by 

peripheral blood flow, body surface area, and body covering or insulation (Wylie et al., 

2001; Lin et al., 2005). When environmental temperatures approach body temperature 

skin temperatures increase because of an increase in blood flow to the periphery and body 

heat loss becomes more efficient in areas of the bird that have no or little feather cover 

(Pech-Waffenschmidt et al., 1995). Wylie and coworkers (2001) suggested that 

commercial turkeys with relatively poor breast feathering might be an adaptive response 

to dissipate excess heat and maximize growth rates.  

 Birds gain heat from their metabolism and the environment. Chicks initially 

survive low temperatures by huddling together for warmth and consuming more feed, but 

when temperatures become too extreme, chicks are known to pile up and smother each 

other especially when in large groups (Deaton et al., 1996). Chicks are also known to 

become comatose and die, when exposed to low temperatures (Deaton and Reece, 1968). 
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During lighted periods of the day birds become active in search for food and water and 

this general muscle activity produces heat which helps the bird in maintaining its body 

temperature (West, 1965).  During periods where broiler chickens are not active, which 

has been reported to approximately 60 to 80% of the time depending on age and housing 

conditions (Bizerary, 2002), the only method available to produce heat is through an 

increase in muscle tone and shivering (West 1965). Birds generate heat through feeding 

and metabolic heat production and can vary within a group of birds due to the varying 

levels of feed intake (Farrelll and Swain, 1977). Almost all of the heat produced from 

feeding occurs during the day, either while birds are actively eating feed or had just 

recently ingested feed (MacLeod et al., 1985).  

Feathers and Thermoregulation: 

Feathers play an important role in thermoregulation due to their ability to provide 

an insulative cover for the bird. Around day 5 of incubation is when feather growth 

begins and keratinization of the feather is complete 2 to 3 days before hatching occurs 

(Leeson and Walsh, 2004a). Feathers cover at most 75% of the bird’s skin surface and in 

broiler chickens will weigh approximately 50g by market age (Leeson and Walsh, 

2004a). Good feather coverage will optimize energy utilization and feed efficiency except 

during periods of high temperature where birds need to dissipate heat produced by the 

body, while partially defeathered birds will lose more heat, especially when experiencing 

cold temperatures (Leeson and Walsh, 2004b). In laying hens feather coverage is 

significantly correlated with feed efficiency (Leeson and Morrison, 1978). O’Neill and 

workers (1971) showed an increase of 85% in feed intake for a naked bird at 22°C, which 

was explained by an increase in maintenance energy and an increase in energy demands 
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for rejuvenation of feathers. Well feathered birds increase their heat production by around 

2% with every 1°C drop, whereas birds with poor feather coverage increase their heat 

production by about 5% with every drop in 1°C (Richards, 1977). Young birds that 

experience prolonged exposure to high environmental temperatures greater than 32°C 

have a slower rate of feather growth (Geraert et al., 1996), although short-term exposure 

of less than 4d has little negative effect on feather growth rate (Leeson and Walsh, 

2004b). Wylie and coworkers (2001) show that raising turkeys at low temperatures did 

not affect feather growth when compared to turkeys raised at normal rearing 

temperatures. 

Thyroid Hormones: 

One of the factors affected by ambient temperature is the concentration of thyroid 

hormones. The two most important thyroid hormones are thyroxine or tetra-

iodothyronine (T4) and triiodothyronine (T3). The free fraction of T4 and T3 are the 

biologically active forms. T3 is one of the growth-controlling hormones (McNabb and 

King, 1993) and is related to energy metabolism (Williamson et al. 1985) and to feed 

intake in chickens and turkeys (Klandorf and Harvey, 1985; Yahav et al., 1995, 1996, 

1998). Harvey and coworkers (1983) demonstrated the association between T3 

concentrations and growth rate in thyroidectomized chicks. The literature that exists on 

how thyroid hormones react to temperature is very confusing (Iqbal et al., 1990). Lower 

environmental temperatures generally cause a higher thyroid activity (Iqbal et al., 1990) 

and this can be explained by how plasma T3 levels are positively correlated with heat 

production (Decuypere and Kuhn, 1984, 1988; Buyse et al., 1992). Plasma T3 

concentrations are inversely related to environmental temperatures (Hillman et al., 1985; 
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May et al., 1986; Iqbal et al., 1990) and therefore as temperatures increase the circulating 

concentrations of T3 are reduced (Kuhn et al., 1984; Hillman et al., 1985; Yahav et al., 

1996). The ability of birds to reduce plasma T3 concentrations during a thermal 

challenge, suggests an improvement in thermotolerance (Yahav, 2000). Piestun and 

coworkers (2008) helped to confirm this theory when they showed that plasma T3 

concentrations decreased when a thermal challenge of heat stress was implemented. The 

chickens that were thermal manipulated during embryogenesis had lower T3 levels than 

those of the control chickens which aided the thermal manipulated chickens in dealing 

with the acute thermal stress at market age.  

Thermoneutral zone in poultry: 

 Intensive genetic pressure has been put on broiler chickens for increased growth 

rate and feed conversion over the last four decades (Pereira and Naas, 2008). With this 

change in genetics comes a potential change in the thermoneutral zone of birds. Benedict 

and coworkers (1932) reported that the chickens thermoneutral zone is between the 

temperatures of 15 and 28°C and this paper has been referred to many times by authors 

studying the subject of thermoneutrality in birds. Meltzer (1983) described the first 3 

weeks of a chicken’s life to have an upper critical temperature range of 37 to 31.5°C and 

a lower critical temperature range of 35 to 27.5°C which is a much higher thermoneutral 

zone than Benedict and coworkers (1932) have described. Cobb-Vantress (2012) 

management guide recommends starting day-old broiler chicks at approximately 33°C 

and by 3 weeks of age the recommended temperature is approximately 24°C. It is easy to 

see from this that genetics play an important role in the thermoneutral zone of birds. 

Turkeys have a different thermoneutral zone than chickens and is described to be 
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between 20°C and 28°C (Brody, 1945). Wilson and Woodard (1955) stated that turkeys 

are less tolerant of high temperatures and later Hurwitz and coworkers (1980) stated that 

growing turkeys are less resistant to lower temperatures when compared to chickens. This 

suggests that turkeys are more sensitive to temperature when compared to chickens. 

Van Kampen and coworkers (1979) suggested that the zone of thermoneutrality 

may be affected by light conditions. In this study the zone of thermoneutrality during 

periods of light was defined as 32 to 37.7°C, but during periods of darkness was 

described to be between 27.5 and 37.7°C. This could be explained by chickens having 

lower body temperatures during dark periods (Whittow, 1976) due to a reduced 

metabolism at night (Benedict et al., 1932). 

2.3 Temperature effects on Poultry Production 

Temperature and performance: 

Temperature is an important factor in the growth, food intake and body 

composition of broilers (Howlider and Rose, 1987). Much research has been done in 

order to find the optimum environmental temperatures for broiler production (May and 

Lott, 2001). As broilers increase in age the optimum environmental temperatures 

decrease (Charles, 1986). May and Lott (2000) showed that during the first 21 days of 

age of a broilers life, temperature did not have an effect on weight gain or feed 

conversion, but temperature did affect mortality rate and this was most predominate 

during the first week of low rearing temperatures. After three weeks, temperature has a 

large impact on growth and feed conversion and as body weight increases the effect of 

temperature has a more dramatic impact (May et al., 1998). The optimum temperature for 

the feed to gain ratio decreases as body weight increases (May and Lott, 2001). When 
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environmental temperatures are higher than the thermoneutral zone of broilers, heat stress 

may occur causing broilers to have higher body temperatures and can lead to high 

mortality, decreased feed consumption, and lower body weight gains (Cooper and 

Washburn, 1998; Quienterio-Filho et al., 2010; Zhang et al., 2012). When broilers were 

reared in low environmental temperatures the amount of feed required to produce a unit 

of body weight increased as compared to broilers reared in normal environmental 

temperatures (Deaton et al., 1973). This increase in feed intake is most likely due to the 

increased heat production need to maintain body temperatures at low environmental 

temperatures and less energy being avaible for growth (Wylie et al., 2010, Gonyou and 

Morrison, 1983). 

