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Overall Abstract  

This study evaluated the impact of five temperature (T)/RH, three durations, and two 

levels of feather cover (FC) on the welfare of white-feathered end-of-cycle hens (65-70wk). The 

factorial arrangement with T/RH (-10°C uncontrolled RH (-10), 21°C with 30 (21/30) or 80% 

RH (21/80), 30°C with 30 (30/30) or 80% RH (30/80)), duration (4, 8, 12h), and FC (105 well-

feathered (WF), 105 poorly-feathered (PF)), included 210 hens/replicate/farm (three total) during 

simulated transport. Crates (one/duration/replicate), divided in half for each FC (seven 

hens/side), were placed in a climate-controlled chamber. Pre-exposure all hens were fasted (6h). 

Pre- and post-exposure, hens were weighed (live shrink calculated) and five hens/treatment had 

core body temperature (CBT) recorded and blood samples taken (delta (∆) blood physiology 

values calculated). Behaviour was analyzed using 5min scan sampling. Post-slaughter, muscle 

characteristics were analyzed. A randomized complete block design using ANOVA was used for 

analyses (PROC MIXED, SAS 9.4; blocked by farm; significance at P≤0.05). Mortality was 

highest for PF hens at -10. Hen ∆CBT were greater (positive) at 12h for all T/RH than at 4h for 

21/30, 21/80, and -10 (negative). Hen ∆glucose were greater (negative) at 4 and 12h for -10 than 

4h at 21/30, and all durations for 21/80, 30/30, and 30/80. Hen ∆sodium, ∆hemoglobin, and 

∆hematocrit were greater (positive) for -10 PF than WF (negative). Hens spent more time 

shivering and motionless in -10, while hens panted frequently in 30/80 for both FC and in 30/30 

for WF hens. Live shrink increased with increasing duration. Muscle pH measures (except initial 

pH) were higher in hens exposed to -10 and this difference was exacerbated by increased D (final 

breast and thigh pH). For muscle colour, breast and thigh (both FC) lightness values were lowest 

in the -10 treatment. Breast and thigh redness values were higher in hens exposed to -10. Thaw 

and cooking losses were impacted by T/RH and duration, with cook loss also influenced by FC. 

Overall, the largest impact was found in hens exposed to -10 for increasing D compared to other 

treatments, demonstrating stress responses and reduced welfare for behaviour, blood and muscle 

physiology.  
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1.0 Chapter 1. Introduction: The impacts of transportation on white 

feathered end-of-cycle laying hens
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1.1 Literature Review 

Laying hens are a critical component of the poultry industry as they supply consumers 

with a high-quality protein source from their egg products. Presently, there are very few 

companies that utilize these birds for a meat source at the end of their laying cycle due to the low 

economic value compared to broiler meat (Newberry et al., 1999; Navid et al., 2010). As a result, 

many processing plants are unwilling and/or do not have the proper equipment to process end-of-

cycle hens (EOCH; Newberry et al., 1999). Thus, EOCH can potentially be transported for 

longer distances to reach slaughter plants with specialized equipment for processing these birds 

(Knowles, 1994; Newberry et al., 1999). During transport, hens can be subjected to a variety of 

adverse factors, including catching/handling, loading, fasting, trailer movements, noise/vibration, 

social disruption, and thermal stress (Freeman, 1984; Mitchell and Kettlewell, 1994; Strawford et 

al., 2011). Due to housing system types used on farm, feather pecking, and social stress, EOCH 

may have reduced feather cover (FC) and as a result, have difficulty coping with extreme 

temperatures (T), particularly the cold (Freeman, 1984; Broom, 1990). A lack of FC during 

transport (Richards et al., 2012) could increase the metabolic rate and energy demand for the 

hens. During lay, hens will have high energy inputs to produce eggs and as a result can deplete 

much of their muscle mass by the end of their laying cycle (Gregory and Devine, 1999). With the 

majority of their muscles depleted (Gregory and Devine, 1999), EOCH may have increased 

difficulty regulating their body T using muscle thermogenesis and shivering activity (Block, 

1994; Dadgar et al., 2011). Increased metabolic rate, compromised physiological states coupled 

with inadequate FC and long travel distances lead to concerns surrounding hen welfare at the end 

of their laying cycle. Therefore, when circumstances cannot be maintained within the range of 

homeostasis, hens must use various methods, including behavioural and physiological changes to 

cope with harsh conditions (Broom, 1988). 

Compromised physiology can be an indicator of poor welfare as well as lead to a decline 

in meat quality (Broom, 1988, 1990). The worst-case scenario of poor welfare is the arrival of 

dead birds at the processing plant (Knowles and Broom, 1990; Veĉerek et al., 2006). 

Additionally, dead birds accrue a financial loss for the slaughter plant (Caffrey et al., 2017). 

Since EOCH are of less economic significance to the poultry industry than broilers, a limited 

amount of research has been conducted. Researchers may be able to hypothesize the impact of 
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transport conditions on laying hens from the literature on other poultry species. However, 

variation in metabolism, feathering, size, and age play a significant role in the bird’s ability to 

cope and may differ between poultry species (Vermette et al., 2017). Therefore, this research will 

provide significant insights into the impact of transport conditions, T/relative humidity (RH) 

combinations, duration (D), and FC related to EOCH and lead to future modifications of the 

requirements for transport on EOCH, and potentially the poultry industry as a whole.     

1.2 Background Information 

The microclimate environment in a transport trailer may significantly contribute to the 

amount of stress endured by poultry (Mitchell and Kettlewell, 1998). Depending on ambient 

conditions and ventilation within the trailer, T within the crates can range from hot to cold 

(Knezacek et al., 2010). The bird’s crate position when loaded onto the transport trailer, as well 

as the bird’s position within the crate, can limit the amount of sensible or evaporative heat loss 

experienced by the bird (Weeks et al., 1997). Sensible heat loss relies on the bird’s surface 

properties as well as the surrounding conditions within the environment (Yousef, 1985). There 

are three different forms of sensible heat loss: conduction, radiation, and convection (Yousef, 

1985; Nicol and Scott, 1990; Weeks et al., 1997). During transport, radiation and conduction are 

limited due to the proximity to other birds being transported that have similar surface T (Weeks 

et al., 1997). Radiation heat transfer refers to the longwave radiation between the bird’s surface 

and the surrounding crate while conduction refers to direct surface contact with another surface 

that is at a higher or lower T (Yousef, 1985). Therefore, the major route of sensible heat loss for 

poultry in transport is by convection, which is the movement of air around the birds during 

transport (Yousef, 1985; Weeks et al., 1997). Bird’s posture can maximize air movement around 

them and includes wing droop, stretching of the neck (Vermette et al., 2017), and attempts to 

increase the body surface area (Warriss et al., 2005). Lastly, respiration through panting, which 

is a latent heat transfer mechanism (Warriss et al., 2005), can be utilized by poultry during 

transport. Evaporative cooling is the dominant mechanism for heat transfer in this process. 

Therefore, heat transfer at a constant temperature occurs through the exchange of inspired and 

expired air via the respiratory tract of the bird (Yousef, 1985; Weeks et al., 1997).  
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To facilitate cooling during hot T, birds will use evaporative cooling through their 

respiratory tract in the form of panting (Warriss et al., 2005; Petracci et al., 2006). In terms of 

welfare, panting is seen as a physiological sign of heat stress (Warriss et al., 2005; Richards et 

al., 2012). Although panting behaviour helps poultry cope with hot T by losing heat via 

evaporation from their respiratory tract it also generates moisture which can make this 

behavioural response ineffective during transport if the air within the trailer becomes saturated 

(Warriss, 2000; Warriss et al., 2005; Schwartzkopf-Genswein et al., 2012). Without the ability to 

consume water during transport, birds are susceptible to dehydration from water loss via 

respiration (Warriss et al., 1993).  

Ati-Boulahsen et al. (1989) categorized panting in two phases (phase I to phase II). 

Yousef (1985) described phase I panting as the point when the rectal T rises to 44°C, which 

causes the respiration rate to reach its upper limits. Phase II begins when rectal T rise above 

44°C; at this point, the respiration rate slows (Frankel et al., 1962; Yousef, 1985). If the thermal 

stress becomes too high, birds will be unable to cope with thermoregulatory mechanisms, 

thereby increasing mortality loss from transport (Caffrey et al., 2017).  

The process involved in the transport of poultry can lead to varying degrees of 

physiological stress which can jeopardize the bird’s welfare during transport from farms to 

slaughter (Mitchell and Kettlewell, 1994). A major physiological factor during transport is the 

complex thermal conditions experienced by poultry (Mitchell and Kettlewell, 1994). The animal 

will attempt to maintain homeostasis by using their autonomic nervous system (Warriss, 2000). 

This system is composed of two parts; the first is the parasympathetic system which is identified 

by its neurotransmitter acetylcholine associated with the cranial and sacral portions of the spinal 

cord (Warriss, 2000). The second component of the autonomic system is the sympathetic system 

which is controlled by the neurotransmitter noradrenaline, identified by its relationship to the 

thoracic and lumbar regions of the spinal cord (Warriss, 2000). The neurotransmitters are 

responsible for communicating information between nerve cells in a region known as synapses 

(Warriss, 2000). At the synapses, the neurotransmitter is secreted by one cell and transferred 

through a small gap which stimulates the receptors in the second cell membrane and promotes 

the initiation of electrical impulses (Warriss, 2000). The sympathetic nervous system supplies 

nerves to the adrenal glands, which is composed of both the central medulla and surrounding 
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cortex (Warriss, 2000). During periods of stress, the sympathoadrenal system is activated, 

noradrenaline is secreted into the bloodstream, and the adrenal medulla is activated by the nerves 

(Jones et al., 1988; Warriss, 2000). The stimulation of the adrenal medulla causes the release of 

catecholamines such as noradrenaline and adrenaline (Hill, 1983), preparing the animal for 

“emergency syndrome” better known as the “fight or flight” response (Cannon, 1932). The 

circulation of these two hormones is so fast that its breakdown begins very quickly after its 

release (Knowles and Broom, 1990). Therefore, capturing adrenaline and noradrenaline peak 

levels and utilizing them as a measure is often unsuccessful (Knowles and Broom, 1990).  

Succeeding the initiation of the sympathoadrenal system, the long-term response to stress 

involves the activation of the hypothalamic-pituitary-adrenal axis (HPA; Sherwood et al., 2013). 

The hypothalamus releases corticotrophin-releasing hormone (CRH) to the anterior pituitary 

gland (Sherwood et al., 2013). The anterior pituitary gland releases adrenocorticotropic hormone 

(ACTH), which stimulates the adrenal cortex to release corticosterone (CORT; Sherwood et al., 

2013). CORT provides the bird with the energy (increases in blood glucose (Glu), blood amino 

acids, and blood fatty acids) to cope with the stressful circumstances (Sherwood et al., 2013). 

The higher levels of CORT increase the activity of phenyletholamine-N-methyltransferase, 

which is responsible for the conversion of noradrenaline to adrenaline (Hill, 1983). The peak 

levels of CORT take several min to break down, which is slower than adrenaline, making it a 

potentially useful welfare measure, depending on the sampling circumstances (Broom, 1988; 

Knowles and Broom, 1990). Additionally, CORT can result in a negative feedback loop which 

results in the hypothalamic release of CRH and anterior pituitary release of ACTH when 

systemic homeostatis returns (Sherwood et al., 2013). Physiological indicators such as CORT, 

noradrenaline, adrenaline, creatine kinase, cholesterol, acid-base, calcium and Glu have been 

measures utilized in the evaluation of stress and muscle damage in poultry subject to transport 

stress (Ait-Boulahsen et al., 1989; Savenije et al., 2002; Nijdam et al., 2005a; Zhang et al., 

2009). Physiological responses are similar to those of behaviour in that there is a delay in 

between the initial reaction to stimuli and the benefits the bird will have from those responses 

(Strawford et al., 2011).  
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1.3 Behavioural Responses 

Behavioural changes are the first response to adverse conditions (Broom, 1986, 1990). 

Poultry, like many other species, vary in their behavioural expression when attempting to cope 

with aversive conditions (Broom, 1988). Behavioural coping can be viewed as a spectrum 

ranging from increased amounts of normal regulatory behaviour to stereotypies and reactions 

that cause self-inflicted injuries (Broom, 1986). Since the excessive expression of normal or 

abnormal behaviour can be seen as a coping mechanism for adverse conditions, these behaviours 

may be a good indicator of poor welfare (Broom, 1986). Despite a laying hen having a quick 

reaction to a negative stimulus, there is a delay in the feedback from the time of the initial 

response to its benefits (Strawford et al., 2011).  

1.3.1 Thermoregulatory Behaviours 

Poultry use thermoregulatory behaviours as a form of coping with climatic conditions. 

Thermoregulatory behaviours can include panting, movement, posture (crouching, wing droop, 

extending neck, tucking head under their wing), huddling, and alterations to feed and water 

intake (Yousef, 1985; Broom, 1988; Warriss et al., 2005; Vermette et al., 2017). 

Thermoregulatory behaviours involve the expenditure of resources to improve the bird’s overall 

welfare in conditions which are not ideal (Broom, 1986). Yousef (1985) discussed a feedback 

system that poultry utilize to control their body T, which is depicted in Figure 1.1. Yousef (1985) 

explained that thermoregulatory behaviours are initiated by a difference between a reference T 

(Tref) and the actual input T (Tin). The bird’s body is equipped with a system of thermoreceptors 

which sense T differences and send a signal, which initiates thermoregulatory activators. The 

core (abdomen), hypothalamus, midbrain, spinal cord, and skin all contain sensitive 

thermoreceptors which can detect T differences. To minimize the gap between Tref and Tin, the 

body activates either metabolic heat production or heat loss mechanisms which result in panting, 

vasodilation, pteroerection, and other thermoregulatory behaviours.
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Figure 1.1 Simplified feedback system for controlling body temperature in poultry (modified from Yousef, 1985).
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Most poultry research has demonstrated that birds can cope with cold T through their 

behavioural responses. Strawford et al. (2011) observed that when broilers were exposed to -5, -

10, and -15°C for 3h, there was a reduction in the amount of space utilized within the transport 

drawer. The distribution of birds within the drawer corresponded to the T gradient. Broilers were 

found huddling and burrowing to reduce heat loss and exposure to cold incoming air. The middle 

and rear planes were on average 5 and 2.5°C warmer than the front plane, respectively, and as a 

result, the majority of the birds were found huddled away from the cold incoming air. During 

cold T exposures, a higher stocking density of transport crates may be advantageous (Richards et 

al., 2012) because it allows for heat transfer from nearby conspecifics. However, high stocking 

densities may limit the bird’s ability to shift positions within the crate, which can potentially 

subject them to cold exposure (Strawford et al., 2011). Delezie et al. (2007) identified that a 

reduced stocking density during transport of birds would allow them to use behavioural 

responses to manipulate their body T by moving around, huddling, or spacing themselves out 

depending on the ambient T. Behavioural responses such as huddling together, burrowing, or 

remaining immobile (conservation of energy), provide birds with the capability to cope in cold T 

conditions (Dawson and Whittow, 2000; Strawford et al., 2011). Henrikson et al. (2018) 

demonstrated that male and female turkeys exposed to -18°C for 8h spent more time huddling 

(30.1% and 51.7%), shivering (2.2% and 5.9%), and performing pteroerection (56.5% and 

27.7%), compared to those exposed to neutral conditions (20°C at 30 or 80%RH) for the same D. 

Birds will reduce their surface area and heat transfer to their surroundings by protecting areas of 

heat loss, such as their head and feet (Dawson and Whittow, 2000; Strawford et al., 2011). 

Pteroerection refers to when birds ruffle their feathers to help capture heat as well as provide 

insulative capabilities (Dawson and Whittow, 2000). Therefore, good FC is beneficial during 

cold T exposure (Dawson and Whittow, 2000).  

1.4 Physiological Responses 

1.4.1 Feather Coverage 

FC provides birds with the ability to thermoregulate and has insulative properties 

(Dawson and Whittow, 2000; Knezacek et al., 2010). Husbandry practices and infrastructure of 

housing systems can cause EOCH to have poor FC. Production parameters such as housing 
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systems can cause feather loss and higher stocking densities can result in feather pecking 

(Freeman, 1984; Broom, 1990; McAdie and Keeling, 2000; Nicol et al., 2006; Sarica et al., 

2008). Feathers are used as a form of insulation, and the less FC a bird has, the more at risk they 

are to thermal stress and heat loss (Knowles and Broom, 1990; Weeks et al., 1997; Dawson and 

Whittow, 2000). Therefore, lack of feathers on EOCH is of increased concern when they are 

exposed to cold T compared to hot T, especially during circumstances like transport (Freeman, 

1984). 

Richards et al. (2012) identified that in cold weather, poorly feathered (PF) hens benefit 

from a high stocking density compared to well-feathered (WF) hens. However, this study did not 

outline the specific stocking density used in its materials and methods. WF birds can handle 

lower stocking densities (Richards et al., 2012) due to the insulation their feathers provide as 

well as their ability to maintain a core body T (CBT; Weeks et al., 1997). Hens lacking FC have 

an increased difficulty maintaining their CBT and have an increased cutaneous water loss from 

evaporation (Weeks et al., 1997). Weeks et al. (2012) found a positive correlation between hens 

with inadequate FC, poor flock health, low body weight at the time of crating, and increased 

death on arrival (DOA) after transport to the slaughter plant.  In this study, the birds at one 

slaughter plant were feather scored upon arrival using a subjective scoring system from 1-5 

(birds in category 1 were full feathered, while category 5 included birds that lacked most of their 

feathers). The authors found that the amount of FC was an indicator of mortality risk of birds 

during their transport to slaughter. Strawford et al. (2011) suggested that coping with ambient T 

was strongly dependent on the FC of the broilers. However, Weeks et al. (2012) also found other 

interactive factors outside of FC which could contribute to the DOA including the length of the 

journey, ambient T, and farm mortality. Broom et al. (1986) observed that hens that lacked 

feathers would perform head flicking behaviour and move towards the back of the cage before 

being loaded for transport. Those same birds were also found to have a higher respiration rate 

and plasma CORT response after transport, indicating increased stress levels which may be 

caused by the inadequate FC.  

The condition and location of the feathers should also be considered. Sarica et al. (2008) 

demonstrated that laying hens tend to have the highest feather loss in the neck region. Birds with 

feather-less necks would be anticipated to alter their posture during cold T exposure to limit heat 
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loss. Additionally, birds with wet feathers can be further challenged by the effects of cold T 

exposure due to the feathers reduced insulated capabilities (Knezacek et al., 2010).  

1.4.2 Dead on Arrivals 

Mortality during transport is an undeniable indicator of poor animal welfare, especially 

considering that the animal likely suffered before death (Nielsen et al., 2011). There have been 

three proposed factors that contribute to transport mortality: health status of the flock, thermal 

stress, and physical injury (Bayliss and Hinton, 1990). Ritz et al. (2005) explained that 40% 

DOA was the result of thermal stress.  