Temperature and carcass characteristics: 

Carcass composition and meat yield can be affected by environmental 

temperatures (Leenstra and Cahaner, 1992). Howlider and Rose (1989) demonstrated that 

broilers reared in a high temperature environment to similar heavy weights had a 

reduction in breast meat yields which lead to a lower breast meat to dark meat ratio and 

did not affect total meat yield. The time it took broilers to reach processing weight 

increased when birds were reared at higher environmental temperatures (Howlider and 

Rose, 1989). This effect was confirmed by Ain Baziz and coworkers (1996) and Zhang 

and coworkers (2012) who both saw decreases in breast muscle proportions and an 

increase in thigh and leg muscle proportions with chronic heat stress. The effect of high 

temperature on the breast to dark meat gain was more prevalent in male broilers than 

female broilers and is probably due to the male broilers potential for faster weight gain 

(Howlider and Rose, 1989). The change in the breast to dark meat ratio due to high 
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temperatures might be related to their energetic characteristics, which in the breast are 

mainly glycolytic and in the leg muscles are mainly oxidative (Ain Baziz et al., 1996). 

Ain Baziz and coworkers (1996) showed that exposure to chronic high 

temperatures enhanced fat deposition in finishing broilers and more precisely the largest 

increase occurred at the subcutaneous level, but abdominal and intermuscular fat deposits 

were also enhanced. Chronic heat exposure also modified the fatty acid profiles, where 

birds exposed to high temperatures had higher palmitic acid and lower concentrations of 

oleic and linoleic acids. The overall unsaturated to saturated fatty acid ratio of the 

abdominal and subcutaneous fats decreased (Ain Baziz et al., 1996). 

Acute heat stress has been reported to increase lightness and decrease redness and 

yellowness in the breast muscle of broilers (McMurdy et al., 1996; Wynveen et al., 1999; 

Petracci et al., 2004; Aksit et al., 2006). Heat stress has been reported to cause a high 

metabolic rate rigor mortis that results in severe protein denaturation (Channon et al., 

2000; Deng et al., 2002). This affects the ability of protein to bind water (Klont et al., 

1994) causing poor water-holding properties which can impact the economic value of 

chicken products because retention and gains or losses of water affects product weight 

(McKee and Sams, 1997; Molette et al., 2003; Zhang et al., 2012). 

2.4 Adaptation to Temperature 

Pre-hatch Adaptation: 

The prenatal period is important in thermoregulation of poultry (Yalcin et al., 

2005). It has been reported that during the prenatal period the central nervous control 

mechanisms of thermoregulation are functionally active (Tzschentke and Basta, 2000; 

Nichelmann et al., 2001). Therefore, during the prenatal period, incubation temperatures 
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could have an effect on the physiological response of poultry that experience high 

ambient temperatures (Yalcin et al., 2005). Studies have suggested the possibility of 

improving the acquisition of thermotolerance in poultry by introducing them to high 

temperatures during embryogenesis (Tzschentke et al., 2001; Tzschentke and Basta, 

2002; Yahav et al., 2004a,b). Piestun and workers (2008) showed when thermal 

manipulation of broiler embryos occurred during embryonic days 7 through 16, long-

lasting effects of body temperature in both males and females occurred and an 

improvement in the acquisition of thermotolerance of broiler chickens that were exposed 

to acute thermal stress at market age. This thermal manipulation during embryogenesis 

did not affect hatchability or growth rate when eggs were only subjected to an increase in 

incubation temperature for a 12h period and not a 24h period (Piestun et a., 2008). 

Shinder and coworkers (2009) demonstrated that short, acute cold exposure of 30 or 60 

min during day 18 and 19 of embryogenesis improved the ability of growing broilers to 

cope with low ambient temperatures throughout their life span.  Cold exposure of 15°C 

during incubation did not affect hatchability and resulted in hatched chicks to have an 

increase in body weight (Shinder et al., 2009). Intermittent cold exposure during the last 

phase of embryogenesis increased the body temperature of chicks at hatch and affected 

the metabolic rate which had a positive effect on post-hatch performance parameters 

(Shinder et al., 2009). When broilers were reared in semi-commercial conditions after 

thermal manipulation occurred, final body weights were slightly reduced at time of 

processing but there was a reduction in abdominal fat content and meat quality was not 

affected (Loyau et al., 2014).  
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Post-Hatch Adaptation: 

The ability of thermal adaptation in chicks might develop during the early 

postnatal period (Yalcin et al., 2005). The process of thermal conditioning takes 

advantage of the underdeveloped mechanism of temperature regulation in young chicks 

during their first week of life (Dunnington and Siegel, 1984; Modrey and Nichelmann, 

1992). One of these possible thermotolerance mechanisms is the ability to reduce heat 

production which is influenced by the concentration of T3 (McNabb and King, 1993). 

Yahav and Hurwitz (1996) showed that temperature conditioning at an early age could 

improve thermotolerance to heat stress at market age by improving the ability to reduce 

heat production through reduced T3 concentrations. Early aged thermal conditioning 

results in a reduction in growth followed by a period of compensatory growth, which 

results in complete weight gain compensation and led to heavier body weights for 

conditioned chickens at 42d of age (Yahav and McMurtry, 2001). Chicks that 

experienced thermal conditioning at an early age had reduced mortality rates when 

experiencing heat stress at 42d of age (Yahav and Hurwitz; 1996). Shinder and coworkers 

(2002) demonstrated an improvement in thermotolerance during periods of cold 

challenge, or improvement in performance of chickens raised under optimal 

environmental temperatures when short term cold conditioning was implemented at an 

early stage. Cold temperature conditioning improved mortality rates when conditioned 

birds experienced cold stress (Shinder et al., 2002). Thermal conditioning has an effect on 

internal organs. Chickens that experienced temperatures of 15°C developed heavier heart 

muscles and livers and exposure to heat conditioning early in life resulted in a decrease in 

heart size (Shinder et al., 2002; Yahva and Hurwitz, 1996). 
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Cyclic Temperature: 

Cyclic temperature regimes could be utilized in an attempt to combine the 

beneficial effects of warm temperatures on feed conversion and cool temperatures on 

growth rate (Waibel and Macleod, 1994). Deaton and coworkers (1972) showed that male 

broilers weighed more at weeks 6 and 8 of age when a cyclic temperature regime of 10 

and 21.1°C was utilized compared to male broilers raised under a constant temperature 

regime, but feed conversion was not different between the cyclic temperature regime and 

the constant 21.1°C temperature regime. When turkeys were raised in a cyclic 

environment normal body weight gains were achieved at 12 weeks whereas, turkeys 

raised in cooler environmental temperatures had greater gains most likely due to a higher 

feed intake (Waible and Macleod, 1994).  Turkeys that were raised in hot environments 

did not gain weight most likely due to the reduced ability to remove excess heat (Waible 

and Macleod, 1994). Turkeys that were raised in cool and cyclic environments showed 

lower body temperatures than turkeys raised in hot environmental temperatures (Waibel 

and Macleod, 1994). 

Reduction in nocturnal temperature: 

The method of reduced nocturnal temperature has not been studied in poultry, but 

it has been studied in swine. Johnston and coworkers (2013) studied the effects of 

reduced nocturnal temperatures on the performance of nursey piglets. This study showed 

that nursey piglets could withstand a reduction in nocturnal temperature up to 8.3°C 

without having detrimental effects on pig health or performance. This management 

strategy was effective in reducing energy usage and more specifically reduced heating 

fuel by as much as 30% and electricity by as much as 20% (Johnston et al., 2013). 
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Specific aspects of this experiment must be considered when trying to study this 

management strategy in the poultry model. A four-day acclimation period was given to 

the nursey piglets in order for the piglets to become familiar to their surroundings and 

establish a stable feeding pattern (Johnston et al., 2013). The reduction in nocturnal 

temperature in the nursey rooms occurred gradually rather than rapidly reducing 

nocturnal temperature by increasing ventilation which allowed time for the piglets to 

adjust to the reduced temperature (Johnston et al., 2013). After the first 10d of reduced 

nocturnal temperature regime being implemented, the temperature differential of 8.3°C 

could not be achieved and is most likely due to the result of increased heat production in 

accordance with increased body weight (Johnston et al., 2013). Therefore, the objective 

of these studies is to determine if broilers and hen turkeys exposed to a reduction in 

nocturnal temperature will perform similarly to birds raised under normal industry 

conditions. 
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Chapter 3 

The effect of reduced nocturnal temperatures on performance 

of broiler chicks from 0 to 21 days of age. 