 

Past transport work that has studied the incidence of mortality have predominately taken 

place in European countries. In the Czech Republic, Voslářová et al. (2007b) found that hens and 

cockerels transported between 1997 and 2006 had a DOA percentage of 1.013% for 5,182,069 

birds. Petracci et al. (2006) reported that the average incidence of DOA in Italy (2001 to 2005) 

was 1.22% for 54 million EOCH, with there being an increase in mortality during hot summer 

months. In mainland Britain, the average DOA was 0.27% for 13.3 million hens in 2009 (Weeks 

et al., 2012). Meanwhile, between 2010 and 2012 in Northern Italy, Di Martino et al. (2017) 

reported a median DOA of 0.38% for the 3,241 loads of EOCH. A more recent study (2010 to 

2017) in the Czech Republic revealed that the mortality of 0.516% was recorded out of 17,436, 

074 EOCH (Vecerkova et al., 2019). 

Due to the high economic value of broilers (Newberry et al., 1999; Navid et al., 2010), 

many transport studies have focused on their welfare and mortality levels (Ritz et al., 2005; 

Vieira et al., 2011). Broilers are more vulnerable during hot T conditions from their increased 

difficulty dissipating body heat compared to EOCH. Therefore, the majority of the studies have 

examined hot ambient T, particularly in (or simulating) summer months as these conditions 

cause the highest mortality for broilers (Warriss et al., 2005; Vieira et al., 2011). Broiler DOA 

rates after transport range from 0.126% (Warriss et al., 2005) to 0.247% (Veĉerek et al., 2006), 

0.35% (Petracci et al., 2006), or 0.37% (Vecerek et al., 2016), and even as high as 0.46% 

(Nijdam, 2004). Warriss et al. (2005) found a significant relationship between broiler mortality 

during transport and ambient T in the UK between 2000 to 2002. The authors reported that from 
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January to June, DOA levels were approximately 0.1% (average ambient T was approximately 

7°C), but in the summer months, levels peaked at 0.45% (when reported ambient average T 

exceeded 17°C). At a reported T between 17°C and 19°C, mortality increased 0.13%, while at 20 

to 22°C mortality rose 0.26%, and at 23 to 26.9°C mortality increased 0.66%. Seasonal DOA 

levels decreased prior to the ambient average T, decreasing below 17°C. The authors explained 

that this was likely a reflection of the decreasing hours of sunlight which could impact the 

internal T of a transport trailer. However, it is important to note that the device used to measure 

ambient T in Warriss et al. (2005) study had been placed in the shade instead of on the transport 

trailer and may not have reflected the T experienced around the trailer and for the broilers within. 

Additionally, RH levels were not reported in this study. Similarly, Vieira et al. (2011) found that 

transport trailer mortality of broilers in the Brazilian summer was 0.42% (dry bulb T of 22.9°C) 

compared to the fall, winter, and spring with 0.23% (19.8°C dry bulb T), 0.28% (18.8°C dry bulb 

T), and 0.39% (21.7°C dry bulb T), respectively. In Manitoba, Whiting et al. (2007) reported the 

average DOA of 198 broiler transport trailers to be 0.346%, mainly associated with the summer 

months (ambient T and RH were not reported). Veĉerek et al. (2006) found summer and winter 

months in Czech Republic to have higher mortality than transport in the spring and fall. 

However, in a later study also conducted in Czech Republic by Vecerek et al. (2016), mortality 

was highest (0.55%) during winter months (average ambient T range between -1.95°C and -

0.43°C, with no reported RH) compared to summer months (0.30% with an estimated ambient T 

range of 9°C to 21°C with no reported RH).  

 

Different ambient conditions can impact poultry species differently. Generally, DOA 

levels are higher for turkey and EOCH (Petracci et al., 2006; Voslářová et al., 2007a). Broiler 

chickens are more robust than their EOCH counterparts because they are more physiologically 

equipped to handle stress, particularly thermal stress due to their juvenile age and increased body 

mass (Dadgar et al., 2011). Vecerkova et al. (2019) found that at T below 0°C, EOCH were at a 

higher risk of death. Additionally, their results found that the coldest days (-6 to -3.1°C) 

correlated with the highest mortalities (0.718%) while at T above 0°C there was a decrease in 

mortality with ambient T of 15 to 21°C demonstrating the lowest DOA. At the same recorded T, 

-6 to -3.1°C, Vecerek et al. (2016) found that broilers also had the highest mortality. Both 
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Vecerek et al. (2016) and Vecerkova et al. (2019) studies did not evaluate the relationship 

between RH and T on mortality.  

 

 The D of transport also appears to impact the ability of poultry to survive (Warriss et al., 

1992; Nijdam et al., 2004; Veĉerek et al., 2006; Oba et al., 2009). Unfortunately for EOCH long 

haul transport is not uncommon due to limited slaughterhouses being equipped to process these 

birds (Newberry et al., 1999; Weeks et al., 2012). In Canada, EOCH transported 16h from the 

United States to Ontario and Quebec had a DOA of 2.0%, while those locally transported for 18h 

resulted in a DOA of 1.7%, followed by the interprovincial transport of 26h which had a DOA of 

4.0% (Newberry et al., 1999). Further analysis found that DOA increased from 0.7% to 2.3% 

from loading to unloading when transport D changed from less than 12h to greater than 24h.  In 

Europe, Voslářová et al. (2007a) found mortality rates to range from 0.592% for a distance 

below 50km up to 1.638% for hens and roosters travelling 201 to 300km in Czech Republic. 

Vecerkova et al. (2019) reported that in Czech Republic as transport distances increased so did 

mortality rates with 0.338% DOA for EOCH transported up to 50km and a DOA rate of 0.801% 

for those transported 201 to 300km. However, at transport distances over 300km, mortality rates 

decreased. The authors suggested that the decline in mortality rates could be the result of the 

requirements for long haul transport in Europe and additionally there was less of these longer 

transport distances that occurred.  

 

For broilers, a longer transport D can also have implications for DOA with values of 

0.862% being reported at over 300km compared to 0.146% during journeys less than 50km 

(Veĉerek et al., 2006). A more recent study on broilers by Vecerek et al. (2016) indicated that the 

lowest mortality of 0.31% occurred when transported between 51 to 100km compared to 

distances over 300km where transport resulted in a DOA rate of 0.72%. The authors 

hypothesized that short transport D may result in lower mortality rates. However, broilers 

transported for under 50km were found to have higher mortality compared to birds transported 

between 51 to 100km (Vecerek et al., 2016) likely because the birds had not had a chance to 

recover from the stress of handling, loading, and transport (Vosmerova et al., 2010). Nijdam et 

al. (2004) evaluated the transport of 1,907 Dutch and German broiler flocks and found that the 

odds ratio for mortality increased by 1.06% for each additional 15min interval of transport. 
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Warriss et al. (1992) reported that broiler transport D less than 4h had a DOA of 0.156% while 

longer D at a maximum of 9h resulted in an increase of DOA to 0.283%. In Turkey, Aral et al. 

(2014) reported that broilers transported between 0 to 2h resulted in a mortality of 0.29% 

compared to transport D at or exceeding 10h which resulted in a mortality of 0.46%. Vecerek et 

al. (2016) indicated that a trip may only be a short distance, but the time to processing can be 

variable, extending the D which birds are confined to crates. Chauvin et al. (2011) reported no 

effects of transport distance on broiler mortality, but only a distance of 75km was analyzed in 

this study. Regardless of species the rise in mortality with increased D is likely a reflection of the 

bird’s inability to cope and maintain homeostasis (Warriss et al., 1992; Cockram et al., 2007). 

 

 Past research has focused on hot T and heat stress because the majority of the studies 

conducted have been in European countries where summer conditions are a significant concern, 

and the winters are less severe than in Canada and parts of the United States. Interestingly, in the 

Czech Republic between 1997 and 2004, Voslářová et al. (2007a) found mortality during winter 

months (October to April) to be an average of 1.05% while the warmer months (May to 

September) demonstrated a DOA average of 0.68% for both hens and roosters. Similarly, Weeks 

et al. (2012) found that in Great Britain, cold T were attributed to the higher risk of death during 

transport on EOCH. In contrast, Petracci et al. (2006) found that between 2001 and 2005 in Italy, 

the summer months (June to August) exhibited the highest mortality for EOCH at 1.62% 

compared to fall at 1.16% (September to November), winter at 1.06% (December to February), 

and spring at 1.13% (March to May). Similarly, Warriss et al. (2005) claimed that an ambient T 

as low as -1°C did not result in mortality related to hypothermia for broilers. However, 

hypothermia is associated with a decrease in body T, which would not be speculated to occur 

with an ambient T of -1°C. A more recent study conducted by Di Martino et al. (2017) between 

2010 and 2012 in Italy confirmed that highest mortality to occur during winter months. The latest 

research conducted in the Czech Republic between 2010 and 2017 concluded that the highest 

DOA for EOCH was during winter months (January=0.717% and December=0.695%) while the 

lowest was in the summer (August=0.364%; Vecerkova et al., 2019).  

 

 In 1996, Newberry et al. (1999) found that Canada’s highest EOCH DOA rates occurred 

during the winter months, with a mortality of 1.9% according to communications with the 
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Canadian Food Inspection Agency (CFIA). Knezacek et al. (2010) demonstrated that during four 

transport journeys in a Saskatchewan winter, the broiler DOA was 0.7% for journey one (3h and 

18min at ambient T of -7.1°C), 1.4% for journey two (3h and 18min at ambient T of -27.1°C), 

and 0.9% for journey three and four (<3h at ambient T of -28.2°C with a 15min stop period for 

journey three and 18min at an ambient T of -18.4°C for journey four). The last trip (18min at -

18.4°C) had been conducted on a different transport trailer with a reduced stocking density. In 

1999, CFIA stated that the average mortality for all poultry in Canada was 0.56% while 

Saskatchewan was 0.50%. Meanwhile, in January 2000, a Saskatchewan slaughter plant reported 

that the DOA rate was 0.76% (Knezacek et al., 2010). Thus, the reported DOA in Knezacek et al. 

(2010) study was higher than reported provincial and national averages.  

 

 The ambient climatic conditions during transport is not always a reflection of the T and 

RH experienced by the birds within the transport crates. Knezacek et al. (2010) demonstrated 

that broilers in transport could experience a microclimate within the transport trailer, where 

extreme levels of T and RH resulted in thermal stress and DOA. Within transport trailers, the 

crates are stacked, resulting in poor ventilation, a thermal core, and issues with poultry being 

able to thermoregulate (Warriss et al., 2005). The experienced microclimate on transport trailers 

is suspected to be a significant cause of DOA along with crate density, bird size, age, health 

status, distance, lairage, and management factors (Schwartzkopf-Genswein et al., 2012).      

1.4.3 Core Body Temperature 

Poultry species are homeotherms; therefore, they can maintain their body T within a 

narrow range under most circumstances (Yahav, 2009). Schwartzkopf-Genswein et al. (2012) 

defined poultry normal thermal range as those ambient conditions at which birds can maintain 

their body T without adjusting their metabolic rate. For EOCH, with inadequate FC, an ambient 

T of 22-28°C should be maintained, while hens with good FC can handle an ambient T as low as 

10-15°C (Weeks et al., 1997). The birds maintain their body T by balancing heat generation and 

dissipation (Ait-Boulahsen et al., 1989).  

 

Dawson and Whittow (2000) reported that the upper level of a bird’s normal CBT is 

considered to be 42.5°C. Hot ambient T cause body T to rise, facilitating hyperthermia, a state in 
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which birds are unable to expel sufficient body heat (Webster et al., 1993; Schwartzkopf-

Genswein et al., 2012). As hyperthermia develops, the bird’s body will move an increased blood 

flow towards areas that are not well covered by feathers as a result of vasodilation, as well as to 

the respiratory system to shift heat from the core of the bird to the periphery (Wolfenson et al., 

1981). The movement of blood flow outwards allows for further heat dissipation through 

sensible heat loss (Giloh et al., 2012). Hyperthermia in a chicken increases respiratory rate and 

minute volume while tidal volume decreases until a rectal T of 43.5-44.5°C is reached, at which 

point respiratory rate decreases and tidal volume rises (Whittow et al., 1964). Whittow et al. 

(1964) used heat pads and lamps to induce hyperthermia and found the rectal T and respiration 

rate of 14 birds to increase once the devices were turned on. The rectal T continued to rise with 

prolonged exposure to heat pads and lamps, but respiratory rate reached its maximum value at 94 

± 9 breaths/min when the rectal T reached 43.4 ± 0.2 and decreased afterwards. 

 

Rectal T may vary from CBT due to the different body location. During a cold exposure 

of -4℃, Hunter et al. (1999) found transported broilers had a change in (∆) rectal T of -14.19 ± 

5.37 for wet birds compared to their dry counterparts which had a ∆rectal T of -1.21 ± 0.73. 

Meanwhile the two broilers in the -4℃ implanted with miniature data loggers demonstrated a 

∆CBT of -1.03 ± 0.15 for wet birds and a ∆CBT of -0.07 ± 0.80 for the dry birds. At transport 

exposure of 0, 4, 8, and 12℃, wet broilers had a ∆rectal T of -9.74 ± 5.38, -6.74 ± 2.27, -4.40 ± 

3.25, and -3.03 ± 1.75℃ respectively, while dry birds had a ∆rectal T of -1.01 ± 0.45, -0.76 ± 

0.61, -0.85 ± 0.59, and -0.96 ± 0.88℃ respectively. In comparison, the broilers equipped with 

miniature data loggers exposed to 0, 4, 8, and 12℃ demonstrated a ∆CBT of -0.66 ± 0.15, -0.28 

± 0.10, -0.09 ± 0.11, and -0.02 ± 0.09℃ respectively for wet birds, while dry birds had a ∆CBT 

of -0.02 ± 0.88, -0.03 ± 0.93, -0.07 ± 0.49, and -0.02 ± 0.72℃ respectively. Vermette et al. 

(2017) analyzed the impacts of T/RH combination on turkeys and found hot ambient T of 35℃ 

at 30 or 80%RH to cause a rise in ∆CBT (1.81°C and 2.54°C) compared to neutral T of 20℃ at 

30 or 80%RH (0.35°C and -0.08°C). Turkey hens had an increase in mean rate of CBT at 

0.09°C/min for both RH (30 and 80%) while turkey toms were between 0.12 and 0.18°C/min at 

35°C 30%RH and 80%RH respectively. The rise in CBT under hot T and both RH conditions 

suggested the turkeys were experiencing hyperthermia. Similarly, Donkoh (1989) and Toyomizu 

et al. (2005) observed that rectal T and CBT (Toyomizu et al. (2005) study only) rise during hot 
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T exposure for broilers. Warriss et al. (2005) stated that birds exhibiting signs of heat stress such 

as panting, had high body T as a result of exposure to high ambient T.  

When a bird’s body T decreases outside of their lower normal value (40.5°C; Dadger et 

al., 2010), it can lead to the development of hypothermia. To combat hypothermia, 

thermogenesis is utilized to produce heat in an attempt to cope and maintain CBT for cold 

exposure (Block, 1994). For broilers, the lower critical limit is defined as 19 to 22°C for males, 

and a slightly higher T for females (Nicol and Scott, 1990). Sturkie (1946) demonstrated that 

laying hens with a CBT of 27.8 to 29.4°C would not survive past 35 to 44h. Therefore, during 

transport, physiological fatigue from cold T coupled with standard practices such as feed 

withdrawal can lead to birds that are unable to thermoregulate in aversive T (Webster et al., 

1993; Richards et al., 2012). Feed-withdrawn hens have significantly lower metabolic heat 

production than fed hens, and since cold T result in the utilization of energy reserves, little 

energy is left for metabolic heat production that is used to keep hens warm during cold 

conditions (Yousef, 1985). 

Strawford et al. (2011) reported that for broilers, there were no differences in CBT (41.5 

± 1.0°C) at baseline period, pre-chamber, and post chamber (used for behavioural observations) 

exposure. However, during exposure to -5, -10, or -15℃ and the lairage period, differences in 

CBT were observed. The CBT of the birds was higher at the beginning of exposure than at the 

end for all treatments with birds exposed to -10℃ having a lower CBT than those exposed to -

5℃. The authors found that 11% at -5℃, 55% at -10℃, and 44% at -15℃ of broilers had a CBT 

that fell below 39.3℃ during exposure leading to the potential classification of hypothermic. The 

change in CBT was attributed to the broilers’ behavioural and physiological reaction to the cold 

and the delay between the stressor and benefit from the response.  

Hunter et al. (1999) demonstrated that at a simulated chamber exposure of -4℃, broilers 

that had been subjected to wetting were cold stressed, inducing hypothermia, and had a 

potentially dangerous negative ∆rectal T of -14.19 ± 5.37°C during exposure. Knezacek et al. 

(2010) observed the impacts of thermal conditions on rectal T and CBT for four different journey 

D. On the third journey, broilers in the crates located mid-trailer near the top (crates H2 and I2) 

had the lowest average crate T (6.9°C and 3.9°C) with a correspondingly low rectal T (average 
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decline of 1.0°C) post-transport. However, the ∆rectal T (rectal T at the beginning minus the end 

of transport) was only significant for broilers in crates I. At an ambient T of -27.1 and -28.2°C on 

journey two and three, crate T decreased for broilers in the back portion of the transport trailer, 

however CBT remained stable. Kettlewell et al. (2000) proposed that airflow near inlets might 

reduce post-transport rectal T of broilers. Therefore, broilers located near air inlets or at the back 

of the transport trailer would be subjected to the cold incoming air impacting the crate T as well 

as the birds rectal T and CBT (Knezacek et al., 2010). Factors such as ambient T and journey 

length had a significant positive correlation to rectal T, however, the strongest correlation was 

between rectal T and crate T. One concern with the rectal T measurements was that readings 

might not have been taken until 45min post-transport due to delays in unloading the modules 

(Knezacek et al., 2010). In comparison, the CBT measurements conducted in Knezacek et al. 

(2010) demonstrated little change. No correlation between CBT and ambient or crate T was 

observed, but a relationship between CBT and journey length was noted. A linear relationship 

was observed for both the change in rectal T and crate T as well as CBT and journey length. 

Meanwhile, the quadratic relationship existed between change in rectal T with ambient T, rectal 

T with journey length, or CBT with ambient T.  

Blem (2000) suggested the size of birds improves their ability to thermoregulate under 

unideal conditions, due to the additional energy reserves which can be utilized to maintain their 

CBT. This is particularly beneficial during cold exposure. Dadger et al. (2011) found that six-

week-old broilers were better able to cope with cold exposure compared to the five-week-old 

broilers because of increased FC and body size. However, at an ambient T below -14°C five and 

six-week-old broilers had a significant drop in CBT (as low as 20°C).  

 

Increased muscle mass in poultry results in higher metabolic heat production which can 

make birds susceptible to heat stress (Dawson and Whittow, 2000). Sandercock et al. (2001) 

found that older broilers (63 days old) were more sensitive to high T and prone to have elevated 

body T. Similarly, Dawson and Whittow (2000) and Chaing et al. (2008) demonstrated that the 

larger body size of turkey toms could be detrimental for thermoregulation at hot T as they have 

limited surface area whereby to dissipate heat. 
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1.4.4 Corticosterone 

Elevated levels of CORT is generally an indicator of stress in animals (Beuving and 

Vonder, 1977; Hill, 1983). It is fast-acting (Beuving and Vonder, 1978) to ensure the animal’s 

long-term survivability and production are not compromised. The transport process is considered 

a stressful event and can lead to high levels of CORT. Beuving and Vonder (1978) found that 

immobilization by hand or by crating increased plasma CORT levels of 25 to 40wk old laying 

hens. Knowles (1994) found that birds transferred directly from the cage to the crate had a 

reduction in stress, indicated by lower plasma CORT. Broom et al. (1986) reported that CORT of 

layers had increased 5 to 10min after removal from cages but declined after 2h. The hens that 

were inverted during handling had higher CORT levels than those gently handled, suggesting 

that rough handling may be a significant stressor in transport practices. The authors also found 

that hens were handled, crated, and transported for 2h had higher CORT levels than birds 

removed from their cages and left in stationary crates, suggesting that elements of transport have 

a considerable impact. Freeman et al. (1984) demonstrated a transport journey of 2 to 4h for 

broilers in cold conditions increased the bird’s plasma CORT. Zhang et al. (2009) indicated that 

broilers might experience an increased stress level during the initial portion of transport, but after 

3h or more, the birds adapted to the adverse conditions and plasma CORT decreased which 

paralleled with longer lairage times. Thus, this could be related to the negative feedback loop 

that occurs with CORT production or the circadian rhythm of plasma CORT controlled by the 

suprachiasmatic nucleus in the hypothalamus (Sherwood et al., 2013). Beuving and Vonder 

(1978) found that injecting laying hens with ACTH led to an increase in CORT, particularly 

younger birds (36wk) demonstrated a heightened response, while older hens (126wk) had 

increased levels of CORT which lasted longer. The results indicated that the abundance of 

ACTH provided from the injection coupled with the stress of handling, sampling, and crating led 

to the secretion of CORT. Therefore, older birds such as EOCH may be more prone to 

experience extended stress from the circumstances surrounding transport.  