Abstract 

Heating costs make up most of production’s utility costs, especially in the winter 

months of more northern broiler operations. An experiment was done in the pig model, 

where temperature was dropped 8.3°C during the nocturnal period (1900 to 0700 h) and 

had no effect on pig performance or health. This drop in nocturnal temperature 

represented a 30% reduction in heating fuel and 20% reduction in electrical use. This 

study was conducted to evaluate the effect of reduced nocturnal temperature on the 

performance of broiler chicks from 0 to 21 days of age.  We hypothesized that broilers 

exposed to a reduction in nocturnal temperature would perform similar to broilers not 

exposed to a reduction in nocturnal temperature.  Two experiments were conducted at the 

University of Missouri, where 420 broiler chicks were received at hatch and placed in 3 

thermal chamber rooms which contained 4 pens each. Treatments for experiment 1 were 

comprised of nocturnal temperature drops of 0, 2.8, and 5.6°C; whereas experiment two 

consisted of nocturnal temperature drops of 0, 4.2, and 8.3°C. There were no differences 

in gain, intake, feed conversion, or mortality between treatments for 0 to 21-day in either 

experiment. This preliminary research suggests that a reduction in nocturnal temperatures 

up to 8.3°C can save producers utility costs without sacrificing broiler performance or 

health. More research is still needed to be done, but reductions in nocturnal temperatures 

of broiler chicks may be a viable option for reducing energy usage, production costs, and 

greenhouse gas emissions in the poultry industry. 
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Introduction 

A large proportion of the poultry industry is a vertically integrated system.  Part 

of this vertically integrated system is the use of contract growers.  Contract growers are 

mainly responsible for the costs of the facilities and utility costs associated with raising 

birds which include propane, electricity, and water (May and Lott, 2001). While 

improvements to facilities have resulted in better heating systems, insulation, ventilation, 

and evaporative cooling, the expenditures for electricity and propane to control the 

environment have increased (May and Lott, 2001). Approximately 25% of the annual 

farm income of broiler operations is consumed by energy costs (Tabler et al., 2004). The 

University of Arkansas collected energy data from 38 consecutive flocks of straight run 

broilers over a seven-year period.  This data showed that the average gallons of propane 

used per house per year is 5,029 and the average electrical energy used per house per year 

is 17,348 kWH (Tabler et al., 2004). Based off a price of $1.00 per gallon of propane and 

$0.10 per kilowatt hour of electricity the average cost of propane per house per year is 

$5,029 and the average cost of electricity per house per year is $1,734.80 (Tabler et al., 

2004).  This shows that heating costs make up most of the utility costs that contract 

growers must pay.  With this in mind, new methods of reducing utility costs need to be 

explored.  

Previous studies have been conducted to determine the effect of environmental 

temperature on growth and feed conversion of broilers, but no one has studied how a 

reduction in nocturnal temperature would affect broilers. May et. al (2000) showed that in 

the first 21 days, temperature did not influence weight gain or feed conversion, but 

instead showed that temperature was associated with mortality before it affected weight 
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gain or feed conversion. The suggestion could be made that a reduction in nocturnal 

temperature would not influence broiler performance, but might influence mortality. 

Although, this management strategy could influence carcass characteristics. Research has 

shown that broiler breast muscle to thigh and leg muscle or light to dark meat ratio can be 

affected by temperature (Howlider and Rose, 1989; Ain Baziz et al., 1996; Zhang et al., 

2012). 

The swine industry started to explore the effect of reduced nocturnal temperature 

with a study done in 2013 where the nocturnal temperature was dropped 8.3°C without 

having an effect on pig performance or health (Johnston et al., 2013).  This reduction in 

nocturnal temperature represented an approximate savings of 30% on heating fuel and 

20% on electricity (Johnston et al., 2013).  Therefore, the objective of this study is to 

determine if broilers exposed to a reduction in nocturnal temperature will perform similar 

to broilers raised under normal industry temperatures and if this management strategy 

would be a viable option in reducing utility costs, production cost, and greenhouse gas 

emissions in the poultry industry. 

Materials and Methods 

General Procedures: 

To determine if reduced nocturnal temperatures could be used in the broiler 

industry, two experiments were conducted using as hatched Cobb birds obtained from a 

commercial hatchery.  Birds were housed and maintained according to the University of 

Missouri standard operating procedures and the University of Missouri Animal Care and 
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Use guidelines.  Standard US corn-soy based diets(Table 3.1) were produced by the 

University of Missouri Feed Mill and used throughout the experiment. 

Trial Design: 

Three thermal chambers at the University of Missouri Animal Science Research 

Center were used to control temperature during the experiment.  The dimensions of the 

thermal chambers were 2.03 x 3.30 meters.  Each chamber was split in to four sections 

and each contained a bell waterer and a tube feeder.  Pine shavings were used as litter.  

Birds were placed on day of hatch and raised to 21 days of age.  Each pen contained 35 

broilers for a total of 140 broilers per thermal room and 420 broilers total.  Stocking rate 

was determined using the broiler management guide (Cobb-Vantress, 2012) allowing 8.6 

pounds per square foot and birds finishing the study at 2.079 pounds at 21 days of age.  In 

addition, three square feet per pen was included to account for waterer and feeder space.  

Lighting schedule followed the broiler management guide (Cobb-Vantress, 2012) for a 

slaughter weight of 2.5 to 3 kg. Birds were given full lighting until they reached five days 

of age. At day 5 broilers received nine hours of dark and this continued throughout the 

duration of the trial.  Corn-soy diets were formulated using the WUFFDA least cost feed 

formulation software and nutrient requirements were determined using the broiler 

performance and nutrition supplement (Cobb-Vantress, 2015).  A starter diet was used till 

10 days of age and a grower diet was used for the duration of the trial (Table 3.1).  Diets 

were pelleted and then crumbled for the starter diet and pelleted for the growing diet.  

Diets were made in one batch at the University of Missouri feed mill to decrease the 

chance of variation.  Broilers were provided ad libitum access to feed and water 

throughout the trial. 
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Treatment Descriptions: 

 Three experimental temperature regimes were used representing three treatments 

with each thermal chamber having four replicate pens.  The experimental temperature 

regimes for the first study consisted of a control following the broiler management guide 

(Cobb-Vantress, 2012), a 2.8°C nocturnal temperature reduction, and a 5.6°C nocturnal 

temperature reduction (Table 3.8).  The experimental temperature regimes for the second 

study consisted of a control following the broiler management guide (Cobb-Vantress, 

2012), a 4.6°C nocturnal temperature reduction, and an 8.3°C nocturnal temperature 

reduction (Table 3.9).  Treatment reductions in nocturnal temperature were implemented 

on day five of age in accordance with the introduction of the lighting schedule.  Slight 

reductions in nocturnal temperature occurred over days two through four in the treatment 

groups as an adjustment period preparing birds for the experimental nocturnal 

temperature reductions.  

Measurements: 

Birds were weighed by pen at 0, 10, and 21 days of age.  Feed was weighed and 

placed in front of pens; total quantity was recorded at that time and feed disappearance 

was measured at days 10 and 21. Mortality weights were recorded daily and used to 

adjust feed conversion. Feed intake, body weight gain, percent livability, feed conversion, 

and adjusted feed conversion were calculated for each period and for the total trial period. 

Statistical Analysis: 

 The experiment was a pilot study with the pen being the experimental unit given 

the room as equal. Data was analyzed in Minitab 16 by One Way ANOVA with Fisher’s 

multiple comparisons.  
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Results 

Experiment 1: 

Intake and gain were similar across treatments at 10 days of age (Table 3.2).  

Reduced nocturnal temperature tended to increase percent livability (P < 0.07) where the 

0°C nocturnal temperature drop had a higher mortality than the 2.8°C nocturnal 

temperature drop and the percent livability of the 5.6°C nocturnal temperature drop was 

similar to both (Table 3.2).  Reduced nocturnal temperature influenced feed to gain ratio 

(P < 0.02) where birds with a nocturnal temperature drop of 2.8 and 5.6°C preformed 

more efficiently compared to the control (Table 3.2). When feed to gain was adjusted for 

mortality, reduced nocturnal temperature only tended to have an effect on the feed to gain 

ratio (P < 0.07) as seen in Table 3.2.  