CORT is also known to be produced in a circadian rhythm; therefore, the specific time of 

day, as well as other stresses, can lead to false results (Broom, 1988). Consequently, frequent 

sampling will have the best outcome for capturing the peak and troughs of CORT patterns 

(Broom, 1988). Beuving and Vonder (1977) reported the daily rhythm of plasma CORT in laying 
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hens to be a minimum of 0.5ng/ml at the beginning of the dark period, while the latter half of the 

dark period was a maximum of 2.3ng/ml without the induction of stress. Research has since 

demonstrated that although CORT has a regular circadian rhythm, birds that are subjected to a 

stressful situation can have CORT concentration that exceed the peak values of circadian rhythm 

(Sherwood et al., 2013). Mitchell and Kettlewell (1994) demonstrated that plasma CORT and 

heterophil to lymphocyte (H/L) ratios rose during transport, indicating the activation of the HPA 

axis. Although CORT is a sensitive measure which can show the negative implications of 

adverse conditions such as extreme T or handling, it should ideally be coupled with a 

combination of other measures to determine accuracy.  

1.4.5 Glucose 

Glu is a vital energy source and necessary component for metabolic functioning (Zhang 

et al., 2009). The HPA axis results in metabolic action from CORT, which stimulates hepatic 

gluconeogenesis, inhibits Glu uptake, facilitates lipolysis, and stimulates protein degradation 

(Sherwood et al., 2013). Hepatic gluconeogenesis is the conversion of amino acids and other 

non-carbohydrate sources into carbohydrates in the liver of the bird (Sherwood et al., 2013). 

Since birds are often fasted before and during transport, they will not receive additional nutrients 

which can be circulated in the blood for use or stored and therefore Glu found in the liver which 

takes the form of glycogen is broken down to release Glu into the blood supply (Warriss, 2000; 

Zhang et al., 2009; Sherwood et al., 2013). Gluconeogenesis helps to restore hepatic glycogen 

stores and manage blood Glu levels during periods of feed withdrawal (Sherwood et al., 2013). 

The concentration of Glu in the blood must be maintained because it is a primary metabolic fuel 

for the brain, which cannot function without it (Sherwood et al., 2013). Therefore, Glu uptake is 

inhibited by other tissues so that enough will be provided for the brain (Sherwood et al., 2013). 

CORT facilitates lipolysis, which is the breakdown of lipids from fat storage in adipose tissue 

(Sherwood et al., 2013). Lipolysis results in the discharge of free fatty acids into the bloodstream 

where the acids can be utilized as an alternative metabolic fuel source which helps to conserve 

blood Glu for brain function (Sherwood et al., 2013). Finally, CORT stimulates protein 

degradation, particularly in the muscles, which allows proteins to be broken down into their 

amino acid components and utilized for gluconeogenesis or other functions (Sherwood et al., 

2013).  
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 During periods of stress, concentrations of Glu and glycogen levels can be influenced 

(Nijdam et al., 2005a, b; Zhang et al., 2009; Vosmerova et al., 2010; Voslářová et al., 2011). 

Voslářová et al. (2011) reported Glu concentrations to increase for 2 to 10min after crating when 

simulating commercial handling conditions, but then decrease after 10 to 120min to values in 

line with blood parameters taken from control birds handled with extra care. Broom et al. (1986) 

also demonstrated that Glu levels of laying hens increased 5 to 10min after removal from the 

cages but decreased within 2h. However, Glu levels were higher after 2h of transport compared 

to hens handled and placed in stationary crates. The authors reported that hens transported for 1h 

had a 10% increase in blood Glu levels compared to their crated counterparts. Zhang et al. (2009) 

found that blood Glu levels would rise in the first 45min of transport as a result of the breakdown 

of liver glycogen. The authors reported that glycogen concentrations in the breast and thighs of 

birds subject to transport decreased, indicating the activation of glycolysis and utilization of 

stored glycogen. They suggested that with long term transport, glycogen stores are not able to 

replenish the depleted blood Glu. González et al. (2007) demonstrated that quail given a lairage 

period after transport exhibited a dwindling Glu concentration. Therefore, it can be concluded 

that blood Glu concentration is significantly impacted by the stress of transport practices. 

During transport, the development of thermal stress will influence the bird’s utilization of 

Glu. Zhang et al. (2009) demonstrated a decline in Glu levels for broilers transported for 3h 

(11.21 mmol/L for birds with a 3h lairage; 11.45 mmol/L for birds with a 45min lairage) at a 

trailer T of 27°C and RH of 76%, compared to birds not transported (13.08 mmol/L) or 

transported for 45min (12.56 mmol/L for birds with a 45min lairage). Thus, exposure to heat 

stress for an increased D led to a decline in Glu levels. Vosmerova et al. (2010) reported a 

decline in blood Glu levels for broilers after 130km of transport in the fall and winter season. 

Dadgar et al. (2011) demonstrated that broilers exposed for 3h to cold T between -14°C and -

17°C had lower Glu levels compared to control birds exposed to T between 20°C to 22°C (7.32 

±1.6 mmol/L vs. 10.8 ± 0.7 mmol/L). Additionally, Dadgar et al. (2012b) found broilers exposed 

to a T grouping between -11°C and -14°C for 3h had the lowest Glu levels (6.9 ± 2.0 mmol/L) 

compared to the control birds subjected to a T grouping of 20°C to 24°C (12.3 ± 0.5 mmol/L). 

Lastly, Dadgar et al. (2012a) reported that Glu levels in broilers exposed to a cold T of -13.6°C ± 

2.6 for 3h were lower than birds exposed to neutral T of 20.6°C ± 0.3 for 3h (7.4 ± 1.6 mmol/L 



  

20 

 

vs. 10.8 ± 0.7 mmol/L). Therefore, transport may exacerbate the utilization of energy reserves to 

combat stress and thermoregulatory responses. 

1.4.6 Electrolytes 

Some electrolyte values and fluids are controlled by the hormone angiotensin II in 

poultry (Yahav et al., 1995). Changes in electrolyte levels reflect the bird’s adaptive response to 

stressors, such as the transport process (Khosravinia, 2015). Electrolytes that are utilized as 

indicators of stress include potassium (K+), calcium (Ca+), phosphorus (P+), chloride (Cl-), and 

sodium (Na+; Khosravinia, 2015; Minka and Ayo, 2017). These electrolytes contribute to both 

water (Ahmad and Sarwar, 2006) and acid-base balance (Khosravinia, 2015) and are important 

for maintaining homeostasis via poultry cell constituents, nerve, and muscle function (Romero 

and Whittam, 1971; Meech, 1978). 

 

A typical commercial poultry practice is to fast birds before transport. Fasting can change 

the electrolyte balance of the animal (Ait-Boulahsen et al., 1989). Ait-Boulahsen et al. (1989) 

found that male broilers in all treatment groups (not fasted, fasted for 24h or 72h) subjected to 

heat stress demonstrated effects on the packed cell volume and electrolyte concentration. The 

longer fasting D of 24 or 72h for chickens exposed to heat stress caused body T, blood gases, 

Na+ concentration, and Cl- concentration to decreased, while K+ concentration increased. Thus, 

the changes observed as a result of fasting for birds exposed to heat stress can impact the 

interrelationship between thermoregulation, blood gases, and electrolyte balance (Edens, 1977; 

Ait-Boulahsen et al., 1989). 

Birds subjected to thermal stress will shift their electrolyte levels in an attempt to cope. 

Heat stress can cause hyperthermic respiratory alkalosis, which results in panting and elevated 

rectal T (Ait-Boulahsen et al., 1989). Blood flow will shift outwards to peripheral vascular beds 

(Wolfenson et al., 1981) to maintain blood volume potentially impacting electrolyte and fluid 

transfer from hemodilution, defined as the removal of cells and solids in the blood, resulting in 

an increase in the volume of fluid observed in the vascular space (Senay and Christensen, 1968; 

Greenleaf et al., 1977; Ait-Boulahsen et al., 1989). Thus, chickens excel in maintaining vascular 

volume, which is linked to Na+ balance (Ait-Boulahsen et al., 1989). Borges et al. (2004) found 
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that during heat exposure, body T rose and hemodilution occurred causing Na+ to decline, and a 

portion of K+ is removed from the blood flow due to alteration in membrane permeability. 

Broiler chicks exposed to 27 to 29℃ with an RH of 35 to 46% during a 1,000km transport 

journey, demonstrated an increase in K+, Ca+, P+, and Na+ values compared to birds only 

transported shorter distances (Khosravinia, 2015). The use of chicks in the Khosravinia (2015) 

study would enable birds to access their yolk reservoir in response to thermal stress, which may 

influence the impact these conditions had on their electrolyte balance. In contrast, during cold 

stress (conditions not described) transport, 17wk pullets demonstrated a decrease in K+, Ca+, P+, 

Cl-, and Na+ values compared to baseline measures (Minka and Ayo, 2017).  

 The transport process can have a significant impact on water homeostasis and electrolyte 

levels in poultry. Dehydration and defecation during transport results in the loss of water and Na+ 

from the body causing a condition known as hyponatremia (reduced levels of Na+ in the blood; 

Thomas et al., 2008). However, Knowles et al. (1996) demonstrated that 3,600 broilers 

transported to two commercial slaughter plants did not exhibit changes to Na+ levels suggesting 

dehydration did not occur. González et al. (2007) found that quail immediately slaughtered after 

transport had higher Na+ levels than those provided lairage. Therefore, Na+ levels help to play a 

role in both maintaining the circulatory system as well as the hydration status of the birds 

(Steinmetz et al., 2007). As a result of transport, it can be anticipated that electrolyte levels will 

shift in order for the bird to maintain homeostasis. The limited literature on the influence to 

electrolyte balance for transport processes warrants further research on the impacts of T/RH 

combinations and D on EOCH with various FC. 

1.4.7 Heterophil to Lymphocyte Ratio 

The ratio of H and L cells can be an indicator of long term (chronic) stress in poultry, and 

can be utilized to evaluate various stressors for chickens (Gross and Siegel, 1983; Warriss, 2000; 

Zhang et al., 2009) such as transport. An increase in H/L ratios can result from either an increase 

in H, decrease in L, or a combination from the increased concentration of CORT initiated by 

stress (Zhang et al., 2009; Vermette et al., 2017). Transport stress has been noted to elevate 

plasma CORT and H/L ratio, indicating that the HPA axis was activated (Mitchell and 

Kettlewell, 1994). Mitchell and Kettlewell (1998) demonstrated that after transport with thermal 
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conditions at an average of 28.7℃ with a 63%RH, broilers H/L ratio were elevated. H/L ratios 

have been found at increased levels in the blood circulation for as long as 24 to 48h as a response 

to various stressors (Gross and Siegel, 1983; Knowles and Broom, 1990). 

Thermal stress can be a contributing factor during transport to the rise in the H/L ratio. 

Hot T such as 39°C (Altan et al., 2000), 41°C (Borges et al., 2004), and 34°C (Akşit et al., 2006) 

have demonstrated a rise in broiler H/L ratio, 0.25 to 0.43, 0.62 to 1.23, and 0.58 to 0.81 

respectively. Vermette et al. (2017) found that turkeys exposed at a high T (35°C) resulted in a 

higher H/L ratio with 4.07 compared to 1.57 for neutral T (20°C) and 3.18 for 80% RH 

compared to 2.45 for 30% RH. A T of 35°C with a RH of 30% and 80% resulted in an H/L of 

3.36 and 4.77, respectively, which was higher than the turkeys exposed to 20°C and 30% and 

80%RH with an H/L ratio value of 1.54 and 1.60 respectively. Hester et al. (1996) demonstrated 

that exposing laying hens to 0℃ for 72h resulted in a higher H/L ratio compared to the neutral 

environment (39.5 vs. 37.6).  

1.4.8 Hematocrit and Hemoglobin 

Hematocrit (Hct), defined as the ratio of the volume of red blood cells to the total volume 

of blood, expressed as a percentage (Bergoug et al., 2013) and Hemoglobin (Hb), defined as the 

iron-containing oxygen-transport metalloprotein molecule in red blood cells, can be utilized as 

an indicator of stress in poultry. Increased Hct and Hb, coupled with reduced partial pressure of 

oxygen (PO2), are necessary to cope with the higher metabolic demand required to maintain 

homeostasis during periods of stress (González et al., 2007). Stressors may also trigger splenic 

contractions which lead to a rise in Hct (Warriss, 2000) by ejecting stored red blood cells into 

circulation to compensate for physical exertion (Schagatay et al., 2015). However, Scanes (2016) 

demonstrated that stressors could lead to changes in hematological parameters such as a rise or 

fall in blood Hct and Hb concentrations.  

 

During the transport process, birds do not have access to feed and water which may cause 

birds to become dehydrated, particularly with increased journey D (Bergoug et al., 2013). 

Dehydration can lead to lower blood volume (Zhou et al., 1999). Thus, Bergoug et al. (2013) 

postulated that increased transport D would result in dehydration from water deprivation, and as 
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a result, an increase in Hct values from a higher ratio of red blood cells to volume of blood. Ait-

Boulahsen et al. (1989) evaluated the impact of fasting practices on male broilers for 0, 24, and 

72h and found that fasting at 72h resulted in a hemoconcentration, defined as a decrease in 

plasma volume coupled with an increase in red blood cells and other blood constituents, leading 

to a rise in Hct. Meanwhile, when the broilers were subjected to heat stress (using a stepwise T 

increase from 29 to 37°C for 4h, followed by an increase to 37 to 41°C for the remaining 4h) all 

treatment groups were impacted, and hemodilution, defined as the removal of red blood cells, 

was found for fasted vs. non-fasted broilers.  

 

Limited research has evaluated the impact of thermal stress on Hct and Hb of poultry. 

However, the research that has been conducted has been consistent. Studies have indicated that 

Hct and Hb can decline due to hemodilution caused by evaporative heat loss from hot T exposure 

(Subaschandran and Balloun, 1967; Parker and Boone, 1971). The reduction of Hct values may 

include a decline in circulating blood pressure (Frankel et al., 1962), and reduced viscosity of the 

blood (Whittow et al., 1964) which can also indicate that hemodilution from heat stress is 

occurring. Babji et al. (1982) demonstrated that when birds are subjected to hot or cold 

conditions, Hb levels decrease. Similarly, Borges et al. (2004) found a decline in Hct and Hb 

values suspected to be the result of hemodilution after broilers were exposed to hot T (41°C) for 

6h. However, food and water with various levels of electrolyte supplementation were provided to 

the birds throughout the exposure D, which would have impacted the effects that could be 

captured with feed and water withdrawal in transport practices. Most studies evaluating Hct and 

Hb in poultry have examined the impact of heat stress, particularly for broilers and turkeys. 

However, there is a gap in the literature regarding the influence of cold exposure on poultry 

species. 

1.4.9 Blood pH 

During metabolism, birds alter the blood pH to cope with adverse situations, and as a 

result, the metabolites become acidic and if not controlled, can impact other acid-base balances 

(Borges et al., 2004). Despite the limited research on blood pH of poultry, Steinmetz et al. (2007) 

reported the baseline blood pH level of Lohmann leghorn chickens to be 7.58. Thermal stress has 

the ability to cause a shift in blood pH for poultry. Franco-Jimenez et al. (2007) found an average 
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increase in blood pH from 7.35 to 7.39 in all bird strains (Hy-Line Brown, W36 and W98) 

exposed to heat stress (35°C with a 50%RH), but the value was not considered a physiologically 

significant rise. The authors suggested the small change in blood pH for birds subjected to high T 

was likely the result of kidneys working to counteract the adverse conditions that can lead to 

alkalosis. González et al. (2007) demonstrated that transported quail for 95min at a T of 45°C 

within the transport trailer resulted in an increase in blood pH post-slaughter for both quail 

immediately slaughtered or provided a 4h lairage compared to baseline measures pre-slaughter. 

The limited research on blood pH, particularly for birds experiencing cold stress justifies further 

research on the impacts of T/RH combinations and D on EOCH with various FC.  

1.4.10 Acid-Base Balance 

Acid-base balance is the mechanism utilized by the body to ensure fluids remain close to 

neutral blood pH. Blood pH is negatively correlated to partial pressure of carbon dioxide (PCO2) 

and positively correlated to PO2 (Sauer et al., 2019). The circulatory buffering system includes 

the major buffering molecule, bicarbonate (HCO3
-) which is circulated in the blood and has a 

positive correlation with other buffering molecules, total carbon dioxide (TCO2) and base excess 

extracellular fluid (BEecf) to maintain acid-base homeostasis (Reece et al., 2015; Sauer et al., 

2019). TCO2 and HCO3
- are functionally comparable, with TCO2 being a derivative of HCO3

- 

(Sauer et al., 2019). BEecf has been found to be unreliable for blood analysis on chickens and 

warrants careful analysis if used (Steinmetz et al., 2007). 

 

The fasting practice associated with transport can also impact poultry acid-base balance 

(Ait-Boulahsen et al., 1989). Ait-Boulahsen et al. (1989) found that at 24h of fasting, male 

broilers had a decline in HCO3
-, and CO2 also demonstrated a decrease after 24 and 72h of 

fasting (Ait-Boulahsen et al., 1989). Meanwhile blood pH remained unaltered. The authors 

observed a distinction between fasted vs. non-fasted male broilers exposed to heat stress. 

However, little difference was found between 24h and 72h of fasting for acid-base parameters, 

and corresponded with changes in rectal T. Regardless of whether birds are fasted or not, the rise 

of ambient T causes an increase in the bird’s rectal T to 45°C which is close to the critical T 

values thought to cause changes to the pH, CO2, and Cl-, however, Ait-Boulahsen et al. (1989) 

noted limited change for these parameters.  
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 The interrelationship between thermoregulation, electrolytes, and acid-base balance work 

together to maintain homeostasis within poultry species. Thermal stress, particularly heat stress 

is also known to impact acid-base parameters. Transport of poultry can result in an increased 

metabolic rate from respiration and unbalanced acid-base levels which lead to metabolic 

exhaustion, limited available energy, and dehydration of the birds (González et al., 2007). During 

transport, CO2 levels must be maintained because as birds pant from heat stress, their respiratory 

systems are continuously exchanging gases with the environment in an attempt to cool the birds 

(Borges et al., 2004). As T increases, CO2 concentrations and pressure will decline, which results 

in a loss of HCO3
- in the blood plasma (Wang et al., 1989; Etches et al., 1995). During panting, 

the decreased hydrogen (H+) ions cause an increased energy consumption, CO2, blood pH 

leading to respiratory alkalosis (Etches et al., 1995; Durgun and Keskin, 1997; Lara and 

Rostagno et al., 2013). As pH increases, HCO3
- decreases from combining with H+ ions to form 

the molecule H2CO3, which is converted to CO2 and H+ ions as a result of the carbonic anhydrase 

reaction (González et al., 2007). The CO2 is then removed from the body via the lung and the H+ 

ions eliminated from the kidneys along with the extra HCO3
- ions to maintain the acid-base 

balance of the birds (González et al., 2007). González et al. (2007) demonstrated that quail given 

a lairage period after transport in a hot T had an elevated CO2 and declined O2 level compared to 

birds not provided lairage before slaughter. Interestingly, Yahav et al. (1995) found species 

differences between broilers and turkeys, whereby broilers develop respiratory alkalosis during 

low and high RH while turkeys showed no effect on acid-base balance. 

 Regardless of age, panting behaviour for birds subjected to hot T where CBT is elevated 

results in a change to the blood gas and acid-base status by hypocapnia alkalosis 

(hyperventilation leading to blood alkalinity; Sandercock et al., 2001). Rapid respiration from 

heat stress (Mitchell and Kettlewell, 1998) leads to increased elimination of CO2 from the body 

and causes a rise in blood pH particularly in older birds (63 days of age; Sandercock et al., 

2001). These birds demonstrated an 11% greater resting blood CO2 concentration and lower 

resting blood pH compared to younger birds (35 days of age).  The changes to blood acid-base 

levels from hypocapnia alkalosis related to the CBT of the bird, was greater in the 63-day-old 

broilers compared to the 35-day-old birds. Older broilers exhibited an increased resting blood 

CO2 concentration, making them more acidotic likely because of the increase in respiration or 
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increased metabolic demands. The difference in respiratory response between younger and older 

birds is also likely the cause of variation in the blood gas and pH.  However, regardless of age, 

an increase in T/RH combination causes disturbances in the acid-base homeostatic mechanisms 

and leads to the effects of hyperthermia (Mitchell and Kettlewell, 1998).   

Genetic strain can alter the impact variables have on acid-base balance (Sauer et al., 

2019). Franco-Jimenez et al. (2007) found strain and ambient T were important components in 

the alterations of acid-base parameters when birds are exposed to heat stress. The authors 

observed that the low levels of PCO2 resulting from panting were 13% less for Hy-line W98 

laying hens compared to 24% for Hy-line W36 and 17% for Hy-Line brown hens. Therefore, 

Hy-Line W98 birds exposed to heat stress had higher blood CO2 concentration which could react 

with water (H2O) and produce HCO3
-
, ultimately exhibiting an increased acid-base stability 

during high T conditions (Franco-Jimenez et al., 2007).  

1.5 Muscle Physiology 

Transport can have significant impacts on the metabolism and physiological aspects of 

the bird, which all play a role in muscle quality (Owens and Sams, 2000; González et al., 2007; 

Zhang et al., 2009). The components of the transport process can lead to birds that arrive at 

slaughter metabolically exhausted as a result of physical exertion from wing flapping during 

loading and unloading, muscle contractions from the vibration and movement of a travelling 

trailer (Elrom, 2001; González et al., 2007), and thermoregulatory responses. Additional 

physiological effects, such as extended adrenal activity also causes a decline in muscle quality 

(Broom, 1986).  

1.5.1 Live Shrink 

From both a welfare and economic standpoint, weight loss is a concern in the poultry 

industry (Mitchell and Kettlewell, 2009; Schwartzkopf-Genswein et al., 2012), and is often 

associated with transport in poultry (Knowles and Broom, 1990). Although not always the case, 

EOCH can have an increased risk of being metabolically exhausted and in poor body condition 

when they are transported to slaughter (Richards et al., 2012). These variables coupled with the 
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routine procedure of fasting the birds (feed and water) for several hours before and during 

transport can impact weight loss of the birds when they arrive at the slaughter plant (Mitchell and 

Kettlewell, 2009; Richards et al., 2012). Thus, weight loss may be the result of the loss of 

substances in the gastrointestinal tract from fasting, defecation, dehydration, or mobilization of 

glycogen stores in the muscle for energy as a result of transport (Warriss, 2000). In research, 

weight loss, whether live or carcass weight, is referred to as shrinkage (Warriss, 2000). Many 

studies evaluating live shrink calculate it by using the difference between live weights before and 

after treatments have been conducted. 

If birds can conserve their energy, it allows them to reach the slaughter plant in better 

condition and with limited reduction in weight loss (Schwartzkopf-Genswein et al., 2012). 

Thermal stress during transport can be a significant influence on the bird’s ability to conserve 

energy (EFSA, 2011). Heat (25 to 34°C; Holm and Fletcher, 1997; Petracci et al., 2001) and cold 

(-4 to -18°C; Dadgar et al., 2011, 2012a, b; Strawford et al., 2011) stress have been reported to 

increase live shrink by approximately 3 to 6% during transport in broilers. During exposure to 

hot T, panting behaviour assists in regulating CBT but can cause an increase in weight loss 

(Schwartzkopf-Genswein et al., 2012). Meanwhile, cold T exposure results in the birds utilizing 

energy reserves to maintain thermogenesis (Schwartzkopf-Genswein et al., 2012).  

There have been several studies evaluating the impact on live shrink during transport. 

Knowles and Broom (1990) noted a study that found a relationship between live shrink and 

transport D for broilers (1.3%, 2.3%, and 3.1% for transport times of 1.5, 3, and 4.5h). However, 

these authors did not consider other factors such as T, feed withdrawal, and stress levels that may 

have impacted this loss. Vermette et al. (2017) demonstrated that fasting practices could 

accelerate effects on weight loss (4.92% live shrink) on turkeys during exposure to hot T at 35°C 

compared to neutral T exposure at 20°C (1.48% live shrink) for 8h indicating metabolic stress. 

Strawford et al. (2011) did not observe differences in broiler body weight changes between 

treatment groups (-5, -10, or -15℃ for 3h) pre- or post-chamber exposure, however, an average 

live shrink loss of 5% was noted and comparable to previous studies evaluating fasting. Holm 

and Fletcher (1997) found that during a 12h simulated exposure at 29℃, 18℃, or 7℃, feed 

withdrawn (12h) broilers had a live shrink of 6.20%, 3.82% or 3.75% respectively. The authors 

suggested that the more significant live shrink loss at 29℃ for 12h was likely due to moisture 
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loss from panting behaviour. Warriss (2000) demonstrated that broilers deprived of food and 

water had a live weight loss averaging 0.2-0.3%. The changes in weight loss may be a reflection 

that the birds are suffering from dehydration which can have a significant impact on the muscle 

quality characteristics post-mortem (Mitchell and Kettlewell, 2009).    

1.5.2 pH 

The evaluation of pH measures the number of H+ ions in a solution (Warriss, 2000). 

When solutions are acidic, the substances are considered to be H+ ion donors, while basic 

solutions are acceptors. Therefore, when acids are added to water, they separate, producing a 

large volume of H+ ions and limited hydroxyl ions. The opposite is true when bases are added to 

water. In live animals, pH levels are generally maintained at approximately 7, depending on the 

species it may range from 6.8 to 7.4. However, post-mortem pH levels can fall quickly to levels 

below 6. Anserine, a dipeptide compound found in the muscle of poultry species, assists in the 

maintenance of pH in a living muscle and contributes to the buffering capabilities at post-

mortem. Buffering capabilities of anserine includes preventing substantial acidity changes 

resulting from anaerobic muscle activity which produces lactic acid. Fast-acting physiological 

responses as a result of stress lead to the initiation of glycolytic processes, which affects the 

muscle pH (Knowles and Broom, 1990). 

 
Glycogen is stored energy found in the muscles and the liver of animals (Warriss, 2000). 

The mobilization of glycogen is initiated when the breakdown of fatty acids and Glu no longer 

provide sufficient energy for the energy demands of muscles. Both glycogen and Glu are broken 

down by the same three interconnected processes: glycolysis, oxidative decarboxylation, and 

oxidative phosphorylation. Glycolysis takes place in the cytoplasm while oxidative 

decarboxylation and oxidative phosphorylation occur in the mitochondria. Glycolysis can occur 

with or without the presences of oxygen (O2). If O2 is not present the process will be completed 

via fermentation which produces lactic acid. If O2 is present, following glycolysis, the products 

of glycolysis are utilized in oxidative decarboxylation and further by the electron transport chain 

and chemiosmosis present in oxidative phosphorylation.  
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Warriss (2000) discussed the glycolytic pathway (Figure 1.2). During glycolysis, a Glu 

molecule (or a collection of Glu molecules within glycogen) containing six carbon atoms are 

phosphorylated by the enzyme hexokinase, which is used to lower the activation energy by the 

cofactor magnesium ion. Phosphorylation utilizes adenosine triphosphate (ATP) as free energy 

which is referred to as the investment phase to activate the reaction, which results in Glu 6-

phosphate. Glu 6-phosphate is then further catalyzed by the enzyme phosphoGlu isomerase to 

produce fructose 6-phosphate. Fructose 6-phosphate is converted to fructose 1,6-diphosphate, by 

the catalyzing enzyme phosphofructokinase, which uses another investment phase ATP along 

with a magnesium ion cofactor, helping to stabilize the negative charge from the phosphate 

groups. Fructose 1,6-diphosphate is then broken down using the enzyme fructose bisphosphate 

aldolase into two glyceraldehyde 3-phosphate. From glyceraldehyde 3-phosphate another 

reaction is facilitated by dehydrogenase which involves the reduction of nicotinamide adenine 

dinucleotide (NAD+) to nicotine adenine dinucleotide (NADH), which can be further utilized in 

the electron transport chain to produce additional ATP. This reaction also involves the addition 

of a phosphate group to glyceraldehyde 3-phosphate, leading to glycerol 1,3-diphosphate. 

Glycerol 1,3-diphosphate uses phosphoglycerate kinase to remove a phosphate group which also 

produces an ATP and leads to glyceric acid 1,3-diphosphate. Originally there was two 

glyceraldehyde 3-phosphate and thus two ATP were produced and proceed to the payoff phase. 

Phosphoglycerate mutase facilitates the shift in the positioning of the phosphate group to a 

different carbon creating glyceric acid 3-phosphate. Glyceric acid 3-phosphate then uses enolase 

to shift to phosphoenol pyruvic acid. Phosphoenol pyruvic acid utilizes pyruvate kinase which 

dephosphorylates to produce pyruvic acid. At the same time, another adenosine diphosphate 

(ADP) is converted to ATP using the magnesium ion to stabilize the phosphate group. Again, 

since there were two glyceraldehyde 3-phosphates initially, two ATP are generated. If the H+ on 

pyruvic acid is released, and the O2 keeps the electron it results in the molecule pyruvate which 

contains three carbon atoms and can be further utilized to produce ATP. Since two ATP are 

being used during the investment phase, and four ATP are produced during the payoff phase, the 

glycolysis reaction leaves a net yield of two ATP (Warriss, 2000). From this process, two 

pyruvate molecules, two ATP, two NADH, two water molecules, and two H+ ions are produced 

from Glu, two NAD+, two ADP, and two phosphates. However, under anaerobic conditions 

caused by heavy exercise or panting behaviour, pyruvate is reduced by the accumulation of 
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NADH to form lactic acid by the catalyzing enzyme lactate dehydrogenase (Warriss, 2000). 

Generally, the increase and build-up of lactic acid in the muscles from the breakdown of 

glycogen is the response of acute (short-term) stress, such as heat stress, which causes pH to 

decrease (Babji et al., 1982; Lawrie, 1991; Warriss, 2000). In contrast, chronic (long-term) stress 

results in the depletion of glycogen reserves ante-mortem, causing less lactic acid to accumulate 

in the blood and the muscle pH to remain high (Warriss, 2000).   
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Figure 1.2 The glycolytic pathway (Warriss, 2000). 
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Although glycogen plays a crucial role in the energy available, Savenjie et al. (2002) 

found that the H+ ions generated from metabolism decreases pH and ATP production resulting in 

an overall reduced rate of glycolysis. The utilization of muscle glycogen ante-mortem as a result 

of numerous stressors including hunger, fear, exhaustion, climatic changes, and social stress 

during transport can limit the supply of lactate post-mortem. Post-mortem, muscle pH decreases 

as lactate accumulates until either glycogen stores are minimized, or metabolic processes cease 

from enzymatic arrest due to the low pH (Bendall, 1973; Dadgar et al., 2012a). 

 

The ideal value for breast muscle pH of chicken meat is 5.86, and 5.9 to 6.0 for thigh 

muscles (González et al., 2007; Zhang et al., 2009). Post-slaughter, muscle pH is expected to 

decline (Berri et al., 2001). Berri et al. (2001) found that between 15min to 1h after slaughter, pH 

decline ranged from 0.05 to 0.8 units/h (average of 0.3 units/h). Dadgar et al. (2012b) observed a 

difference between the types of muscles for pH. Post-mortem, breast muscle pH increased by 0.1 

to 0.2 units compared to the thigh, which could be altered by as much as 0.7 to 0.9 units 

depending on the ante-mortem cold T exposure. At 24h post-mortem, pH ranged from 5.5 to 6.4 

with the average being 5.9 for broiler breast muscles (Berri et al., 2001).  Similar results were 

reported by Barbut (1997) with an average broiler muscle pH of 5.83, ranging from 5.56 to 6.42. 

Muscle pH will continue to decline over 24h post-mortem when the carcasses are chilled quickly 

(González et al., 2007).  

Location of the muscle on the body can impact pH levels. Breast muscle fibers may 

contain more glycogen which through anaerobic pathways produce more lactic acid 

(Gattenlöhner et al., 2002) which lowers pH (Lawrie, 1998). Meanwhile, thigh muscle, Bicep 

femoris, is a redder muscle where glycogen can become depleted from extended fasting and 

transport D, which increases muscle pH (Warriss, 2000). Kannan et al. (1997), Debut et al. 

(2003), and Dadgar et al. (2011) argued that thigh muscles characteristics, particularly muscle 

pH and colour, are more susceptible to environmental conditions in chickens.  

The thermal stress poultry are exposed to ante-mortem can influence muscle pH post-

mortem. Barbut (1996) suggested that past research indicates that stress, such as exposure to hot 

or cold during transport, may cause rapid glycolysis after death. During rises in T, there is an 

increase in the separation of water molecules into ions (Warriss, 2000). Holm and Fletcher 
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(1997) found that pH decreased to 5.74 for broilers exposed ante-mortem to 29°C compared to 

5.84 and 5.83 at 18°C and 7°C. In turkeys, Vermette et al. (2017) reported lower initial and final 

breast muscle pH with the slurry method and lower final breast muscle pH using the probe 

method (6.14 vs 6.54, 5.60 vs 5.64, and 5.64 vs 5.70, respectively) for birds exposed to hot T 

(35°C) compared to neutral T (20°C). Similarly, final thigh muscle pH was lower for hot T at 

5.73 vs 5.92 using the probe method. The authors did not expand on why the initial breast muscle 

pH in turkeys may have been lower, but it may be a reflection of the increased sensitivity of the 

slurry method compared to the probe method of measuring pH. Heat stressed broilers (38°C), 

demonstrated a lower post-mortem muscle pH 24h after exposure compared to cold stressed 

birds (4°C), followed by the control birds (20°C; Lee et al., 1976).  

 
In addition to heat stress, cold stress can play a significant role in muscle pH. Dadgar et 

al. (2010) found that exposure to T below 0°C led to an increase in breast muscle pH among 

other muscle quality parameters. Thigh muscle pH was highest at exposure T below -11°C 

compared to 0°C to 11°C, followed by the control group (22°C; Dadgar et al., 2012b). The 

impact of cold exposure resulted in faster glycogen depletion of the thigh muscles compared to 

the breast muscles of broilers (Dadgar et al., 2012b). Glycolytic potential measures lactate 

concentrations and potential lactate produced by carbohydrates. Dadgar et al. (2011) found 

reduced values in breast muscle for glycolytic potential at 30h post-slaughter when broilers are 

exposed to T below -14°C compared to warmer T, when no difference between treatments were 

found. The lack of difference for the glycolytic potential for T above -14°C indicated that birds 

could cope with environmental conditions, while below -14°C, the energy level is exhausted in 

an attempt to compensate for cold T resulting in the decline of muscle glycolytic potential. 

Similar findings were reported in Petracci et al. (2001) research on glycolysis, where the cold 

environment resulted in higher muscle pH compared to the hot environment. Lee et al. (1976) 

found that exposure to -20°C for 6h on eight-week-old broilers did not significantly affect 

glycogen content on breast muscle compared to birds exposed to 20°C. Higher glycolytic 

potential for females, coupled with higher CBT, supports Dadgar et al. (2011) suggestion that 

female broilers have the advantage of increased abdominal fat and better FC during cold 

exposure.  
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Changes to pH levels can affect muscle quality characteristics (Zhang et al., 2009). 

Alterations to pH leads to changes in muscle quality for measures such as meat colour, water 

holding capacity (WHC), cooking yield, and shear force (Babji et al., 1982). Figure 1.3 

demonstrates the rate of acidification for muscle characteristics such as Pale Soft Exudate (PSE), 

Dark Firm Dry (DFD), and normal muscles, which will be further discussed in the colour 

section.  
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Figure 1.3 A graph demonstrating the influence of acidification on Pale Soft Exudate (PSE), 
Dark Firm Dry (DFD), and normal muscles (Warriss, 2000). 
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1.5.3 Colour 

Anserine assists in the maintenance of pH in the muscle of poultry species, and it also 

contributes to muscle colouration (Warriss, 2000). High concentrations of anserine are the result 

of low oxidative capacity attributed to paler coloured muscles (Warriss, 2000). Abrupt 

physiological responses lead to the initiation of the glycolytic process, which can affect meat 

colour (Knowles and Broom, 1990). The anaerobic (glycolytic) metabolism involves glycolytic 

fibers which have limited cytochromes and/or myoglobin (defined as an iron and oxygen-binding 

protein located in the muscle tissue of animals) producing a white colouration (Warriss, 2000). 

Muscles with large volumes of white glycolytic fibers also have greater glycogen content and 

glycolytic capacity (Warriss, 2000). In contrast, aerobic (oxidative) metabolism has oxidative 

fibres with ample mitochondria, red cytochromes, and high concentration myoglobin in their 

sarcoplasm, which contributes to the red colouration (Warriss, 2000). Red oxidative fibers have 

low glycogen concentrations and are vulnerable to depletion (Warriss, 2000). Cytochromes play 

a crucial role in the mechanism oxidative phosphorylation, where nutrients become oxidized in 

the cell to release energy (Warriss, 2000). Each muscle contains different proportions of various 

fiber types which results in different colourations (Warriss, 2000). 

 

Alterations in the proteins can lead to an increase in light-scattering properties of the 

contractile elements of the muscle fiber, leading to a shift from dark and transparent ante-mortem 

to pale and opaque colouration (Warriss, 2000). The light-scattering properties on the muscle’s 

surface are impacted by the refractive indices of the structural properties, the sarcoplasm and 

myofibrils (Offer and Trinick, 1983; Warriss, 2000). Significant differences in sarcoplasm and 

myofibrils result in increased scattering, reflection of light from the shrinkage of myofilament 

lattice along with ionic strength, and decreased pH leads to a paler appearance of the muscle 

(Offer and Trinick, 1983; Warriss, 2000; Kadioglu et al., 2019). The higher light-scattering 

decreases how much light is absorbed, and the haem pigments (myoglobin), which is a major 

contributor to muscle colour, will selectively absorb green light which results in a reduction of 

red colouration and a rise in yellowness (b*; Holm and Fletcher, 1997; Warriss, 2000). The 

decrease in muscle pH can cause oxidation for the haem pigments, shifting myoglobin and 

oxymyoglobin (the oxygenated form of myoglobin) from a purple and red colouration, 
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respectively to metmyoglobin, a brown/grey colouration (Warriss, 2000). The reduction in O2 

diffusion into the muscle from the surface coupled with the increased cytochrome activity results 

in utilization of the O2 below the surface and leads to a rise in pH (Warriss, 2000). The reduction 

of O2 diffusion coupled with cytochrome activity leads to a thin layer along the surface of the 

muscle with red oxygenated myoglobin and translucency to the purple colouration below the 

surface from limited myoglobin (Warriss, 2000). During processing, a newly cut muscle will 

have a purple surface appearance from the haem pigment in its deoxygenated form (Warriss, 

2000). Upon exposure to air, a reaction between the exposed tissue myoglobin and oxygen 

occurs at a depth of 2 to 6mm with the myoglobin to form red oxymyoglobin (Warriss, 2000). 