For the 10 to 21 day and 0 to 21-day periods, reduced nocturnal temperature did 

not affect any of the performance parameters measured (P>0.05) (Tables 3.3, 3.4). 

Experiment 2: 

Percent livability, intake, feed to gain ratio, and adjusted feed to gain ratio where 

not effected by reduced nocturnal temperatures for the 0 to 10-day period (P>0.05) (Table 

3.5). Reduced nocturnal temperature effected gain (P < 0.03) and birds that experienced a 

reduction in nocturnal temperature of 4.2°C gained more during the first 10 days than 

birds that did not experience a reduction in nocturnal temperature (Table 3.5). Birds that 

were exposed to a reduction in nocturnal temperature of 8.3°C gained the same weight 

within the first 10 days as birds with a reduced nocturnal temperature of 0°C and 4.2°C 

(Table 3.5). 
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Over the 10 to 21-day period, reduced nocturnal temperature did not affect birds’ 

performance except for feed to gain ratio and adjusted feed to gain ratio. Reductions in 

nocturnal temperature influenced feed to gain ratio (p < 0.05) and the feed to gain ratio 

adjusted for mortality (p < 0.03) where birds that were exposed to a reduction in 

nocturnal temperature of 4.2°C performed less efficiently than birds that were exposed to 

the 8.3°C nocturnal temperature drop; birds with no reduction in nocturnal temperature 

had a similar feed efficiency to treatments with reductions in nocturnal temperature 

(Table 3.6). 

When looking at the total trial period of 0 to 21 days, reduced nocturnal 

temperatures did not influence any of the performance parameters measured (Table 3.7). 

Discussion 

The primary objective of this study was to determine if broilers exposed to a 

reduction in nocturnal temperature would perform similarly to broilers without a 

reduction in nocturnal temperature within the first 21 days of age. To do so, 2 

experiments were conducted with reductions in nocturnal temperatures of 0, 2.8, 5.6 °C, 

and 0, 4.2, 8.3 °C after a 5 day acclimation period. 

May and coworkers (2000) have suggested that temperature does not have an 

effect on weight gain or feed conversion within the first 21 days of age of broiler chicks. 

This suggestion supports the present data, where feed conversion and weight gain was not 

affected by reductions of nocturnal temperatures when looking at the 10 to 21-day period 

in the first experiment (Table 3.3) and the total trial period of 0 to 21 days for both 

experiments (Tables 3.4, 3.7). The starter period from 0 to 10 days of age in both 
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experiments and the 10 to 21 days period in experiment two does not full support May 

and Coworkers (2000) suggestion. In experiment 1, birds that experienced a reduction in 

nocturnal temperature were more feed efficient than birds with no reduction in nocturnal 

temperature during the first 10 days (Table 3.2).  After feed efficiency was adjusted for 

mortality, providing a more accurate representation of feed efficiency, only the treatment 

with a reduction in nocturnal temperature of 5.6°C performed more efficiently than birds 

with no reduction in nocturnal temperature, while birds with a nocturnal temperature of 

2.8°C were just as efficient as the other two treatments (Table 3.2). This might be 

explained by time of hatch and placement. In the commercial situation, chickens are 

removed from the hatcher 24 to 32 hours after the first chickens have hatched and the 

first chickens of a hatch often spend a long time without feed and water, which causes 

poorer viability and slower growth (Juul-Madsen et al., 2010). Birds in the treatment with 

a reduction in nocturnal temperature of 0°C were placed last out of all the treatments and 

as seen in Table 3.2, the gain of these birds were numerically lower. This is in agreeance 

with what Juul-Madsen and coworkers (2010) have suggested. This in combination with 

all the treatments having the same feed intake would cause the birds with a reduction in 

nocturnal temperature of 0°C to have a higher feed to gain ratio. 

In experiment 2, birds that were exposed to a reduction in nocturnal temperature 

of 8.3°C gained less weight then birds experiencing a reduced nocturnal temperature of 

4.2°C, while birds with no reduction in nocturnal temperature gained the same weight as 

both (Table 3.5). This can be explained by the diminishing energy requirements for 

maintenance at higher temperatures (Howlider and Rose, 1989). This theory does not 

explain why the 0°C nocturnal temperature drop performed similar to both. If the birds 
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exposed to no reduction in nocturnal temperature experienced heat stress it would explain 

why these birds did not gain more weight than the other two treatments, which would 

have been a result of the increased energy demands imposed by thermoregulation (Yahav 

and McMurty, 2001). Unlike commercial broiler settings that commonly use radiant 

brooder systems as the primary heat source during brooding periods and allow chicks to 

find their comfort zone (Cobb-Vantress, 2012), a thermal chamber was used to supply a 

consistent temperature throughout the room. This would explain the potential of birds not 

being able to find their comfort zone and therefore experiencing heat stress. 

During the 10 to 21-day period in experiment 2, birds experiencing an 8.3°C 

reduction in nocturnal temperature were more efficient than birds exposed to a reduced 

nocturnal temperature of 4.2°C (Table 3.6). The birds that did not experience a reduction 

in nocturnal temperature had similar feed efficiency as the birds exposed to reduced 

nocturnal temperatures (Table 3.6). This might be partly due to an improvement in 

metabolic efficiency associated with maintaining a smaller body during early growth (Yu 

and Robinson, 1992). This theory agrees with the gain that was observed during the 0 to 

10-day period in experiment 2 as seen in Table 3.5. 

Percent livability was not affected by reductions in nocturnal temperature in 

experiment 2 and in the 10 to 21 day and 0 to 21-day periods of the first experiment 

(Tables 3.3, 3.4, 3.5, 3.6, 3.7).  However, during the 0 to 10-day period of experiment 1 

reduced nocturnal temperatures tended to increase percent livability (P < 0.07) as seen in 

Table 3.2. Birds that did not experience a reduction in nocturnal temperature had a higher 

mortality than birds that were exposed to reduced nocturnal temperatures of 2.8°C while, 

the birds with a reduction in nocturnal temperature of 5.6°C had a similar amount of birds 
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alive at day 10 (Table 3.2). The higher mortality in the 0°C nocturnal temperature drop 

treatment appears to agree with what Juul-Madsen and coworkers (2010) have stated 

earlier. 

Reductions in nocturnal temperature did not have an effect on intake and all 

treatments consumed similar amounts of feed in both experiments (Tables 3.2, 3.3, 3.4, 

3.5, 3.6, 3.7). This follows what Sahel and coworkers (2003) have suggested; that birds 

primarily eat to maximize fill rather than to meet their energy needs. 

Conclusion 

A reduction in nocturnal temperature had little effect on the performance of 

broiler chicks from 0 to 21 days. No difference in intake, gain, feed conversion, or 

mortality between treatments was observed in either experiment for the overall 0 to 21-

day trial period. This preliminary research suggests that broilers exposed to a reduction in 

nocturnal temperatures up to 8.3°C will perform similarly to broilers raised under 

industry standard conditions. Further research is needed to understand the effects that 

reduction in nocturnal temperature has on bird behavior, housing setup, and carcass 

characteristics, but this data shows that the potential for reductions in energy usage, 

production costs, and greenhouse gas emissions are a likely outcome with the 

implementation of reductions in nocturnal temperatures within the poultry industry. 