The reaction to create oxymyoglobin is called blooming and can take 15min to 1h to occur 

(Warriss, 2000). The closed, translucent structures in the muscle will absorb light and create a 

darker appearance of the muscle (Offer and Trinick, 1983; Warriss, 2000).  

 

Myoglobin is impacted by environmental conditions. During heat exposure of 37.8°C for 

4h, Babji et al. (1982) reported that the myoglobin of the turkey tom’s muscles declined resulting 

in a pale colour appearance. The pale colouration for birds exposed to 37.8°C is the result of a 

lower red oxymyoglobin at a peak height of 540nm and 580nm, to be between 11% reflectance 

and 14% reflectance respectively compared to control turkeys exposed to 21.1°C with a red 

oxymyoglobin of 18% reflectance and 20% reflectance respectively. Thus, lightening of meat 

colour is the result of denaturation of myoglobin, which is observed if pH is lowered. The same 

authors demonstrated that during a cold exposure defined at 4.4°C for 4h, there was an increased 

red oxymyoglobin, with a peak height at lab readings of 540nm and 580nm to be 20% 

reflectance and 29% reflectance respectively.   

 

The incidence of PSE and DFD muscles can be induced by stress experienced ante-

mortem, among other factors (Warriss, 2000). Warriss (2000) provided a summary of events 

which lead to the incidence of PSE and DFD muscle characteristics (Table 1.1). The process of 

acidification can impact the appearance of muscle colouration (Warriss, 2000). An increase in 

pH creates a darker and redder colouration of the muscle, while a decline in pH displays a pale, 

lighter colouration that lacks red pigmentation (Babji et al., 1982). The concentration of haem 
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pigment is unaffected for PSE and DFD muscles, but where the change is observed is in the 

structures of the muscle, which causes the pale or dark appearance (Warriss, 2000).  
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Table 1.1 Summary of causes for Pale Soft Exudative and Dark Firm and Dry Meat (Warriss, 
2000). 
Pale Soft Exudative Dark Firm Dry 

Acute stress Chronic stress 

Rapid initial acidification Reduced glycogen 

Low initial pH at high carcass temperatures High ultimate pH 

Protein denaturation Proteins do not denature 

Low water holding capacity High water holding capacity 

Bound water is lost Water is held by proteins 

Muscle fibers separate Muscle fibers are tightly packed 

Large extracellular space Small extracellular space 

Light scattering high Light scattering low 

Surface appears pale Surface appears dark 

Low pH promotes myoglobin oxidation O2 diffusion inhibited by closed structures 

Reduction in absorption of green light by 

myoglobin   

O2 used up by high cytochrome activity 

Meat looks less red Oxygenated myoglobin layer thin and 

underlying myoglobin (purple) shows through  
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Acute stress before slaughter may increase the rate of acidification post-mortem from 

glycolysis, leading to high lactate levels and reduced muscle pH before the drop in carcass T 

occurs and subsequently increases the likelihood of PSE muscles (Babji et al., 1982; Warriss, 

2000; Zhang et al., 2009).  PSE muscles are classified as muscles with lightened colouration, 

which have a pH of less than 6 in as little as 45min post-mortem as a result of protein 

denaturation (McKee and Sams, 1997; Warriss, 2000; Bianchi et al., 2006). The disturbance of 

normal bodily function before slaughter can influence the muscle cell metabolism, changing the 

sarcoplasm and other tissue structures as a result of oxidation which increases the incidence of 

PSE muscles (Mitchell and Kettlewell, 2009). The increased post-mortem metabolism and 

decreased pH, lead to paleness based on light scattering on the muscle’s surface (MacDougall, 

1982; Bianchi et al., 2006). Warriss (2000) found that the muscles of turkeys, particularly breast 

muscle tended to cool slowly leading to rapid acidification, where carcass T remained high at 

roughly 40°C, and pH values decreased to 6, making the muscles prone to developing PSE 

characteristics. Babji et al. (1982) reported that turkey toms exposed to the hot T of 38°C ante-

mortem, resulted in lower muscle pH (5.99) which corresponded with muscle lightness (L*). In 

contrast, Owens and Sams (2000) reported that turkey toms transported for 3h had higher muscle 

pH and lower L* values compared to non-transported birds. Zhang et al. (2009) found no 

significant impact on muscle pH or L* values from transporting and providing lairage to broilers 

for 45min or 3h. Berri et al. (2001) demonstrated that despite differences in the fall of post-

mortem pH for birds, PSE breast muscle characteristics were not demonstrated. The incidence of 

PSE breast muscle is more likely to occur when the glycolytic potential is high, and pH is low 

(Zhang et al., 2009). 

High pH can lead to a darker, redder muscle which lacks yellow pigmentation, has a firm 

texture, and dry appearance and is classified as DFD (Dadgar et al., 2012a). Low glycogen levels 

at slaughter indicate that little substrate is available for post-mortem glycolysis (Warriss et al., 

1993). Minimal substrate for glycolysis means there is less lactic acid produced during post-

mortem metabolism; thus, the ultimate pH is high (equal to or above 6 at 12 to 46h post-mortem; 

Warriss, 2000). Dadgar et al. (2012a) reported that breast muscle induced as cold DFD had a 

higher pH (pH>6.1) than cold normal (defined as breast muscles between DFD and normal 

classification) and control breast meat (5.7≤pH≤6.1). Initially, all cold stressed bird’s muscle pH 
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was higher than control birds (exposed to 20 to 24°C), however, by 30h post-mortem the pH for 

DFD breast remained unchanged while cold normal and control breast muscle pH decreased.  

 Thermal stress can be associated with changes in muscle colouration (Bianchi et al., 

2006). Several studies of other poultry species have demonstrated that exposure to high T ante-

mortem can significantly affect their muscle quality and lead to PSE muscle characteristics. 

Petracci et al. (2004) reported lighter coloured broiler breast muscle in slaughter plants during 

the summer months when the ambient T was higher. McKee and Sams (1997) found that heat 

stress in turkey toms resulted in an increase in post-mortem metabolism and biochemical 

processes in the muscles, which led to a higher incidence of PSE. Babji et al. (1982) 

demonstrated that the total pigmentation of the breast muscle for turkey toms that were heat 

stressed (38°C) ante-mortem for 4h was lower compared to control (21°C) and birds exposed to 

cold (4.4°C) conditions. The pale colouration was attributed to decreased concentration of 

myoglobin and Hb associated with heat stress. Similarly, Dadgar et al. (2010) reported that 

broilers exposed to T above 20°C had a higher incidence of PSE (13%) compared to T below 

0°C (4%). Bianchi et al. (2006) reported that at a holding T of >18°C resulted in paler broiler 

breast muscles (L*=53.11) compared to those between 12°C to 18°C (L*=52.85) and <12°C 

(L*=51.32). Additionally, broilers exposed to holding T between 12 to 18°C and >18°C had a 

decrease in muscle a* and b* compared to those below <12°C which demonstrated a darker 

colouration for colder T exposure. Askit et al. (2006) reported higher breast L* for broilers 

exposed to 34°C, followed by 22 to 28°C (diurnal T cycle) compared to the control (22°C 

consistently) which all had a RH of 60%. Thus, prior research demonstrates that poultry species 

reared, held, or transported at a higher T have an increased chance of displaying light muscle 

colouration and PSE characteristics. However, Froning et al. (1978) reported that the breast 

muscle from turkey toms exposed to hot T (42°C) for 1h and birds allowed to freely struggle 

prior to slaughter had lower L* values compared to those immersed in cold water (4°C) for 

20min and those anesthetized with sodium pentabarbital. It is important to note that this study 

utilized the Gardner colour values while the majority of other studies use the CIE colour system 

profile. Vermette et al. (2017) found no significant differences between treatment groups (35°C 

at a RH of 30% or 80% and 20°C at a RH of 30% or 80%) for thigh L*, redness (a*), and b* in 

male and female turkeys. The authors reported a darker colour breast muscle (lower L*) for birds 



  

42 

 

exposed to 35°C (L*=48.92) compared to 20°C (L*=51.18) but found no impact from RH. 

Meanwhile, the hot T, low RH combination resulted in increased a* of turkey breast muscle 

compared to other treatment groups. Northcutt (1994) found no significant differences in muscle 

colour for L* for turkey toms exposed to heat stress (30°C), physically heat stressed (exercise 

during 30°C exposure for 1h), and controls (undefined), but reported lower a* and b* values for 

heat stressed birds. Holm and Fletcher (1997) found no significant differences for L* and a* in 

broiler breast muscle. However, at 29°C breast muscle was significantly yellower than at an 

exposure of 7 and 18°C.  

 In contrast, cold T ante-mortem can also significantly impact muscle quality and lead to 

DFD muscle characteristics (Dadgar et al., 2012a, b). The heme pigment, myoglobin, and iron 

compound are postulated to contribute to colour differences of broiler breast muscle particularly 

for the a* (Boulianne and King, 1995). Petracci et al. (2001) found that reduced a* in broiler 

breast meat can be caused by increased environmental T. Dadgar et al. (2010) reported that the 

broilers’ exposure to T below 0°C in an actively ventilated simulated transport trailer had 

negative impacts with increased a* and decreased L* of the muscles resulting in DFD muscle 

characteristics.  

 The distance and D of transport can also influence muscle colour. Bianchi et al. (2006) 

found that when broilers were transported over a short distance (<40km), their breast muscle 

colour had an increased a* compared to birds transported further. Zhang et al. (2009) reported 

that the L* of muscle colour was minimally impacted by transport D or lairage time 

combinations (45 min transport with 45min or 3h lairage or 3h transport with 45 min or 3h 

lairage). However, a* in breast muscle was affected by a longer lairage time (3h) and may have 

subsequently decreasing L*. The b* increased with extended transport and shorter lairage 

compared to other experimental groups with the exception of short transport and long lairage. 

The authors concluded that colouration, particularly a*, is improved with a longer lairage 

following transport. Knowles and Broom (1990) reported a study which found that broilers 

transported for 2h and left in lairage for 3h afterwards tended to have paler muscles than birds 

that had not been transported.  
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1.5.4 Drip Loss 

Drip loss is defined as the loss of water content from muscle fibers after being cut, which 

leads to weight loss and accumulation of liquid in meat containers (Warriss, 2000). Water makes 

up roughly three-quarters of the content in muscle products and is mainly held in the spaces of 

the thick and thin myofibril filaments (Warriss, 2000). Ante-mortem muscles have 10% of its 

water content bound to muscle proteins, while 5-10% is found in the extracellular space between 

muscle fibers (Warriss, 2000). Post-mortem rigidity of the muscles leads to a shrinking of the 

myofilament lattice and water is lost from the muscle fibers to the extracellular space, which 

results in drip loss (Warriss, 2000). Drip loss can be calculated by weighing the breast muscle 

after slaughter and then again at a later time once excess water has been removed by wiping 

(Berri et al., 2001). The difference in weight is calculated as a percentage and is recorded as the 

drip loss (Berri et al., 2001; Sandercock et al., 2001). 

The muscle pH can play a significant role in drip loss of the muscle. WHC can be 

reduced by glycolysis and lactate accumulation which lowers pH values and therefore increases 

drip loss (Froning et al., 1978, Warriss, 2000; Zhang et al., 2009). Changes in muscle pH 

influence the electrostatic forces between the myofiber contractile filaments (Offer and Knight, 

1988; Sandercock et al., 2001). A decline in muscle pH post-mortem results in the denaturation 

of muscle proteins and influences their ability to bind water as the myofibrillar proteins myosin 

and actin reach their isoelectric points (Warriss, 2000). A low muscle pH results in protein 

molecules without an electric charge and therefore result in water loss since water molecules are 

no longer able to bind (Warriss, 2000). As the myofilament lattice shrinks, fluid is released into 

the extracellular space between the muscle fibers, which has increased in volume (Warriss, 

2000). Warriss (2000) found that if muscle pH rapidly falls while carcass T is still high, myosin 

will denature, causing a greater shrinkage of the myofilament lattice resulting in increased drip 

loss. In contrast, a higher muscle pH leads to little denaturation of the proteins, keeping water 

tightly bound resulting in very little or no shrinkage of the myofilament lattice and limiting drip 

loss (Warriss, 2000). Thus, high muscle pH results in a decrease in drip loss. 

Interestingly, Sandercock et al. (2001) demonstrated the opposite by finding that breast 

muscles, which exhibited a low final muscle pH, had a lower drip loss. Birds in this study that 
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were subjected to heat stress had a greater drip loss and were suspected to correlate with the rate 

of muscle pH immediately post-mortem. The alteration of the muscle membrane, which 

ultimately causes muscle damage, can be impacted by post-mortem intracellular water loss and 

increased plasma creatine kinase. These alterations to the muscle membrane are also tied to 

increased rates of pH decline and the increase of drip loss. Therefore, denaturation could lead to 

a decrease in WHC for muscle proteins where the membrane permeability allows for the 

elimination of soluble sarcoplasmic constituents to move from the muscle cell into the 

extracellular area. 

 

A relationship between colour and drip loss has also been established. Dadgar et al. 

(2010) observed lower drip loss values for DFD muscles compared to PSE and neutral samples. 

The authors found that broilers exposed to T below 0°C resulted in significantly higher WHC 

(31%) compared to T exposures of 0 to 20°C (26-28%) and above 20°C (23%). Similarly, 

Warriss (2000) reported that hot T exposures for poultry which typically lead to PSE muscle 

characteristics is the result of a decline in WHC from acidification and lower muscle pH. The 

rate and extent of acidification within the muscle will influence drip loss, with limited 

acidification resulting in a higher pH and lower corresponding drip loss.  

 

The types of muscle fibers can also influence the WHC and drip loss of muscles. 

Kadioglu et al. (2019) reported a lower WHC for breast muscle compared to thigh and 

drumsticks as a result of its lower muscle pH. Similarly, Northcutt et al. (1994) and Lesiak et al. 

(1996) found thigh muscles to have higher WHC compared to breast muscles. Meanwhile, Zhang 

et al. (2009) demonstrated no significant differences in drip loss for both breast and thigh 

muscles at 24h post-mortem. 

1.5.5  Thaw Loss 

Thaw loss is determined by the amount of water lost during the process of defrosting 

muscles. Similar to drip and cook loss, thaw loss is influenced by the WHC and muscle pH, both 

of which can be indicators of stress (Offer and Knight, 1988; Pearson and Young, 1989). 

Changes to muscle pH will impact the muscle proteins, causing them to bind or release water 

molecules (Pearson and Young, 1989; Lyon and Buhr, 1999). Hot T exposure can cause heat 
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stress which leads to a decrease in muscle pH (Froning et al., 1978; Honikel and Hamm, 1994; 

Sandercock et al., 2001). As muscle pH decreases so does WHC, which alters the electrostatic 

forces in the myofiber contractile filaments of the proteins, causing a decrease in the space 

between filaments (Offer and Knight, 1988; Honikel and Hamm, 1994). Limited space and weak 

bonds result in a rise of unbound water molecules which are lost via thaw loss. In contrast, cold 

T, often associated with cold stress typically causes a higher muscle pH where isoelectric points 

of contractile proteins are further apart resulting in a higher net charge improving the space and 

water molecules ability to bind (Honikel, 2004; Dadgar et al., 2010). Thus, higher muscle pH can 

result in an increased ability for the muscle to retain water (Honikel, 2004; Dadgar et al., 2010). 

Limited transport research has reported on thaw loss for poultry species. Dadgar et al. 

(2010) found that broilers exposed to T above 20°C ante-mortem had higher breast thaw loss. 

Dadgar et al. (2012a) observed a decreased thaw loss for both intact and ground broiler breast 

muscle classified as cold-DFD, which had been exposed to T of -13.6°C ± 2.6°C for a 3h D ante-

mortem. Similarly, Dadgar et al. (2012b) found control broilers ante-mortem had a higher thigh 

muscle thaw loss compared to cold stress birds. However, Froning et al. (1978) noted no effect 

for breast muscle from turkey toms for any of the treatment groups (those exposed to hot T 

(42°C) for 1h, birds allowed to freely struggle prior to slaughter, turkeys immersed in cold water 

(4°C) for 20min, or toms anesthetized with sodium pentabarbital).   

1.5.6 Cook Loss 

Cook loss is defined as the loss of water content during the cooking process of meat 

(Warriss, 2000). The WHC and cook loss impact the integrity of the meat products, including its 

quality, yield, and weight (Kadioglu et al., 2019). Warriss (2000) explains that as meat is cooked, 

the muscle structures undergo a variety of changes. At T of 30 to 50°C, the myofibrillar proteins 

begin to denature, resulting in a lower WHC. At 55°C, the protein in the meat will denature, and 

coagulation will occur, causing shrinkage of the myofilament lattice, which leads to toughening 

of the meat. Further heating of the meat to 60 to 63°C will cause the collagen to shrink and the 

collagen sheaths to contract, leading to further toughening. By 65°C, the myofibrillar and 

sarcoplasmic proteins have changed from a solid to a semi-solid state, and the meat has lost its 

water content. Between 65 to 70°C, the collagen in the muscle has denatured, and by 70 to 90°C, 
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the disulphide bonds which form the actomyosin have toughened the myofibrillar structures. An 

increased loss of fluid during the cooking process is a result of a lower WHC, which ultimately 

results in tougher, drier meat.  

T exposure for poultry can have substantial impacts on the cook loss of meat. Holm and 

Fletcher (1997) theorized that higher cook loss can be the result of meat with a lower muscle pH. 

However, their study found that muscle from broilers exposed to a T of 29°C demonstrated a 

cook loss of 27.26% which was a significant reduction compared to 7°C and 18°C which had 

27.96% and 28.27% respectively. A T exposure of 38°C ante-mortem for turkeys demonstrated a 

lower muscle pH value and WHC after slaughter (Babji et al., 1982). However, the cook loss 

between control and cold groups was 24.76% and 24.18% respectively, and turkeys subjected to 

hot T had a cook loss of 26.63%, which indicated no significant difference. Dadgar et al. (2012a) 

found that cold-DFD broiler breast muscle had a reduced cook loss compared to cold normal and 

control breast muscle.  Therefore, adverse environments can lead to changes in meat quality and 

by association, cook loss.  

1.6 Conclusion 

Transport is a critical component to the poultry industry. However, transport factors 

including climatic conditions, travel D, and bird condition can present a significant welfare 

concern. Hot and cold T with varying RH can substantially impact birds during transport and 

potentially lead to an increase in mortality. Additionally, long transport D and inadequate FC can 

exacerbate poor transport conditions and further increase mortality rates. In order to understand 

the impact of transport conditions it is imperative to examine bird behavioural and physiological 

changes as well as impacts on muscle characteristics post-mortem. Past research indicates that 

thermal stress, D, and FC may all play a role in influencing bird’s behaviour, physiology, and 

muscle characteristics. However, the majority of previous research has focused on meat birds 

such as broilers and turkeys, and the effects of transport on EOCH are still not well understood. 

Furthermore, there is limited literature on the relationship between T/RH combinations, D, and 

FC. Therefore, the data from this study will aid in understanding the overall impact of both 

thermal stress, transport D, and FC on the behaviour, physiology, and muscle characteristics of 

white-feathered EOCH. 
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1.7 Objectives 

The main objective of this study is to examine and assess the stress responses exhibited 

by WF and PF white strain EOCH when exposed to hot, neutral, and cold T/RH combinations for 

a D of 4, 8, or 12h. 

To accomplish this, two specific objectives were evaluated: 

• Investigation on the impacts of T/RH combination, D, and FC on EOCH behaviour and 

blood physiology 

• Investigation on the impacts of T/RH combination, D, and FC on EOCH muscle 

physiology 

1.8 Hypotheses 

The primary hypothesis for this study is that the T/RH combinations along with D and FC 

will have varying effects on EOCH behaviour, blood, and muscle physiology, as a result of cold 

or heat stress at extreme environments as the hens attempt to cope.  

The secondary hypotheses for this research are outlined below: 

Behaviour: 

1. Thermoregulatory behaviours will increase in extreme T/RH combinations (-10°C with 

uncontrolled RH, 30°C with either 30% or 80%RH) over extended D for WF and PF hens 

in an attempt to cope. 

Physiological: 

1. CBT will increase with hot T and high RH with an extended D, particularly for WF hens, 

while a decline in CBT is expected to impact PF hens more significantly when exposure 

to cold T with uncontrolled RH for extended D.  

2. Glu is anticipated to rise initially from the mobilization of glycogen from storage, but 

decline over time as accessible Glu is used to cope with heat or cold stress. 
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3. Longer D of water deprivation along with defecation is anticipated to decrease electrolyte 

(Na+) levels and increase Hb, and Hct as the blood components become more 

concentrated. 

4. Panting behaviour related to heat stress from hot T and high RH exposure is expected to 

change blood physiology parameters (blood pH, PCO2, TCO2, PO2, SO2, HCO3
-
, and 

BEecf) to reflect the development of respiratory alkalosis over time, particularly for WF 

hens. 

5. Irrespective of heat stress or cold stress, H/L ratios will increase from the activation of 

the HPA axis in response to subjected stress, but higher ratios will be identified with 

longer exposure D and unsuitable FC. 

Muscle Physiology: 

1. Irrespective of hot or cold T/RH combinations, live shrink was anticipated to increase due 

to feed and water deprivation and using energy reserves for thermoregulation.   

2. During hot T and high RH, the rate of glycolytic metabolism post-mortem was 

anticipated to rise, resulting in a decrease in pH, increased likelihood of PSE muscle 

characteristics, and a rise in drip, thaw, and cook loss.  

3. During cold T exposure, the rate of glycolytic metabolism post-mortem was expected to 

either decline or remain unchanged, leading to a rise in pH, increased likelihood of DFD 

muscle characteristics, and a decrease in drip, thaw, and cook loss. 
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2.0 Chapter 2: Effects of temperature and relative humidity combinations 

on the behaviour and physiology of poorly-feathered and well-feathered 

white strain end-of-cycle hens 

 

The objective of this work was to assess the impacts of different temperature and relative 

humidity combinations during simulated transport for poorly-feathered and well-feathered white 

strain end of cycle hens for specific durations on behaviour and physiology. Chapter two focuses 

on thermoregulatory behaviours and physiological parameters including core body temperature, 

blood pH, acid-base balance, blood gases, blood glucose, blood electrolytes, heterophil to 

lymphocyte ratios, hemoglobin, and hematocrit.  

The following study was possible thanks to the input of many colleagues. Advisor, Dr Karen 

Schwean-Lardner and committee member Dr Trever Crowe were responsible for the project 

development, grant application (funding sources: Egg Farmers of Canada, NSERC, Maple Lodge 

Farms, and Olymel), experimental design, assistance in data interpretation, and thesis review. 

Lab assistant Kailyn Beaulac oversaw the project management. Graduate chair Dr Ryan Brook 

and advisory committee members Dr Jennifer Brown and Dr Rex Newkirk offered valuable 

insight during the reviewing process. Finally, as the first author, my role involved data 

collection, analyses, presentations and the preparation of the following thesis.



  

50 

 

2.1 Abstract 

The purpose of this study was to evaluate the impact of temperature (T)/RH, duration 

(D), and feather cover (FC) on white-feathered end-of-cycle hen (65-70 wk) behaviour and 

physiology. Three replicates (three farms) of 210 hens were divided into two FC (105 well-

feathered (WF), 105 poorly-feathered (PF)), three D (4, 8, 12h), and five T/RH (-10°C 

uncontrolled RH (-10), 21°C with 30 (21/30) or 80% RH (21/80), 30°C with 30 (30/30) or 80% 

RH (30/80)) in a factorial arrangement to create treatments (tx). Crates (three; one/D/replicate) 

were divided in half for each FC (seven hens/side) and placed in a climate-controlled chamber. 

Pre-exposure, all hens were fasted (6h), five hens/tx were orally administered a data logger to 

record core body temperature (CBT; baseline measures for 5min) and were blood sampled for 

heterophil to lymphocyte (H/L) ratio. Blood parameters were measured for three hens/tx 

including glucose (Glu), hemoglobin (Hb), hematocrit (Hct), sodium (Na+) concentration, acid-

base, and blood gas parameters. Behaviour was recorded during exposure and analyzed using 

5min scan sampling. Post-exposure, a second blood sample was taken (delta (∆) values 

calculated). Data were analyzed as a randomized complete block design using ANOVA (PROC 

MIXED, SAS 9.4; blocked by farm) with significance at P≤0.05. Mortality was higher for PF 

hens at -10 compared to WF (33.3% vs. 3.17%; P<0.01). Hen ∆CBT had a greater (positive) 

change at 12h for all T/RH compared to 4h at 21/30, 21/80, and -10 (negative). Hen ∆Glu had a 

greater (negative) change at 4 and 12h for -10 than 4h at 21/30, and all D for 21/80, 30/30, and 

30/80. Hen ∆Na+, ∆Hb, and ∆Hct had a greater (positive) change for -10 PF than WF (negative). 

Shivering and motionless behaviours were expressed more frequently in the -10 treatment, while 

panting was observed at a higher frequency in the 30/30 WF birds and at 30/80 for both FC 

combinations. Generally, cold exposure resulted in increased mortality, thermogenesis responses, 

and larger negative ∆CBT, ∆Glu, while WF hens had a larger negative ∆Na, ∆Hb, and ∆Hct. 

Keywords: layer, transport, blood physiology, thermoregulatory behaviour, welfare. 
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2.2 Introduction 

The layer industry involves a system of integrated steps that follow birds from the 

hatchery to end-of-lay procedures such as processing. Throughout this integrated system, birds 

will be transported at least once in their lifetime, making transport an essential component for the 

poultry industry (Dadgar et al., 2010). Recently, transport has undergone public scrutiny for its 

potential welfare concern (Schwartzkopf-Genswein., 2012). The factors impacting bird welfare 

for transport can be multifactorial and include fasting, catching, handling, loading, social stress, 

noise, vibration, and lairage (Freeman, 1984). However, areas of prevalent concern during 

transport identified through prior research are the effects of temperature and relative humidity 

(T/RH) combinations, duration (D), and feather cover (FC). 

 In Canada, commercial poultry transport companies predominantly utilize transport 

trailers with passive ventilation, which are equipped with side curtains that can be open or drawn 

depending on external weather conditions (Knezacek, 2005). The lack of controlled ventilation 

that can occur within these transport trailers, particularly when curtains are closed, can impede 

airflow, influencing the circulation of heat and moisture within the load and create a thermal 

gradient (Knezacek, 2005). Crate positioning within the transport trailers as well as the bird’s 

position in the crate can subject them to unavoidable thermal stress. This, coupled with 

prolonged exposure and the potential for inadequate FC characteristics of end-of-cycle hens 

(EOCH), can be detrimental to the bird’s welfare.  

To mitigate the impact of transport stressors, birds will utilize behavioural and 

physiological mechanisms. During adverse conditions, animals such as EOCH first response is 

behavioural (Broom, 1986, 1990). Behavioural coping mechanisms can be used in attempts to 

relieve distress, uncertainty, and lack of control over environmental factors (Broom, 1985, 1986). 

Since transport can be associated with thermal stress, birds may display thermoregulatory 

behaviours such as panting during hot T and high RH exposure and pteroerection, shivering, or 

huddling during cold T.  

During transport, physiological responses allow poultry to use homeostatic mechanisms 

to mitigate the harmful effects of stressors. Homeostatic mechanisms utilize the autonomic 
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nervous system, specifically the sympathetic system to produce noradrenaline (Warriss, 2000), a 

neurotransmitter known to initiate the “fight or flight” response (Cannon, 1932), which results in 

a variety of physiological changes. Therefore, monitoring physiological changes to core body T 

(CBT), blood glucose (Glu), electrolytes such as sodium (Na+), hemoglobin (Hb) and hematocrit 

(Hct), blood pH, acid-base balance, blood gases, and heterophil to lymphocyte (H/L) ratio 

provide insight into what physiological stress the birds may be subjected to (Ait-Boulahsen et al., 

1989; Mitchell and Kettlewell, 1998; Warriss, 2000; Zhang et al., 2009). If homeostasis is 

compromised, then the bird is at risk of damage, which can lead to death (Freeman, 1984). 

Poultry, which are homeotherms (Yahav, 2009), maintain their body T within a normal 

range of 40.5 to 42.5°C (Dadger et al., 2010). When poultry are exposed to extreme 

environmental conditions, body T will be affected as the birds attempt to cope (Dadgar et al., 

2010). Due to the microclimate in poultry transport, thermal stress can be a significant concern 

(Mount, 1979; Mitchell and Kettlewell, 1998). During hot and humid environmental conditions, 

the birds may be heat-stressed, resulting in hyperthermia (Hunter et al., 1999). In contrast, cold 

environmental conditions subject the birds to cold stress, potentially leading to hypothermia 

(Hunter et al., 1999). For 1yr old laying hens specifically, severe hypothermia in which death 

occurs was reported when body T reached 27.8 to 29.4°C (Sturkie, 1946). 

The primary energy resource for poultry is Glu which plays a significant role in 

metabolic processes (Zhang et al., 2009). The release of corticosterone (CORT) as a result of the 

activation of the hypothalamus-pituitary-adrenal (HPA) axis from stress leads to various 

functions impacting Glu, including mobilization via glycogenolysis (from fat stores) and 

gluconeogenesis (from protein stores; Zhang et al., 2009; Sherwood et al., 2013). The release of 

Glu from these sources is then circulated in the blood and utilized to cope with stressors. The Glu 

levels are an indicator of remaining energy reserves left after a bird has been faced with adverse 

conditions such as thermal stress during transport. 

 Transport practices facilitate the imbalance of electrolytes. During commercial transport, 

poultry have feed and water withdrawn in preparation for the slaughter process. Birds defecate 

during transport, as well as utilize energy reserves, which decrease water molecules and 

imbalance electrolyte levels.  
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Similar to electrolytes, Hb and Hct, which are necessary to maintain homeostasis during 

periods of high metabolic demands and thermal stress are influenced by dehydration (González 

et al., 2007). Dehydration leads to a decrease in the volume of fluid in the blood (Morimoto, 

1990) resulting in an increase in Hb and Hct levels (Arad, 1983). Panting from heat stress or 

thermogenesis from cold stress results in dehydration and consequently, influences Hb and Hct 

values.  

Thermal stress can affect the bird’s ability to maintain acid-base homeostasis. Blood pH 

is influenced by the concentration of hydrogen (H+) and hydroxyl ions in the blood. Blood pH 

levels can be modified to cope with the stressors by regulating acidic metabolites in order to 

defer changes to the acid-base balance (Borges et al., 2004). Excess H+ ions combine with 

biocarbonate (HCO3
-) molecules to create carbonic acid (H2CO3) which is converted to carbon 

dioxide (CO2) and H2O via carbonic anhydrase. CO2 is exhaled via the lungs and H+ ions 

excreted by the kidneys, leaving HCO3
- molecules to maintain acid-base balance (Borges et al., 

2004).  Blood pH is negatively correlated to partial pressure carbon dioxide (PCO2) and 

positively correlated to partial pressure oxygen (PO2; Sauer et al., 2019). Exhalation of CO2 

particularly for panting behaviour during heat exposure results in a decrease of PCO2 

(Sandercock et al., 2001; Borges et al., 2004; Sherwood et al., 2013), and by association total 

carbon dioxide (TCO2) concentration within the blood. Buffering molecules circulating in the 

blood include HCO3
- concentrations which has a positive correlation to TCO2 concentration and 

base excess in extracellular fluid (BEecf; Sauer et al., 2019) which are used to maintain acid-

base balance (Reece et al., 2015).  

A physiological indicator of stress in poultry is a rise in H/L ratio (Gross and Siegel, 

1983) which can aid in evaluation of an assortment of transport-related stressors such as pre-

transport processes (feed/water restrictions, catching, handling, and loading), on-trailer 

experience (thermal stress, vibration, acceleration, noise, and motion), and new environment 

(social disruption and restricted behaviour; Ghareeb et al., 2008). Stress elicits an increase in 

CORT through the activation of the HPA axis (Mitchell and Kettlewell, 1994) which leads to 

either a rise in the production of H, a decrease in circulating L, or combination of both resulting 

in a higher H/L ratio (Zulkifli and Siegel, 1995). Raised H/L ratios can be found in the blood 
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circulation of birds for as long as 24 to 48h following a high-stress situation, making it a useful 

parameter for measuring stress level and bird welfare (Gross and Siegel, 1983).  

In general, studies on other bird types have indicated that heat exposure results in 

increased mortality, behaviours related to heat stress, increased CBT, and changes to blood 

physiology parameters (Parker and Boone 1971; Ait-Boulahsen et al., 1989; Sandercock et al., 

2001; Borges et al., 2004; Toyomizu et al., 2005; Warriss et al., 2005; Akşit et al., 2006; Menten 

et al., 2006; González et al., 2007; Zhang et al., 2009; Vosmerova et al., 2010; Vermette et al., 

2017). Meanwhile other poultry species in past research have generally demonstrated the ability 

to cope with cold exposure (Dadgar et al., 2010, 2011, 2012a, b; Strawford et al., 2011; 

Henrikson et al., 2018), however some mortality have been reported (Knezacek et al., 2010; 

Vecerek et al., 2016). Birds in past studies exhibited behaviours related to cold stress and 

demonstrated a decrease in CBT (Dadgar et al., 2010, 2011, 2012a, b; Knezacek et al., 2010; 

Strawford et al., 2011; Watts et al., 2011; Henrikson et al., 2018). Many of these past studies 

have had limited analyses conducted on blood physiology parameters for birds exposed to cold 

T/RH combinations (Hester et al., 1996; Dadgar et al., 2011, 2012a, b; Strawford et al., 2011; 

Henrikson et al., 2018). Therefore, this study will evaluate the impacts on behaviour and blood 

physiology for well-feathered (WF) and poorly-feathered (PF) EOCH exposed to heat and cold 

stress, at various D, which has not previously been studied.  

The objective of this study was to examine the effects of various T/RH combinations and 

D on the behaviour and physiology of WF and PF white strain EOCH. Behavioural expression 

examined included those associated with thermoregulation. Physiological parameters evaluated 

included CBT, Glu, Na+, Hb, Hct, acid-base balance (blood pH, HCO3
- and BEecf), blood gases 

(PCO2, TCO2, PO2, and saturated oxygen (SO2)), and H/L ratio. It was hypothesized that the 

T/RH combination along with D and FC would have varying impacts on EOCH behaviour and 

physiology as a result of cold or heat stress in extreme environments as the hens attempted to 

cope.  
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The specific hypotheses for this study are as follows: 

Behaviour: 

1. Thermoregulatory behaviours will increase in extreme T/RH combinations and longer D for 

WF and PF hens in an attempt to cope. 

Physiological: 

2. CBT will increase with hot T and high RH and longer D particularly for WF hens, while a 

decline in CBT is expected to be the result of cold environmental T with uncontrolled RH, longer 

D times, impacting PF hens in particular.  

3. Glu is expected to rise initially from the mobilization of glycogen from storage, but will 

decline over time as accessible Glu is utilized as a result of heat or cold stress. 

4. Increased periods of water deprivation coupled with defecation is expected to lower electrolyte 

(Na+) levels and increase Hb, and Hct as the blood components become more concentrated.  

5. Panting behaviour associated with heat stress from hot T and high RH exposure is anticipated 

to change blood physiology parameters (blood pH, PCO2, TCO2, PO2, SO2, HCO3
-
, and BEecf) in 

association with the development of respiratory alkalosis over prolonged D, particular for WF 

hens.  

6. H/L ratios will increase as a result of heat or cold stress and activation of the HPA axis, but 

higher ratios will be observed for longer D and unsuitable FC. 

2.3 Materials and Methods 

2.3.1 Experiment 

The procedures for this experiment were approved by the University of Saskatchewan’s 

Animal Care Committee and was performed under the guidelines set out by the Canadian 

Council on Animal Care (1993, 2009) as specified in the Guide to the Care and Use of 

Experimental Animals. 
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This experiment was conducted to investigate the impact of T/RH combinations, 

transport D, and FC on white strain EOCH behaviour and physiology during simulated transport. 

Three replications of 210 white-feathered EOCH (105 WF and 105 PF) were used throughout the 

experiment (total of 630).   

Five T/RH combinations were designated and are outlined in Table 2.1 (-10ᵒC, 

uncontrolled RH (-10), +21ᵒC, 30%RH (21/30), +21ᵒC, 80%RH (21/80), +30ᵒC, 30%RH (30/30), 

and +30ᵒC, 80%RH (30/80)). Birds were exposed to 1 of the 5 T/RH combinations for either 4, 

8, or 12h in climate-controlled chambers. Finally, within each T/RH combination and D, there 

was an even ratio of WF to PF hens. Therefore, the total treatments encompass 5 T/RH 

combinations, 3 D, and 2 FC. 
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Table 2.1 A description of the five different environmental treatments used. 

 

 

Treatment Details 

-10 Temperature: -10°C; uncontrolled humidity  

21/30 Temperature: +21°C; RH: 30% 

21/80 Temperature: +21°C; RH: 80%  

30/30 Temperature: +30°C; RH: 30%  

30/80 Temperature: +30°C; RH: 80%  
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2.3.2 Birds and Housing 

Lohmann LSL Lite EOCH (65 to 70wks) from each replicate unit were purchased from a 

local producer within a 120km radius of Saskatoon three to five days before data collections to 

allow the birds to acclimatize. The hens were transported via stacked transport crates in an 

enclosed van to a barn on the University of Saskatchewan campus where the birds were placed in 

two floor pens (3.9 x 3.0m). One pen contained WF hens, defined as birds with ≥50% FC, while 

the other included PF hens, which had <50% (Figure 2.1). The feather scoring system (Table 2.2) 

used to establish these groupings was a modification of the Sarica et al. (2008) four-point scoring 

system, where scores one and two were grouped as PF hens, while scores three and four as WF 

hens. Hens were provided straw litter and access to ad libitum food and water (except for a 6h 

withdrawal period before testing). There were three tube feeders (Farm-Tuff 125HF, 38cm 

diameter) and two bell waterers (36 cm diameter) provided per pen, and the feed was purchased 

from the producer to maintain consistency from the farm of origin. The lighting was provided by 

five light-emitting diode bulbs producing approximately five lux intensity at bird height. The 

daylight cycle mimicked the farm of origin. The T/RH of the barn were recorded hourly via three 

ibutton HygrochronTM data loggers (DS1923-#F5, Maxim Integrated; San Jose, CA, USA) from 

the time the birds arrived on site until slaughter. Barn T was approximately 15°C to 18°C with a 

RH of 40 to 60%. 
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Figure 2.1 Photograph of the two feather categories (poorly-feathered (PF) and well-feathered (WF)) used in the study. The bird on 
the left has a feather score of <50% feather cover (PF) while the bird on the right has a feather score of ≥50% feather cover (WF). 
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Table 2.2 Definitions of feather categories used. The definitions are a modification of a four-point scoring system for feather coverage 
from Sarica et al. (2008). Scores one and two have been grouped together as poorly-feathered birds, while scores three and four are 
grouped as well-feathered birds. 