Looking past potential reductions in energy usage, production costs, and greenhouse gas 

emissions, this management strategy could potentially give rise to the migration of the 

broiler industry from the south-eastern region of the United States to a more central 
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location which could be beneficial in reducing feed costs by having more poultry 

operations located in the grain belt. 
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Table 3.1. Ingredient composition and nutrient profile of starter and grower 

diets fed to broilers 

Period 

Starter 

(0-10 Days) 

Grower  

(10-21 Days) 

Ingredients % % 

  Corn Grain 53.09 59.54 

  Soybean Meal 30.92 25.73 

  Dry Distiller Grains with Solubles 10.00 10.00 

  Limestone 2.88 1.66 

  Dicalcium Phosphate 1.06 0.95 

  Vitamin & Mineral Premix12 0.25 0.25 

  Sodium Chloride 0.35 0.35 

  Lard 1.00 1.10 

  DL-Methionine 0.20 0.17 

  Lysine HCL 0.16 0.18 

  Threonine 0.06 0.05 

  Coban 90 0.03 0.03 

Calculated Nutrient Composition 

  Metabolizable Energy, (kcal/kg) 3010 3090 

  Protein 22.00 20.00 

  Calcium 1.42 0.93 

  Available Phosphorus 0.45 0.42 

  Lysine 1.32 1.19 

  Sulfur Amino Acids 0.98 0.89 

  Threonine 0.86 0.78 

  Valine 1.14 1.04 

1Vitamins provided per kilogram: Vitamin A 3,080,000 IU; Vitamin D3 

1,100,000 ICU; Vitamin E 6,600 IU; B-12 4.4mg; Thiamin 440mg; Riboflavin 

2640mg; Niacin 11,000mg; Pyridoxine 550mg; Biotin 13.2mg; Folate 275mg 

2Minerals provided per kilogram: Manganese 4.0%; Zinc 4.0%; Iron 2.0%; 

Selenium 60ppm; Copper 4500ppm; Iodine 600ppm
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Table 3.2. Growth performance of experiment 1 from 0 to 10 days of broilers with 

reductions in nocturnal temperature of 0°C, 2.8°C, and 5.6°C.  

Treatment P-Value Pooled SE 

0°C 2.8°C 5.6°C 

Livability (%) 0.971 1.000 0.993 0.07 0.006 

Individual Gain (Kg) 

Individual Bird Wt. (Kg) 

0.185 

0.230 

0.199 

0.244 

0.201 

0.245 

0.21 

0.21 

0.014 

0.004 

Individual Intake (Kg) 0.239 0.238 0.237 0.96 0.003 

Feed:Gain 1.300a 1.195b 1.182b 0.02 0.021 

Adjusted Feed:Gain 1.280 1.195 1.178 0.07 0.020 
a-b Means within a row lacking common superscripts differ significantly by Fisher’s 

method (p<0.05). 
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Table 3.3. Growth performance of experiment 1 from 10 to 21 days of broilers with 

reductions in nocturnal temperature of 0°C, 2.8°C, and 5.6°C.  

Treatment P-Value Pooled SE 

0°C 2.8°C 5.6°C 

Livability (%) 0.963 0.964 0.950 0.84 0.010 

Individual Gain (Kg) 0.543 0.526 0.516 0.17 0.006 

Individual Bird Wt. (Kg) 0.773 0.770 0.761 0.82 0.007 

Individual Intake (Kg) 0.785 0.813 0.782 0.59 0.012 

Feed:Gain 1.470 1.573 1.559 0.33 0.029 

Adjusted Feed:Gain 1.446 1.520 1.511 0.47 0.025 
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Table 3.4. Growth performance of experiment 1 from 0 to 21 days of broilers with 

reductions in nocturnal temperature of 0°C, 2.8°C, and 5.6°C.  

Treatment P-Value Pooled SE 

0°C 2.8°C 5.6°C 

Livability (%) 0.936 0.964 0.943 0.59 0.011 

Individual Gain (Kg) 0.728 0.725 0.717 0.83 0.007 

Individual Intake (Kg) 1.024 1.050 1.019 0.55 0.012 

Feed:Gain 1.426 1.465 1.448 0.78 0.021 

Adjusted Feed:Gain 1.402 1.429 1.414 0.86 0.018 
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Table 3.5. Growth performance of experiment 2 from 0 to 10 days of broilers with 

reductions in nocturnal temperature of 0°C, 4.2°C, and 8.3°C.  

            

  
Treatment P-Value 

Pooled 

SE 

  0°C 4.2°C 8.3°C     

Livability (%) 1.000 0.993 1.000 0.41 0.002 

Individual Gain (Kg) 0.208ab 0.215a 0.203b 0.03 0.002 

Individual Bird Wt. (Kg) 0.251ab 0.257a 0.245b 0.03 0.002 

Individual Intake (Kg) 0.242 0.243 0.237 0.83 0.004 

Feed:Gain 1.164 1.133 1.170 0.83 0.024 

Adjusted Feed:Gain 1.164 1.129 1.170 0.79 0.024 
a-b Means within a row lacking common superscripts differ significantly by Fisher’s 

method (p<0.05). 
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Table 3.6. Growth performance of experiment 2 from 10 to 21 days of broilers with 

reductions in nocturnal temperature of 0°C, 4.2°C, and 8.3°C.  

Treatment P-Value 
Pooled 

SE 

0°C 4.2°C 8.3°C 

Livability (%) 0.993 1.000 1.000 0.41 0.002 

Individual Gain (Kg) 0.570 0.555 0.569 0.13 0.004 

Individual Bird Wt. (Kg) 0.821 0.812 0.814 0.64 0.004 

Individual Intake (Kg) 0.872 0.866 0.854 0.27 0.004 

Feed:Gain 1.535ab 1.562a 1.503b 0.05 0.011 

Adjusted Feed:Gain 1.529ab 1.562a 1.503b 0.03 0.010 
a-b Means within a row lacking common superscripts differ significantly by Fisher’s 

method (p<0.05). 
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Table 3.7. Growth performance of experiment 2 from 0 to 21 days of broilers with 

reductions in nocturnal temperature of 0°C, 4.2°C, and 8.3°C.  

            

  
Treatment P-Value 

Pooled 

SE 

  0°C 4.2°C 8.3°C     

Livability (%) 0.993 0.993 1.000 0.66 0.004 

Individual Gain (Kg) 0.778 0.769 0.771 0.64 0.006 

Individual Intake (Kg) 1.115 1.109 1.091 0.28 0.010 

Feed:Gain 1.435 1.442 1.415 0.55 0.009 

Adjusted Feed:Gain 1.431 1.441 1.415 0.56 0.003 
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Table 3.8. Temperature regimes of experiment 1 from 0 to 21 days with reductions in nocturnal temperature of 0°C, 2.8°C, 

and 5.6 °C.  

Temperature During the Day Temperature During the Nocturnal Period 

0°C 2.8°C 5.6°C 

Day °C °F °C °F °C °F °C °F 

0-1 32.8 91 32.8 91 32.8 91 32.8 91 

2 32.8 91 32.8 91 31.7 89 31.1 88 

3 31.4 88.5 31.4 88.5 30.6 87 29.4 85 

4 31.4 88.5 31.4 88.5 29.4 85 27.8 82 

5 31.4 88.5 31.4 88.5 28.6 83.5 25.8 78.5 

6-8 30 86 30 86 27.2 81 24.4 76 

9-11 28.6 83.5 28.6 83.5 25.8 78.5 23.1 73.5 

12-14 27.2 81 27.2 81 24.4 76 21.7 71 

15-17 25.6 78 25.6 78 22.8 73 20 68 

18-21 23.9 75 23.9 75 21.1 70 18.3 65 
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Table 3.9. Temperature regimes of experiment 2 from 0 to 21 days with reductions in nocturnal temperature of 0°C, 4.6°C,        

and 8.3°C.  

Temperature During the Day Temperature During the Nocturnal Period 

0°C 4.6°C 8.3°C 

Day °C °F °C °F °C °F °C °F 

0-1 32.8 91 32.8 91 32.8 91 32.8 91 

2 32.8 91 32.8 91 31.7 89 30.6 87 

3 31.4 88.5 31.4 88.5 29.2 84.5 26.9 80.5 

4 31.4 88.5 31.4 88.5 28.1 82.5 24.7 76.5 

5 31.4 88.5 31.4 88.5 27.2 81 23.1 73.5 

6-8 30 86 30 86 25.8 78.5 21.7 71 

9-11 28.6 83.5 28.6 83.5 24.4 76 20.3 68.5 

12-14 27.2 81 27.2 81 23.1 73.5 18.9 66 

15-17 25.6 78 25.6 78 21.4 70.5 17.2 63 

18-21 23.9 75 23.9 75 19.7 67.5 15.6 60 
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Chapter 4 

The effect of reduced nocturnal temperatures on performance 

of hen turkey poults from 0 to 21 days of age. 

Abstract 

Utility costs associated with poultry production can have a large impact on a 

contract grower’s profit margin. Majority of productions utility costs are comprised of 

expenses for heating, especially in northern turkey operations during the winter months. 