Feather Coverage Score Definition 
Poorly Feathered (PF) 1 <25% feather coverage on the neck, chest, tail, back wings 

2 ≥25% to <50% feather coverage on the neck, chest, tail, back wings 

Well Feathered (WF) 3 ≥50% to <75% feather coverage on the neck, chest, tail, back wings 

4 ≥75% to ≤100% feather coverage on the neck, chest, tail, back wings 
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2.3.3 Climate-controlled Chambers and Modified Experimental Modular 

Crates 

Stationed in the Engineering building on the University of Saskatchewan campus were 

two climate-controlled chamber rooms (Figure 2.2; Henrikson et al., 2018). During simulated 

exposure lighting in the chamber rooms was turned off. The chamber rooms included concrete 

flooring and metal walls. The volume of each chamber room was either 21.8 or 18.9m3 and air 

flow varied to maintain set T/RH combinations. The T/RH combination was monitored in real-

time by one thermocouple (Omega HH509, Omega Engineering; Laval, QC, Canada, located in 

the middle of the chamber room) and a RH sensor in each chamber (HM1500LF, Measurement 

Specialities, Inc; Toulouse, France, located on the opposite side of the steam generator exhaust 

pipe (100%RH capacity; Nortec, H.V.A.C Sales (1995) LTD)). A steam generator (one; 

controlled by a computer software system (LabVIEW)), humidifiers (one or two with a 60%RH 

capacity; Essick Air Products Evaporative Humidifier) or a dehumidifier (one; NOMA, 

dehumidifier) were used to control RH level within the chambers. The T/RH systems were 

started 2h before pre-treatment procedures to allow the chamber environment to reach and 

stabilize at the experimental conditions.  
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Figure 2.2 Photograph of one of two climate-controlled chambers in the engineering building at 
the University of Saskatchewan used for this study. The image includes two infrared cameras, 
three crates for different duration times, and temperature and relative humidity sensors. 
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The chamber rooms contained a wooden table which held three modified experimental 

modular crates (0.56 x 0.39m half the crate), each labelled with their respective chamber (and 

corresponding T/RH combination, D, and FC; Figure 2.3). Each crate held 14 hens (total of 42 

EOCH/chamber) and was divided in half, with 7 PF hens (<50% FC) on one side and 7 WF hens 

(≥50% FC) on the opposite side. The stocking density for each half of the crate was 7 hens 

(approximately 53kg/m2), which is below the recommended commercial transport stocking 

density for EOCH of 63kg/m2 to allow visual behavioural assessment. The groups of WF or PF 

hens were randomized during placement in the modified experimental modular crate (replicate 

unit containing 7 EOCH) to remove experimental error due to location. Each crate had a 

removable lid (wood and chicken wire). Inside the crate, the middle partition was fitted with one 

HygrochronTM data logger at bird level to recorded T/RH experienced in the crate at 1min 

intervals.
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Figure 2.3 Photograph of a chamber crate used to hold hens during trials. Each crate is utilized for a specific duration and is equipped 
with a partition that divided well-feathered birds from poorly-feathered birds (seven hens/side).
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2.3.4 Data Collection 

Pre-Treatment Procedure 

Feed was withdrawn from the hens 6h before being placed in the climate-controlled 

chambers (10 to 18h from the time of slaughter). Water was provided in a galvanized waterer 

(30cm diameter) until the point of capture and pre-treatment procedures. All birds were wing-

banded, and a sub-sample (n=5) were orally administered an iButton ThermochronTM T data 

logger (DS1922L, Maxim Integrated; San Jose, CA, USA) to record internal CBT throughout the 

experiment. A 2ml blood sample was collected in an Ethylenediamine Dipotassium Tetraacetic 

Acid (EDTA) anticoagulation tube (BD vacutainer) for iStat measures (Abaxis Vetscan i-STAT 

1) using a 22-gauge needle from the brachial vein of three hens/treatment/replicate. Blood 

analyses were conducted by drawing blood from the EDTA tube using a plastic transfer pipette, 

placing two to three drops of blood into an iSTAT cartridge (I-STAT CG8+ Vet Scan) and 

placing the cartridge in the iSTAT machine for evaluation of Glu, Na+, blood pH, PCO2, TCO2, 

PO2, SO2, HCO3
-
, Hb, and Hct.  

Similarly, a 2ml blood sample was collected in an EDTA anticoagulation tube (BD 

vacutainer) from an additional two hens (five hens per treatment for blood samples) using the 22-

gauge needle from the brachial vein for H/L ratio analyses. Finally, one hen/treatment/replicate 

was injected with a subcutaneous T transponder (IPTT-300, BioMedic Data Systems, Inc; 

Seaford, DE, USA) which was placed beneath the skin under the wing to monitor live time body 

surface T during the experiment. Hens with transponders were marked using livestock paint to 

track their T throughout the treatment, assisting in the identification of a humane endpoint as 

described below. Once the hens were placed in the temporary transport crates, they were given a 

minimum resting period of 5min, to collect baseline CBT values. 

Treatment Procedure 

After the resting period, EOCH were transported in an enclosed van from their holding 

site to the Engineering building prior to chamber start time. Start times were staggered, providing 

adequate time between treatments for collections (Table 2.3). Hens were transferred upon arrival 
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from temporary transport crates to one of three modified experimental modular crates (three 

crates/chamber). Initially, three crates were placed in the chamber, with the first crate removed 

after 4h, the second crate at 8h, and the third at 12h. During exposure, transponder readings were 

recorded for the EOCH in the extreme T/RH combinations (30/80 and -10) using a transponder 

wand (BMDS IPTT DAD-8007-IUS) every 30min to monitor surface body T. Hens in other 

T/RH combination exposures were disturbed every 30min to maintain consistency across 

treatments.  
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Table 2.3 An example of the crate rotation in the climate-controlled chambers. 
  Hot temperature, low RH 

chamber (30°C 30% RH) 
Neutral temperature, low RH 
chamber (21°C 30% RH) 

Day Time Crates in Crate out Crates in Crate out 
One 5pm 1C1-4h 

C2-8h 
C3-12h 

   

 7pm   C4-4h 
C5-8h 
C6-12h 

 

 9pm  C1   
 11pm    C4 

 1am  C2   
 3am    C5 

 5am  C3   
 7am    C6 

  Hot temperature, high RH 
chamber (30°C 80% RH) 

Cold temperature, 
uncontrolled RH chamber 
(-10°C uncontrolled RH) 

Two 5pm C7-4h 
C8-8h 
C9-12h 

   

 7pm   C10-4h 
C11-8h 
C12-12h 

 

 9pm  C7   
 11pm    C10 

 1am  C8   
 3am    C11 

 5am  C9   
 7am    C12 

  Neutral temperature, high RH 
chamber (21°C 80% RH) 

  

Three 5pm C13-4h 
C14-8h 
C15-12h 

   

 9pm  C13   
 1am  C14   
 5am  C15   
1 Crate number (C1 to C15) 
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Each chamber was equipped with two infrared video cameras to record hen behaviour 

throughout the treatment for later analyses. The first camera recorded the 8h and 12h EOCH, 

while the second recorded the 4h hens. After 4h of exposure, the first crate (containing birds) 

was removed and transferred to the processing room for final measurements, slaughter, and 

processing. A similar procedure was conducted for the 8 and 12h crates. 

Post Treatment and Slaughter Procedure  

Hens were transferred from the climate-controlled chambers to the processing room 

immediately after exposure D (no lairage provided). Blood samples were obtained using the 

same method as pre-treatment measurements. Hens were slaughtered mimicking commercial 

slaughter procedures. The hens were hung on shackles and stunned with an electric stunning 

knife (VS200, Midwest Processing Systems; Minneapolis, MN, USA) for 30sec on power setting 

five to six (circa 0.16 amps, 60 Hz AC), or until the wing-droop response or loss of nictitating 

membrane reflex was observed (Henrikson et al., 2018). Carcasses were hot-water scalded at 

68°C (Chicken Dipper Dual Element Scalding Tank DUX, 115 volts; DUX Industries; Lincoln, 

NE, USA), mechanically plucked (Featherman Feather Plucker K7080, 10.8 Amps; Featherman 

Equipment LCC; Suffolk County, NY, USA) and manually eviscerated. The iButton 

ThermochronTM T data logger was retrieved from the crop (or intestinal tract) of each of the five 

EOCH/treatment and may have had slight variation in CBT recordings based on location. Data 

from the iButton ThermochronTM and HygrochronTM data loggers was downloaded on a 

computer software system (WeeButton) and used for hen CBT and crate T/RH analyses. The 

transponder hen in the extreme T/RH combinations (30/80 and -10) was euthanized using 

manual cervical dislocation by a trained individual, and the transponder was removed.   

The hen delta or change in (∆) CBT from baseline was calculated by subtracting the 

mean CBT during the last hour of exposure from the mean baseline measures (Henrikson et al., 

2018). The CBT baseline measures were obtained in the final 5min before transport from the 

holding site to the climate-controlled chambers. Due to human error, the baseline measures were 

not gathered during data collection for the first replicate. Therefore, a pilot study, where the 

objective was to determine what baseline CBT parameters would be acceptable, was conducted 

on a group of five, 20wk old white-feathered laying hens, equipped with iButton ThermochronTM 
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T data loggers. The results indicated that the devices took 15min to equilibrate within the crop of 

the bird. The baseline CBT of the hens exposed to neutral (21°C/30 to 50%RH) T/RH 

combination in the pilot study was not significantly different from the first 5min of hens 

exposure to T/RH combinations in the simulated chamber. Therefore, for the first replicate, the 

initial 5min of exposure was used for baseline measures since the devices would have 

equilibrated to the CBT of the hens without the influence of exposure conditions. Baseline 

measures were used as an alternative to calibrating data loggers because the devices behave 

linearly, therefore by calculating ∆CBT, the offset of the devices was removed, and the ∆ values 

can be reported with confidence. 

Blood Measurement and Blood Smear Preparation and Staining 

Blood analyses on the pre- and post-exposure values were collected for all the blood 

physiology parameters, with the focus of this study on the ∆blood physiology. The ∆ values were 

calculated by subtracting initial values from final values. Unfortunately, some initial and final 

blood values were lacking due to mortality, hematomas, or equipment malfunction. These 

includes initial blood physiology measures from the -10 8h WF (1 data point lost), 21/30 8h PF 

(2 data point lost), 30/30 4h WF, and 30/80 12h WF (1 data point lost) and final measures from 

the -10 4h WF (2 data point lost), -10 12h PF (2 data point lost), 21/30 12h PF (1 data point lost), 

and 30/80 4h WF (1 data point lost). The blood physiology parameters that did not have both 

initial and final values were excluded during data analyses.  

Blood smears were prepared on the same day as blood collections. Blood smears were 

made from taking a small drop of blood which was transferred from each EDTA tube to a glass 

slide and smeared manually using the two-slide wedge method. Smears were allowed to dry for a 

minimum of 24h before staining with PROTOCOLTM Hema 3TM (Fisher Scientific; Ottawa, ON, 

Canada). They were then allowed to air-dry before being stored in slide boxes. The H/L ratio was 

determined by viewing the slides on a microscope (B-290TB; Optika©; Bergamo, Italy) at 100x 

magnification using an oil immersion lens. The first 100 leukocytes were differentiated, and the 

H/L ratio of these 100 was determined by dividing the number of H by the number of L.  
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Behaviour Analyses 

Video recording captured the entire D of exposure in the climate-controlled chamber. 

Behavioural data were obtained by one observer performing instantaneous scan sampling at 5min 

intervals from the recorded video. If required to establish the activity, the video was viewed for 

5sec before/after the set timepoint. The behaviours that were anticipated were defined from 

Webster and Hurnik (1990), Hurnik et al., (1995), Webster (2000), EFSA (2011), Rault et al. 

(2016), and Henrikson et al. (2018; Table 2.4). If the performed behaviour was unable to be 

identified on recorded video, the behaviour was recorded as no observation. Behaviours that 

were observed at low frequency were combined into the low incidence behavioural category, 

which included head movement, wing shake, tail movement, stretch, twitch, scratch, object 

pecking, aggressive pecking, and no observations. Hens that were suspected of having perished 

during exposure were included in the low incidence behaviour category.  
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Table 2.4 Ethogram of behavioural responses to simulated transport. 
Behaviour Definition 
Motionless The hen is stationary in either a sitting, crouching, or standing position with 

both feet and potentially body in contact with the floor (Rault et al., 2016; 
Henrikson et al., 2018). The hen will have no apparent movement and may 
be in a collected posture (while either standing or sitting) with head and neck 
retracted and eyes open or closed. The beak may potentially be oriented 
towards the floor (Webster and Huenik 1990; Webster 2000) 

Active Locomotive movement in an attempt to move feet or wings or location 
(Webster and Huenik 1990; Rault et al., 2016; Henrikson et al., 2018) 

Object Pecking The beak is used in a short and quick forward motion, make contact with 
objects including sensors and the floor of the crate (Henrikson et al., 2018). 
This is often performed in a repetitive, stereotyped manner (Webster and 
Huenik 1990) 

Aggressive 
Peck 

The beak is used forcefully in a short and quick forward motion, making 
contact with another hen (Webster, 2000; Henrikson et al., 2018) with the 
intent to injure 

Burrowing Digging into and making passageway through some material (Hurnik et al., 
1995). Downward motion to get underneath another bird 

Preen Manipulation of feather cover along the bird’s body with the beak (Webster 
and Huenik 1990; Webster 2000; Rault et al., 2016; Henrikson et al., 2018) 

Gulp Opening the mouth wide and shutting it in one quick exaggerated motion 
Head Shake Body of the hen is immobile except for the quick, short, sharp movement 

consisting of a small displacement of the head in any direction or rotation of 
the head around its vertical or horizontal axis (Webster and Huenik 1990; 
Rault et al., 2016) 

Panting The hen’s beak is open while breathing (Henrikson et al., 2018) and 
respiration rate is abnormally rapid. Distinct thoracic movements (Hurnik et 
al., 1995) 

Shiver The wings or body of the hen quiver (Henrikson et al., 2018) or move from 
side to side in a rapid motion coupled with fluffed feathers  

Pteroerection Erection of feathers or fluffing (EFSA).  
Survey Quick head movements in an alert bird, suggesting visual surveillance of the 

environment (Webster, 2000; Henrikson et al., 2018) 
Rustling Bird shifts positioning in the crate without change in location 
Stretch A muscular activity, characterized by brief, forceful extension of limbs, 

and/or other parts of the body. Stretching is considered to be a comfort 
movement (Hurnik et al., 1995) 

No 
Observation 

Hens cannot be seen and behaviour cannot be characterized (Webster 2000). 
Potentially decease hens placed in this category 

Head 
movement 

Body of the hen is immobile except small displacement of the head in any 
direction or rotation of the head around its vertical or horizontal axis that has 
no obvious cause  

Wing shake Quick movement of the wing 
Tail movement Tail moves vertically, horizontally, fans in or out  
Twitch A brief contraction of skeletal muscle (Hurnik et al., 1995) 
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2.3.5 Statistical Analyses 

The experiment designed as a completely randomized block design (farm of origin as 

block) and arranged in a 5x3x2 factorial arrangement of T/RH combinations, D, and FC. The 

experimental unit was a crate section. Data were analyzed using an ANOVA with the Proc 

Mixed model procedure (SAS® 9.4, Cary, NC) with mean separation using the Tukey test. Data 

were checked for normality using the univariate procedure prior to analyses and log-transformed 

when Shapiro Wilk values indicated the data were not normally distributed. Differences were 

considered significant at P≤0.05. 

2.3.6 Humane Endpoint 

During this experiment, EOCH experienced hot and cold exposure in order to analyze 

hens’ response to T/RH combinations, D, and FC. If EOCH displayed undue distress and 

suffering (outside of the expected limits), the humane endpoint rule was applied. Expected stress 

responses within the acceptable limits included but were not limited to: panting, movement away 

from other birds, and vasodilation for heat exposure and huddling, pteroerection, 

vasoconstriction, and torpor (known as a temporary state of dormancy) for cold exposure. Hens 

displaying the above-mentioned thermoregulatory responses were not removed from the 

experiment since these behaviours were critical to understanding the influence of the climate 

conditions on the EOCH.  

Transponder readings reported the subcutaneous T of the EOCH every 30min (minimum) 

to assure hens were coping with climate conditions. A transponder reading between 35 to 40°C 

elicited an increased frequency of monitoring to every 15min. Transponder readings below the 

lethal T of 28°C (Sturkie, 1946) or hens demonstrating torpor were checked for signs of life 

(responsiveness and/or nictitating membrane reflex). An EOCH mortality >1 in a treatment 

resulted in the end of the treatment. 

For this experiment, the first replicate proceeded without activating the humane endpoint, 

established from Henrikson et al. (2018) study, despite three mortalities in the 12h -10 treatment. 

After the first replicate the humane endpoint based on Henrikson et al. (2018) study was 
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modified to include a mortality >1 in a treatment would result in the end of the treatment. During 

the second replicate the humane endpoint was applied for the PF hens in the -10 treatment. Thus, 

for the third replicate, PF hens for the -10 combination at 4, 8, and 12h were removed and 

exchanged with WF hens based on data to support that PF EOCH were incapable of handling 

these climate conditions and were experiencing undue suffering. 

2.4 Results 

Commercial Bird Traits: A summary of the commercial birds’ traits, including average BW, 

strain, age, and farm of origin found in this experiment is reported in Table 2.5. 
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Table 2.5 Summary of commercial bird traits used for the white feathered end-of-cycle hen simulated transport experiment. 
Run Farm Strain Age (weeks) Average Body Weight (kg) 

1 (April 30th to May 2nd, 2018) Farm A Lohmann LSL Lite 68  1.56 
2 (June 18th to June 20th, 2018) Farm B Lohmann LSL Lite 70  1.58 

3 (August 13th to August 15th, 2018) Farm C Lohmann LSL Lite 66  1.52 
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Chamber and Crate Conditions: The average T/RH combination experienced within each crate 

and the chamber is reported in Table 2.6.  

Chamber climatic conditions closely aligned with the targeted T/RH combinations. Cold 

exposure (-10 combination) had an average T of -8.89℃ with the uncontrolled RH of 70.28%. 

Hot exposure (30/30 and 30/80 combinations) had an average T of 30.71℃ and 29.97℃ with an 

RH of 39.01% and 80.90%, respectively. Lastly, neutral climatic conditions (21/30 and 21/80 

combinations) had an average T of 20.92℃ and 21.76℃ with an RH of 48.13% and 81.85%, 

respectively.  

However, ambient T/RH combinations may not represent the climatic conditions experienced by 

the EOCH. The average crate T/RH combination during cold exposure (-10 combination) at 4, 8, 

and 12h was -1.55℃/55.14%RH, 4.44℃/48.30%RH, and -1.20℃/57.44%RH, respectively.  The 

average crate T/RH combinations for hot exposures (30/30 and 30/80 combinations) at 4, 8, 12h 

was 34.27℃/32.00%RH, 34.04℃/31.59%RH, and 34.80℃/32.26%RH and 34.55℃/69.82%RH, 

33.42℃/71.56%RH, and 34.42℃/67.53%RH, respectively. Finally, the average crate T/RH 

combinations during exposure in the neutral climatic conditions (21/30 and 21/80 combinations) 

was 25.89℃/44.97%RH, 35.64℃/43.10%RH, and 27.66℃/42.23%RH and 26.02℃/68.06%RH, 

27.15℃/64.71%RH, and 30.13℃/57.55%RH, respectively. 
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Table 2.6 Average chamber conditions achieved and average crate conditions for temperature/relative humidity combinations1 during 
the entire duration of exposure. 

 -10 21/30 21/80 30/30 30/80 

Crate T (℃) RH (%) T (℃) RH (%) T (℃) RH (%) T (℃) RH (5) T (℃) RH (%) 
4h -1.55 55.14 25.89 44.97 26.02 68.06 34.27 32.00 34.55 69.82 
8h 4.44 48.30 35.64 43.10 27.15 64.71 34.04 31.59 33.42 71.56 
12h -1.20 57.44 27.66 42.23 30.13 57.55 34.80 32.26 34.42 67.53 

Chamber -8.89 70.28 20.92 48.13 21.76 81.85 30.71 39.01 29.97 80.90 
1Temperature/relative humidity (T/RH) combinations: -10°C uncontrolled RH (-10), 21°C 30%RH (21/30), 21°C 80%RH (21/80), 

30°C 30%RH (30/30), and 30°C 80%RH (30/80) 
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Feather Score: To ensure that overall FC was similar across all T/RH combinations and D, the 

scores were averaged using a modified four-point scoring system and analyzed to confirm lack of 

differences (Table 2.7). Hens exposed to the cold T/RH combination (-10) had a FC score of 2.8. 