In the pig model an experiment was conducted in an effort to reduce utility costs 

associated with swine production. During this study temperature was dropped 8.3°C 

during the nocturnal period (1900 to 0700 h) which had no effect on pig performance or 

health. This reduction in nocturnal temperature represented a 30% reduction in heating 

fuel and 20% reduction in electrical use. This study was conducted to evaluate the effect 

of reduced nocturnal temperature on the performance of hen turkey poults from 0 to 21 

days of age.  We hypothesized that hen turkeys exposed to a reduction in nocturnal 

temperature would perform similarly to hen turkeys not exposed to a reduction in 

nocturnal temperature.  The University of Missouri conducted two experiments, where 

420 hen turkeys poults were received at hatch and placed in three thermal chamber rooms 

which contained four pens each. Treatments for experiment 1 were comprised of 

nocturnal temperature drops of 0, 2.8, and 5.6°C, whereas experiment two consisted of 

nocturnal temperature drops of 0, 4.2, and 8.3°C. No difference in intake, gain, feed 

conversion or mortality between treatments was observed in the first experiment where 

reductions in nocturnal temperature of 0, 2.8, and 5.6°C were implemented. Differences 

in mortality and intake between treatments were observed in the second experiment. 
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Birds that experienced a reduction in nocturnal temperature of 8.3°C had a higher intake 

and mortality during the first 11 days compared to birds that did not receive a reduction 

in nocturnal temperature and birds with a reduction in nocturnal temperature of 4.2°C 

performing similar to both. This preliminary research suggests that hen turkey exposed to 

reduction in nocturnal temperature up to 5.6°C during the first 11 days and then reduction 

in nocturnal temperature up to 8.3°C will perform similarly to hen turkeys raised under 

industry standard conditions. One could speculate that reductions in nocturnal 

temperature could be increased as birds continue to grow and reach processing weight. 

More research is still needed to be done, but reductions in nocturnal temperatures of hen 

turkeys may be an effective management strategy in the effort to reduce energy usage, 

production costs, and greenhouse gas emissions in the poultry industry. 

Introduction 

The majority of the poultry industry is comprised of a vertically intergraded 

system which uses contract growers to raise birds. Contract growers are mainly 

responsible for the costs of the facilities and utility costs associated with raising birds 

which include propane, electricity, and water (May and Lott, 2001). Poultry facilities 

have continued to improve throughout the years with better heating systems, insulation, 

ventilation, and evaporative cooling, but the expenditures for electricity and propane to 

control the environment have increased (May and Lott, 2001). 

In 2017 the largest turkey producing state was Minnesota, which produced 42.5 

million turkeys (USDA, 2017b). Minnesota is known to have severe winters with low 

temperatures and with these low temperatures come extremely high heating costs during 
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the winter months. It is known that heating costs make up most of the utility costs 

associated with raising poultry (Tabler et al., 2004) and a new management strategy 

should be explored in an effort to reduce heating costs and therefore, reducing overall 

utility costs.  

Past research has been conducted to determine the effect of environmental 

temperature on growth and feed conversion of turkeys, but the management strategy of 

reduced nocturnal temperatures has not been studied in the poultry model. It has been 

suggested that turkeys are more sensitive to temperature and are less tolerant of high or 

low temperatures when compared to broilers (Wilson and Woodard, 1955; Hurwitz et al., 

1980). Research has shown that during the first 21 days of age, temperature does not 

influence weight gain or feed conversion, but temperature instead affects mortality before 

it influences weight gain or feed conversion (May et al., 2000). Knowing this 

information, the suggestion could be made that reductions in nocturnal temperatures 

would not influence turkeys’ performance, but might influence the percent mortality.  

The swine industry was the first to explore the management strategy of reduced 

nocturnal temperatures. A study was conducted in 2013, where the nocturnal temperature 

was dropped 8.3°C without effecting pig performance or health (Johnston et al., 2013).  

An approximate savings of 30% on heating fuel and 20% on electricity was observed 

with the implementation of reduced nocturnal temperatures (Johnston et al., 2013). 

Therefore, the objective of these studies is to determine if reductions in nocturnal 

temperature would be an effective management strategy in reducing utility costs, 

production costs, and greenhouse gas emissions, while not affecting the performance and 

health of hen turkeys to 21 days of age.  
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Materials and Methods 

General Procedures: 

To determine if reduced nocturnal temperatures could be used in the turkey 

industry, two experiments were conducted using hen Hybrid turkeys obtained from a 

commercial hatchery.  Birds were housed and maintained according to the University of 

Missouri standard operating procedures and the University of Missouri Animal Care and 

Use guidelines.  Standard US corn-soy based diets (Table 4.1) were produced by the 

University of Missouri Feed Mill and used throughout the experiment.  

Trial Design: 

Three thermal chambers at the University of Missouri Animal Science Research 

Center were used to control temperature during the experiment.  The dimensions of the 

thermal chambers were 2.03 meters by 3.30 meters.  Each chamber was split in to four 

sections and each contained a bell waterer and a tube feeder.  Pine shavings were used as 

litter.  Birds were placed on day of hatch and raised to 21 days of age.  Each pen 

contained 35 hen turkeys for a total of 140 per thermal room and 420 hen turkeys total. 

Hen turkeys were given full lighting until they reached day five of age. At day five hen 

turkeys received nine hours of dark and this continued through the duration of the trial.  

Corn-soy diets were formulated using the WUFFDA least cost feed formulation software 

and nutrient requirements were determined using the poultry NRC (1994).  One diet was 

used throughout the 0 to 21-day trial period. This diet was pelleted and then crumbled. 

The diet was made in one batch at the University of Missouri feed mill to decrease the 

chances of variation within the diet. Hen turkeys were provided ad libitum access to feed 

and water throughout the trial.   
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Treatment Descriptions: 

 Three experimental temperature regimes were used representing three treatments 

with each thermal chamber having four replicate pens.  The experimental temperature 

regimes for the first study consisted of a control following the Hybrid temperature 

guidelines, a 2.8°C nocturnal temperature reduction, and a 5.6°C nocturnal temperature 

reduction (Table 4.8).  The experimental temperature regimes for the second study 

consisted of a control following the Hybrid temperature guidelines, a 4.6°C nocturnal 

temperature reduction, and an 8.3°C nocturnal temperature reduction (Table 4.9).  

Treatment reductions in nocturnal temperature were implemented on day five of age in 

accordance with the introduction of the lighting schedule.  Slight reductions in nocturnal 

temperature occurred over days two through four in the treatment groups to allow as an 

adjustment period preparing birds for the experimental nocturnal temperature reductions.  

Measurements: 

Birds were weighed by pen at 0, 11, and 21 days of age.  Feed was weighed and 

placed in front of pens; total quantity was recorded at that time and feed disappearance 

was measured at days 11 and 21. Mortality weights were recorded daily and used to 

adjust feed conversion. Feed intake, body weight gain, percent livability, feed conversion, 

and adjusted feed conversion were calculated for each period and for the total trial period.  

Statistical Analysis: 

 The experiment was a pilot study with the pen being the experimental unit. Data 

was analyzed in Minitab 16 by One Way ANOVA with Fisher’s multiple comparisons.  
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Results 

Experiment 1: 

 Reductions in nocturnal temperature did not affect any performance parameters 

that were measured during the 0 to 11 day, 11 to 21 day and the 0 to 21-day trial periods 

(Tables 4.2, 4.3, 4.4).  

Experiment 2: 

 Feed conversion and gain were similar across treatments at 11 days of age (Table 

4.5). Reduced nocturnal temperatures decreased percent livability (P < 0.05) where birds 

that did not experience a reduction in nocturnal temperatures had less mortality within the 

first 11 days compared to birds exposed to a reduction in nocturnal temperature of 8.3°C; 

birds with a reduction in nocturnal temperature of 4.2°C had similar mortality to the other 

two treatments (Table 4.5). Reduced nocturnal temperatures increased feed intake (P < 

0.05) during the first 11 days as seen in Table 4.5. Birds that experienced a reduction in 

nocturnal temperature of 8.3°C consumed more feed than birds with no reduction in 

nocturnal temperature and the birds that were exposed to a 4.2°C nocturnal temperature 

drop had a feed intake that was similar to both (Table 4.5).  

 During the 11 to 21-day period of this trial, reductions in nocturnal temperature 

did not have an effect on the performance of hen turkeys as see in Table 4.6 (P > 0.05). 

 When looking at the performance parameters measured for the total trial period, 

intake and feed conversion were not affected by reductions in nocturnal temperature as 

seen in table 4.7. Reduced nocturnal temperatures tended to decrease percent livability 

(P=0.06) where birds that experienced no reduction in nocturnal temperature had a higher 

percentage of birds alive at the end of the trial than birds that experienced a reduction in 
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nocturnal temperature of 8.3°C (Table 4.7). Birds exposed to a reduction in nocturnal 

temperature of 4.2°C had a similar mortality to treatments with a reduction in nocturnal 

temperature of 0 and 8.3°C (Table 4.7). Gain tended to increase with increasing 

reductions in nocturnal temperature (p = 0.10) for the 0 to 21 trial period (Table 4.7). 

Birds that received reductions in nocturnal temperature of 8.3°C tended to gain more 

weight than birds with no reduction in nocturnal temperature and birds that experienced 

reduced nocturnal temperatures of 4.2°C gain the same weight compared to both (Table 

4.7).  

 

 Discussion 

 The primary objective of this study was to determine if hen turkeys exposed to a 

reduction in nocturnal temperature would perform similarly to hen turkeys without a 

reduction in nocturnal temperature within the first 21 days of age. To do so, 2 

experiments were conducted with reductions in nocturnal temperatures of 0, 2.8, and 

5.6°C, and 0, 4.2, and 8.3°C after a 5 day acclimation period.  

 Hen turkeys in experiment 1 that experienced reductions in nocturnal 

temperatures of 2.8°C and 5.6°C performed similarly to hen turkeys that did not 

experience a reduction in nocturnal temperatures. This is in agreement with what May 

and coworkers (2000) have suggested in the broiler model, that temperature does not 

have an effect on-weight gain or feed conversion within the first 21 days. One might 

think that this result is due to increased feather growth, which would increase insulative 

cover and therefore, allow those birds with reductions in nocturnal temperature to better 

maintain their body temperature by increasing their ability to regulate heat loss to the 
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environment. This is not the case since Wylie and coworkers (2010) showed that rearing 

turkeys at a lower temperature did not increase feather growth compared to birds reared 

at a higher temperature. Instead of an increase in feather cover to improve thermal 

insulation it would appear that birds adapted to the environmental temperature by 

increasing their metabolic rate as temperature decreased (Wylie et al., 2010). 

In experiment 2, reduced nocturnal temperatures did not have an effect on feed 

conversion during any period (Tables 4.5, 4.6, 4.7). Birds exposed to reductions in 

nocturnal temperature consumed the same amount of feed for the 11 to 21d period as well 

as the 0 to 21d period (Tables 4.6, 4.7). Reductions in nocturnal also did not affect gain 

for the 0 to 11d and 11 to 21d period (Tables 4.5, 4.6).  

 Reductions in nocturnal temperature increased mortality of hen turkeys during the 

first 11 days in experiment 2 (P < 0.05) as seen in Table 4.5. Birds that experienced a 

reduction in nocturnal temperature of 8.3°C had a higher rate of mortality than birds with 

no reduction in nocturnal temperature while, the birds that experienced a 4.2°C reduction 

in nocturnal temperature had a similar rate of mortality to both (Table 4.5). During the 

first 11 days of age, the observation was made that bird mortality was the result of birds 

piling up and smoothing each other in an effort for warmth. Deaton and coworkers (1996) 

say that chicks initially survive in low temperatures by huddling together for warmth and 

that temperatures lower than 26.7°C can cause chicks to pile and smoother, especially in 

large groups. This theory agrees with the suggestion that mortality is the best indictor 

when determining rearing temperature (May et al., 2000).  

After the first 11 days, reduced nocturnal temperatures did not affect percent 

livability (Table 4.6). This is most likely the result of birds having a higher ability to 
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regulate their internal body temperature as a result of birds being able to maintain feather 

growth at low temperatures and therefore, developing a better feather cover to allow for 

improved thermal insulation. The 0 to 21d period showed that reduction in nocturnal 

temperature tended to decrease percent livability (P = 0.06) as seen in Table 4.7. When 

looking at the period in which mortality occurred, it is evident that the majority of 

mortality occurred during the first 11 days and very little occurred during the 11 to 21d 

period of the study (Tables 4.5, 4.6). Therefore, the overall percent livability has been 

skewed due to the effect that reduced nocturnal temperatures had on percent livability 

during the first 11 days and it is more accurate to look at what periods had mortality, not 

necessarily the overall impact reduced nocturnal temperature had on mortality. The 

suggestion could be made that reductions in nocturnal temperature should increase as 

birds reach final processing weight.  

Along with an increase in mortality, a reduction in nocturnal temperature being 

too low could cause an increase heat production in order for birds to maintain body 

temperature and will cause an increase in feed intake due to less energy being avaible for 

growth (Wylie et al., 2010, Gonyou and Morrison, 1983). This increase in feed intake 

was observed in the 0 to 11d period of experiment two (P < 0.05), where birds that 

experienced a reduction in nocturnal temperature of 8.3°C consumed more feed than 

birds that did not have a reduction in nocturnal temperature while birds with a reduction 

in nocturnal temperature of 4.2°C consumed a similar amount of feed when compared to 

both (Table 4.5). However, this increase in feed intake did not cause differences to be 

observed for gain or feed conversion for the first 11 days of the trial (Table 4.5). This 



49 
 

agrees with the theory that temperature does not affect weight gain or feed conversion 

within the first 21 days of age as suggested by May and coworkers (2000) earlier.   

 Reduction in nocturnal temperature of 8.3°C in experiment 2 resulted in birds 

tending to have a higher gain than birds that did not experience a reduction in nocturnal 

temperature, while birds with a reduction in nocturnal temperature of 4.2°C performed 

similar to both for the total trial period (Table 4.7). This could be explained by a decrease 

in population density for the birds that experienced a reduction in nocturnal temperature 

of 8.3°C as a result of the high mortality during the first 11 days. A lower population 

density would allow a higher feeder space per bird which in turn would help to reduce 

competition amongst birds in that pen. Denbow and coworkers (1984) showed that 

performance was not affect by floor space through the first 8 weeks, but at 12 weeks of 

age, feed efficiency and body weight decreased with decreasing floor space. The 

consideration must be made that younger birds require less floor space due to the size of 

the bird being smaller and as birds reach larger sizes floor space has a greater effect on 

the bird’s performance. While birds were only raised to three weeks in this study, 

stocking density was based off floor space requirements for a hen turkey finishing at 21 

days. This means that around 21 days of age the stocking density of birds in this 

experiment would be similar to the stocking rate of turkeys finishing at 20 weeks. 

Therefore, it can be suggested that higher gain in the birds that experienced reductions in 

nocturnal temperatures were due to a lower population density as a result of higher 

morality during the first 11 days.  
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Conclusion 

A reduction in nocturnal temperature had little effect on the performance of hen 

turkeys raised to 21 days of age. No difference in intake, gain, feed conversion or 

mortality between treatments was observed in the first experiment where reductions in 

nocturnal temperature of 0, 2.8, and 5.6°C were implemented. Differences in mortality 

and intake between treatments were observed in the second experiment, where birds that 

experienced a reduction in nocturnal temperature of 8.3°C had higher intake and 

mortality during the first 11 days compared to birds that did not receive a reduction in 

nocturnal temperature and birds with a reduction in nocturnal temperature of 4.2°C 

performing similar to both. This preliminary research suggests that hen turkey exposed to 

reduction in nocturnal temperature up to 5.6°C during the first 11 days and then reduction 

in nocturnal temperature up to 8.3°C will perform similarly to hen turkeys raised under 

industry standard conditions. One could speculate that reductions in nocturnal 

temperature could be increased as birds continue to grow and reach processing weight. 

Further research is needed to better understand the effects that a reduction in nocturnal 

temperature has on turkey performance past three weeks, carcass characteristics, bird 

behavior, and housing setup. The implementation of reductions in nocturnal temperatures 

within the turkey industry shows the potential for reductions in energy usage, production 

costs, and greenhouse gas emissions.  
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Table 4.1. Ingredient composition and nutrient profile of 0 to 21-day hen 

turkey diet 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1Vitamins provided per kilogram: Vitamin A 3,080,000 IU; Vitamin D3 

1,100,000 ICU; Vitamin E 6,600 IU; B-12 4.4mg; Thiamin 440mg; Riboflavin 

2640mg; Niacin 11,000mg; Pyridoxine 550mg; Biotin 13.2mg; Folate 275mg 

2Minerals provided per kilogram: Manganese 4.0%; Zinc 4.0%; Iron 2.0%; 

Selenium 60ppm; Copper 4500ppm; Iodine 600ppm 

 

 

 

 

   

  

Ingredients % 

  Corn Grain 41.83 

  Soybean Meal 37.29 

  Dry Distiller Grains with Solubles 5.00 

  Porkmeal 8.00 

  Limestone 0.78 

  Dicalcium Phosphate 1.45 

  Vitamin & Mineral Premix12 0.25 

  Sodium Chloride 0.30 

  Lard 4.45 

  DL-Methionine 0.31 

  Lysine HCL 0.20 

  Threonine 0.12 

  Coban 90 0.03 

    

Calculated Nutrient Composition   

Metabolizable Energy, (kcal/kg) 3020 

Protein 27.00 

Calcium 1.49 

Available Phosphorus 0.76 

Lysine 1.45 

Sulfur Amino Acids 0.95 

Threonine 0.90 

Valine 0.99 
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Table 4.2. Growth performance of experiment 1 from 0 to 11 days of hen 

turkeys with reductions in nocturnal temperature of 0°C, 2.8°C,  

and 5.6°C.  

 

            

  Treatment P-Value Pooled SE 

  0°C 2.8°C 5.6°C     

Livability (%) 0.971 0.993 1.000 0.29 0.007 

Individual Gain (Kg) 0.131 0.141 0.136 0.71 0.005 

Individual Bird Wt. (Kg) 0.184 0.194 0.190 0.68 0.005 

Individual Intake (Kg) 0.173 0.190 0.187 0.31 0.005 

Feed:Gain 1.344 1.352 1.390 0.77 0.025 

Adjusted Feed:Gain 1.333 1.350 1.390 0.70 0.026 
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Table 4.3. Growth performance of experiment 1 from 11 to 21 days of hen 

turkeys with reductions in nocturnal temperature of 0°C, 2.8°C,  

and 5.6°C.  

 

            

  Treatment P-Value Pooled SE 

  0°C 2.8°C 5.6°C     

Livability (%) 0.993 1.000 1.000 0.41 0.002 

Individual Gain (Kg) 0.275 0.283 0.268 0.41 0.004 

Individual Bird Wt. (Kg) 0.458 0.477 0.458 0.20 0.005 

Individual Intake (Kg) 0.494 0.489 0.496 0.98 0.014 

Feed:Gain 1.801 1.730 1.855 0.62 0.049 

Adjusted Feed:Gain 1.794 1.730 1.855 0.63 0.049 
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Table 4.4. Growth performance of experiment 1 from 0 to 21 days of hen 

turkeys with reductions in nocturnal temperature of 0°C, 2.8°C,  

and 5.6°C. 

            

  Treatment P-Value Pooled SE 

  0°C 2.8°C 5.6°C     

Livability (%) 0.964 0.993 1.000 0.18 0.008 

Individual Gain (Kg) 0.406 0.424 0.404 0.20 0.005 

Individual Intake (Kg) 0.667 0.679 0.683 0.91 0.015 

Feed:Gain 1.655 1.602 1.694 0.61 0.036 

Adjusted Feed:Gain 1.645 1.600 1.694 0.61 0.036 
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Table 4.5. Growth performance of experiment 2 from 0 to 11 days of hen 

turkeys with reductions in nocturnal temperature of 0°C, 4.2°C,  

and 8.3°C. 

            

  Treatment P-Value Pooled SE 

  0°C 4.2°C 8.3°C     

Livability (%) 0.879a 0.807ab 0.679b 0.05 0.036 

Individual Gain (Kg) 0.089 0.094 0.102 0.35 0.004 

Individual Bird Wt. (Kg) 0.147 0.152 0.160 0.39 0.004 

Individual Intake (Kg) 0.150a 0.166ab 0.194b 0.05 0.008 

Feed:Gain 1.839 2.276 2.794 0.14 0.199 

Adjusted Feed:Gain 1.683 1.781 1.750 0.63 0.039 
a-b Means within a row lacking common superscripts differ significantly by 

Fisher’s method (p<0.05). 
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Table 4.6. Growth performance of experiment 2 from 11 to 21 days of hen 

turkeys with reductions in nocturnal temperature of 0°C, 4.2°C,  

and 8.3°C. 

           

  Treatment P-Value Pooled SE 

  0°C 4.2°C 8.3°C     

Livability (%) 0.983 0.982 0.990 0.84 0.005 

Individual Gain (Kg) 0.165 0.178 0.181 0.32 0.004 

Individual Bird Wt. (Kg) 0.313 0.330 0.341 0.10 0.006 

Individual Intake (Kg) 0.362 0.371 0.365 0.93 0.010 

Feed:Gain 2.239 2.150 2.041 0.71 0.090 

Adjusted Feed:Gain 2.206 2.108 2.026 0.72 0.083 
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Table 4.7. Growth performance of experiment 2 from 0 to 21 days of hen 

turkeys with reductions in nocturnal temperature of 0°C, 4.2°C,  

and 8.3°C. 

            

  Treatment P-Value Pooled SE 

  0°C 4.2°C 8.3°C     

Livability (%) 0.864 0.793 0.671 0.06 0.036 

Individual Gain (Kg) 0.255 0.272 0.283 0.10 0.006 

Individual Intake (Kg) 0.511 0.538 0.559 0.34 0.013 

Feed:Gain 2.100 2.123 2.230 0.72 0.064 

Adjusted Feed:Gain 2.017 1.971 1.923 0.80 0.052 
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Table 4.8. Temperature regimes of experiment 1 from 0 to 21 days with reductions in nocturnal temperature of 0°C, 2.8°C,  

and 5.6°C.  

Temperature During the 

Day Temperature During the Nocturnal Period 

0°C 2.8°C 5.6°C 

Day °C °F °C °F °C °F °C °F 

0-1 32.8 91 32.8 91 32.8 91 32.8 91 

2 32.2 90 32.2 90 31.7 89 31.1 88 

3 32.2 90 32.2 90 30.6 87 29.4 85 

4 31.7 89 31.7 89 29.4 85 27.8 82 

5 31.7 89 31.7 89 28.9 84 26.1 79 

6-7 31.1 88 31.1 88 28.3 83 25.6 78 

8-9 30.6 87 30.6 87 27.8 82 25 77 

10-11 30 86 30 86 27.2 81 24.4 76 

12-13 29.4 85 29.4 85 26.7 80 23.9 75 

14-15 28.9 84 28.9 84 26.1 79 23.3 74 

16-17 28.3 83 28.3 83 25.6 78 22.8 73 

18-19 27.8 82 27.8 82 25 77 22.2 72 

20-21 27.2 81 27.2 81 24.4 76 21.7 71 
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Table 4.9. Temperature regimes of experiment 2 from 0 to 21 days with reductions in nocturnal temperature of 0°C, 4.6°C,  

and 8.3°C.  

Temperature During the 

Day Temperature During the Nocturnal Period 

0°C 4.6°C 8.3°C 

Day °C °F °C °F °C °F °C °F 

0-1 32.8 91 32.8 91 32.8 91 32.8 91 

2 32.2 90 32.2 90 31.7 89 31.7 89 

3 32.2 90 32.2 90 30.3 86.5 28.9 84 

4 31.7 89 31.7 89 28.9 84 26.1 79 

5 31.7 89 31.7 89 27.5 81.5 23.3 74 

6-7 31.1 88 31.1 88 26.9 80.5 22.8 73 

8-9 30.6 87 30.6 87 26.4 79.5 22.2 72 

10-11 30 86 30 86 25.8 78.5 21.7 71 

12-13 29.4 85 29.4 85 25.3 77.5 21.1 70 

14-15 28.9 84 28.9 84 24.7 76.5 20.6 69 

16-17 28.3 83 28.3 83 24.2 75.5 20 68 

18-19 27.8 82 27.8 82 23.6 74.5 19.4 67 

20-21 27.2 81 27.2 81 23.1 73.5 18.9 66 
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