Birds exposed to the hot T/RH combinations (30/30 and 30/80) demonstrated a FC score of 2.7 

and 2.6, respectively. Meanwhile, EOCH exposed to the neutral climatic conditions (21/30 and 

21/80) had a FC score of 2.6 and 2.7, respectively. The D exposure of 4, 8, and 12h had a FC 

score of 2.7, 2.7, and 2.7, respectively. The feather scores for the WF and PF variables were as 

expected, with WF hens having a FC score of 3.6, and the PF hens a FC score of 1.7.    

Mortality (%): Suspected mortality was reported during exposure and confirmed after hens 

were removed from the chamber. The majority of deaths occurred in the -10 PF treatments, with 

three bird deaths in the -10 PF 12h treatment in the first replicate run. The second replicate 

resulted in an additional mortality for the -10 PF treatment, with one bird death in the 4h, four 

bird deaths in the 8h, and six bird deaths in the 12h treatment. The mortality in the first and 

second replicates led to the removal of this treatment (-10 PF at 4, 8, and 12h) in the the third 

replicate. During the third replicate there was one bird death in the -10 WF 4h treatment and one 

bird death in the -10 WF 12h treatment. Additionally, there was one bird death in the 21/30 WF 

4h treatment. Although the percentage of mortality differed from both T/RH combination and FC 

(Table 2.7), there was an interaction between the two variables (Table 2.8). Mortality was 

highest in the -10 PF hens compared to all other treatments (Table 2.7, 2.8). There was no effect 

on D for mortality (Table 2.7). 

Core Body Temperature (CBT; ℃): The ∆CBT of hens demonstrated an interaction between 

T/RH combinations and D (Table 2.7, 2.9). At 12h across all T/RH combinations, hens ∆CBT 

had a greater positive change from baseline than at 4h for 21/30 and 21/80, followed by 4h at -10 

which had a negative change from baseline. There was no effect of FC for the ∆CBT from 

baseline of the EOCH (Table 2.7). 

A visual description of the change in CBT for hens with both FC over 4, 8, and 12h of exposure 

to T/RH combinations is depicted in Figure 2.4 (a-f). The hot (Figure 2.4 (a, b)) and neutral 

(Figure 2.4 (c, d)) T/RH combinations resulted in minor CBT increases in general, but D and FC 
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had limited effects demonstrated by the limited separation between the lines. The cold T/RH 

combination with live hens (Figure 2.4 (e)) demonstrated EOCH exposed to the cold T/RH 

combination that were able to survive the entire D for both FC, while mortality during cold 

exposure (Figure 2.4 (f)) reported EOCH, particularly the PF hens in the 12h D that died during 

exposure.
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Table 2.7 Feather score, mortality (%), and change in core body temperature (∆CBT; final-initial; ℃) parameters of 
temperature/relative humidity combinations1, duration of exposure2, and feather cover3 for white-feathered end-of-cycle hens. 
Parameter4 Temperature/RH Combinations P-value Duration P-value Feather Cover P-value 

-10  21/30 21/80 30/30 30/80  4h 8h 12h  WF PF  
Feather score 2.8 2.6 2.7 2.7 2.6 0.85 2.7 2.7 2.7 0.80 3.6a 1.7b <0.01 
Mortality 15.24a 0.79b 0b 0b 0b <0.01 1.48 1.97 4.93 0.24 0.95b 4.76a 0.03 

∆CBT -1.31 0.61 0.20 0.51 1.14 0.23 -1.01c 0.47b 1.71a <0.01 0.19 0.54 0.53 
P-value of interactions4 T/RHxD T/RHxFC DxFC T/RHxDxFC SEM5 

Feather score 0.96 0.33 0.66 0.98 0.105 
Mortality 0.09 <0.01 0.12 0.39 1.297 
∆CBT 0.02 0.98 0.84 0.94 0.247 
a,b,cMeans within a main effect with different superscripts are significantly different (P≤0.05) 
1Temperature/relative humidity combinations: -10°C uncontrolled RH (-10; n=15), 21°C 30%RH (21/30; n=18), 21°C 80%RH 
(21/80; n=18), 30°C 30%RH (30/30; n=18), and 30°C 80%RH (30/80; n=18) 
2Duration of exposure: 4, 8, and 12 hours (n=29) 
3Feather cover: well-feathered (WF; n=45) and poorly-feathered (PF; n=42) hens 
4Feather Score of 1= <25% feather cover, 2= ≥25 to <50% feather cover, 3= ≥50 to <75% feather cover, 4= ≥75 to ≤100% feather 
cover (Sarica et al., 2008); mortality is measured in %; change in core body temperature (∆ CBT; final-initial=Δ) measured in ℃ for 
the last hour of exposure 
5Standard error of the mean  
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Table 2.8 Mortality (% of hens): Interactions between temperature/relative humidity combinations1 and feather cover2 for white-
feathered end-of-cycle hens. 
 -10 21/30 21/80 30/30 30/80 
Mortality      
WF 3.17b 1.59b 0b 0b 0b 

PF 33.3a 0b 0b 0b 0b 

a,bMeans within different superscripts are significantly different (P≤0.05) 
1Temperature/relative humidity combinations: -10°C uncontrolled RH (-10; n=15), 21°C 30%RH (21/30; n=18), 21°C 80%RH 
(21/80; n=18), 30°C 30%RH (30/30; n=18), and 30°C 80%RH (30/80; n=18) 
2Feather cover: well-feathered (WF; n=45) and poorly-feathered (PF; n=42) 
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Table 2.9 Changes in core body temperature (∆CBT; final-initial; °C): Interactions between temperature/relative humidity 
combinations1 and duration of exposure2 for white feathered end-of-cycle hens. 

 -10 21/30 21/80 30/30 30/80 
∆CBT3      

4h -4.97c -0.88b -1.06b 0.29ab 0.91ab 
8h 1.12ab 0.71ab 0.11ab -0.10ab 0.86ab 
12h 2.34a 1.99a 1.55a 1.33a 1.65a 
a,b,cMeans within different superscripts are significantly different (P≤0.05) 
1Temperature/relative humidity combinations: -10°C uncontrolled RH (-10; n=15), 21°C 30%RH (21/30; n=18), 21°C 80%RH 
(21/80; n=18), 30°C 30%RH (30/30; n=18), and 30°C 80%RH (30/80; n=18) 
2Durations of exposure: 4, 8, and 12 hours (n=29) 
3Change in core body temperature (∆CBT; final-initial=Δ) measured in ℃ for the last hour of exposure 
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a)      b)       c) 

 
d)      e)      f) 

 
 

Figure 2.4 Change in core body temperature of white-feathered end-of-cycle hens during exposure to treatment. 
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Behaviour: The behaviour of EOCH was influenced by the variables tested in this experiment. 

Overall, hens spent most of their time either conserving energy (motionless) or performing active 

behaviours such as rustling, survey, head shaking, panting, and shivering. The remaining 

behaviours (active, burrow, preen, gulp, pteroerection, and other low incident behaviours) were 

observed less frequently.    

Motionless (% of time): An interaction between T/RH combinations and FC was 

observed for the percentage of time birds spent motionless (Table 2.11). Hens were less active in 

the -10 WF, 21/30, 21/80 WF and PF, and 30/30 PF hens compared to 30/30 and 30/80 WF hens 

(Table 2.12). No effect was observed for D on motionless behaviour (Table 2.10, 2.11). 

Active (% of time): Hens spent a greater percentage of time performing active 

behaviours in the 30/30 and 30/80 combinations compared to 21/30, 21/80, and -10 combinations 

(Table 2.10, 2.11). There was no effect of D or FC on active behaviour of the birds.  

Rustling (% of time): The EOCH in this study spent a greater percentage of time 

performing rustling behaviour for both the T/RH combinations and D (Table 2.10, 2.11). Hens 

spent more time performing rustling behaviour in the 30/30 and 30/80 combinations compared to 

the 21/30 and 21/80 combinations. Additionally, the birds were observed to spend more time 

rustling at 4h compared to 12h. No effect was found for bird FC on rustling behaviour. 

Surveying (% of time): Hens spent a greater percentage of time surveying at 4h 

compared to the 8h exposure (Table 2.10, 2.11). There was no effect for T/RH combinations and 

FC for surveying behaviour in the birds.   

Head-Shaking (% of time): Birds spent more time performing head-shaking in the -10 

combination compared to the 21/30, 21/80, and 30/30 combinations (Table 2.10, 2.11). There 

was no effect of D or FC on the performance of this behaviour in EOCH.  

Panting (% of time): There was an interaction between T/RH combinations and FC on 

the percentage of time hens spent panting (Table 2.11). Birds performing panting behaviour were 

observed more frequently for WF and PF hens in the 30/80 combination and WF hens in the 
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30/30 combination compared to -10, 21/30, and 21/80 combinations of WF and PF hens (Table 

2.12). No D effect was noted on panting behaviour in EOCH (Table 2.10, 2.11). 

Shivering (% of time): The EOCH in this study spent more time shivering in the -10 

combination compared to all other T/RH combinations (Table 2.10, 2.11). There was no D or FC 

effect on this behaviour.  

Burrowing (% of time): There was no effect of T/RH combinations, D, or FC on 

burrowing behaviour of EOCH (Table 2.10, 2.11).  

Preening (% of time): Hens spent a greater percentage of time preening in the 30/80 and 

30/30 combinations compared to 21/30 and -10 combinations (Table 2.10, 2.11). No effect was 

observed on D or FC for birds preening behaviour.  

Gulping (% of time): The T/RH combinations and FC for EOCH impacted the 

percentage of time spent performing gulping behaviour with increased time spent gulping in the 

21/80 combination compared to -10 combination (Table 2.10, 2.11). Additionally, WF hens 

performed gulping behaviour more frequently than PF hens. There was no D effect for gulping 

behaviour in the birds.  

 Pteroerection (% of time): Birds spent more time performing pteroerection in the -10 

combination compared to all other T/RH combinations (Table 2.10, 2.11). No effect was noted 

for D or FC on this behaviour for EOCH. 

Low Incidence Behaviours (% of time): Birds spent more time performing low 

incidence behaviours in the -10 combination compared to 21/30 and 21/80 combinations (Table 

2.10, 2.11). Furthermore, hens performed low incidence behaviours more frequently in the 8h 

exposure compared to the 4h exposure times. There was no effect noted for FC for low incidence 

behaviours in EOCH.  
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Table 2.10 Behaviour parameters (% of time) for temperature/relative humidity combinations1, duration of exposure2, and feather 
cover3 of white-feathered end-of-cycle hens. 
Behaviour Temperature/RH Combinations P-

value 
Duration P-

value 
Feather Cover P-

value 
-10 21/30 21/80 30/30 30/80  4h 8h 12h  WF PF  

Motionless 83.76ab 90.86a 90.70a 75.81bc 70.21c <0.01 81.63 82.54 82.30 0.84 79.47b 85.02a 0.01 
Active 0.34b 0.37b 0.42b 1.03a 1.28a <0.01 0.78 0.54 0.82 0.24 0.77 0.66 0.23 
Rustle 1.85ab 0.82b 1.00b 2.16a 1.92a <0.01 1.83a 1.44ab 1.29b 0.02 1.59 1.45 0.43 
Survey 3.13 2.75 2.97 3.33 2.48 0.70 3.75a 1.82b 3.11ab <0.01 3.03 2.79 0.74 
Head Shake 2.05a 0.88b 1.03b 1.08b 1.29ab 0.01 1.26 0.99 1.34 0.22 1.16 1.24 0.35 
Pant 0.06b 1.21b 0.20b 11.23a 17.69a <0.01 6.46 6.39 6.91 0.97 8.69a 4.32b <0.01 

Shiver 2.52a 0b 0b 0.01b 0b <0.01 0.71 0.11 0.16 0.08 0.35 0.32 0.59 
Burrow 0.04 0 0 0 0.02 0.11 0.01 0.02 0 0.28 0.01 0.01 0.53 
Preen 0c 0.43bc 0.60ab 0.92a 0.97a <0.01 0.57 0.55 0.79 0.24 0.55 0.73 0.24 
Gulp 0b 0.09ab 0.22a 0.07ab 0.11ab 0.02 0.13 0.16 0.03 0.06 0.15a 0.06b 0.03 
Pteroerection  0.25a 0.01b 0.04b 0.01b 0.04b <0.01 0.06 0.05 0.05 0.58 0.04 0.07 0.13 
Low 
incidence4 

6.05a 2.58b 2.82b 4.37ab 4.00ab <0.01 2.84b 5.40a 3.20ab <0.01 4.21 3.34 0.51 

a,b,cMeans within a main effect with different superscripts are significantly different (P≤0.05) 
1Temperature/relative humidity combinations: -10°C uncontrolled RH (-10; n=15), 21°C 30%RH (21/30; n =18), 21°C 80%RH 
(21/80; n=18), 30°C 30%RH (30/30; n=18), and 30°C 80%RH (30/80; n=18) 
2Duration of exposure: 4, 8, and 12 hours (n=29) 
3Feather cover: well-feathered (WF; n=45) and poorly-feathered (PF; n=42) hens 
4Low incidence behaviours: head movement, wing shake, tail movement, stretch, twitch, scratch, object peck, aggressive peck, and 
no observations 
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Table 2.11 The effect of temperature/relative humidity combinations1, duration of exposure2, and feather cover3 on behavioural 
expression parameters (% of time) for white-feathered end-of-cycle hens (interactions). 
Behaviour T/RHxD T/RHxFC DxFC T/RHxDxFC SEM4 

Motionless 1.00 0.03 0.53 0.91 1.435 
Active 0.37 0.96 0.44 0.83 0.079 
Rustle 0.16 0.37 0.38 0.77 0.110 
Survey 0.57 0.88 0.83 1.00 0.209 
Head Shake 0.45 0.48 0.70 0.23 0.092 
Pant 1.00 0.03 0.51 0.96 1.189 
Shiver 0.06 0.93 0.67 0.97 0.152 
Burrow 0.26 0.90 0.12 0.13 0.005 
Preen 0.99 0.35 0.84 0.11 0.060 
Gulp 0.14 0.44 0.08 0.59 0.023 
Pteroerection  0.22 0.73 0.29 0.60 0.017 
Low Incidence5 0.36 0.10 0.17 0.06 0.396 
1Temperature/relative humidity (T/RH) combinations: -10°C uncontrolled RH (n=15), 21°C 30%RH (n=18), 21°C 80%RH (n=18), 
30°C 30%RH (n=18), and 30°C 80%RH (n=18) 
2Duration of exposure (D): 4, 8, and 12 hours (n=29) 
3Feather cover (FC): well-feathered (n=45) and poorly-feathered (n=42) hens  

4Standard error of the mean 
5Low incidence behaviours: head movement, wing shake, tail movement, stretch, twitch, scratch, object peck, aggressive peck, and 
no observations 
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Table 2.12 Behaviour parameters (% of time): Interactions between temperature/relative humidity combinations1 and feather cover2 
for white-feathered end-of-cycle hens. 
 -10 21/30 21/80 30/30 30/80 
Motionless      

WF 85.39a 91.38a 90.09a 67.81bc 64.01c 
PF 80.91ab 90.33a 91.32a 83.82a 76.42abc 
Pant      

WF 0.04c 1.16c 0.22c 16.34ab 23.76a 

PF 0.08c 1.26c 0.19c 6.12bc 11.63b 
a,b,c,Means within different superscripts are significantly different (P≤0.05) 
1Temperature/relative humidity combinations: -10°C uncontrolled RH (-10; n=15), 21°C 30%RH (21/30; n=18), 21°C 80%RH 
(21/80; n=18), 30°C 30%RH (30/30; n=18), and 30°C 80%RH (30/80; n=18) 
2Feather cover: well-feathered (WF; n=45) and poorly-feathered (PF; n=42) hens 
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Blood Physiology: Blood physiology parameters can be an indicator of hen welfare by 

demonstrating the bird’s ability to cope and maintain homeostasis. In this study, the blood 

physiology of EOCH was impacted by the variables tested.  

Blood pH: Hens exposed to conditions for 12h had a larger positive increase in their 

∆blood pH above baseline compared to birds exposed for 4h (Table 2.13, 2.14). No effect was 

experienced for birds in T/RH combinations or FC for ∆blood pH. 

PCO2 (mmHg): There was an interaction between T/RH combinations and FC for hens 

∆PCO2 levels (Table 2.14). Birds responded with a larger positive ∆PCO2 from baseline in the -

10 PF treatment compared to the negative ∆PCO2 in -10 WF treatment (Table 2.15). There was 

no effect noted for D on ∆PCO2 values for EOCH (Table 2.13, 2.14). 

PO2 (mmHg): Birds had a greater positive ∆PO2 from baseline when exposed to -10 

combination compared to the negative ∆PO2 in 30/80 combination (Table 2.13, 2.14). No effect 

on hens was observed for D or FC for the ∆PO2.  

BEecf (mmol/L): There was an interaction between T/RH combinations and FC for the 

EOCH ∆BEecf (Table 2.14).  Birds had a greater positive ∆BEecf from baseline for the PF hens 

exposed to the 30/80 combination compared to the negative ∆BEecf in the PF hens in the 21/30 

and 30/30 combinations, followed by a larger negative ∆BEecf for WF hens in the -10 

combination (Table 2.15). No effect was found for D on the ∆BEecf of birds (Table 2.13, 2.14). 

HCO3- (mmol/L): An interaction was noted between T/RH combinations and FC for 

hens ∆HCO3
- levels (Table 2.14). PF birds had a greater positive ∆HCO3

- from baseline at -10 

and 30/80, and negative ∆HCO3
- for the WF hens at 21/80 combinations, compared to the larger 

negative ∆HCO3
- for the WF hens at -10 combination (Table 2.15). There was no effect 

experienced for D by the EOCH on ∆HCO3
- values (Table 2.13, 2.14). 

TCO2 (mmol/L):  There was an interaction for T/RH combinations and FC for hens 

∆TCO2 levels (Table 2.14). The PF birds had a greater positive ∆TCO2 from baseline in the -10 
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and 30/80 combinations compared to the negative ∆TCO2 for WF hens in -10 combination 

(Table 2.15). No effect was found for D for the ∆TCO2 for EOCH (Table 2.13, 2.14).  

SO2 (%): Hens had a greater positive ∆SO2 from baseline for the -10 and 30/30 

combinations compared to the negative ∆SO2 in the 30/80 combination (Table 2.13, 2.14). No 

effect was experienced on EOCH ∆SO2 levels for D or FC. 

Na+ (mmol/L): An interaction was observed between T/RH combinations and FC for 

EOCH ∆Na+ levels (Table 2.14). Birds had a greater positive ∆Na+ from baseline in both FC for 

30/80, 30/30, 21/80 combinations, WF hens in the 21/30 combination, and PF hens in the -10 

combination compared to the negative ∆Na+ for WF hens in the -10 combination (Table 2.15). 

There was no effect noted for D on EOCH ∆Na+ levels (Table 2.13, 2.14). 

Glu (mmol/L): There was an interaction between T/RH combinations and D for hens 

∆Glu levels (Table 2.14). Hens had a smaller negative ∆Glu from baseline when exposed to 

21/30 combination for 4h, as well as 21/80, 30/30, and 30/80 combinations for all D times 

compared to the larger negative ∆Glu for -10 combination at 4 and 12h exposures (Table 2.16). 

No effect was found for FC on EOCH ∆Glu values (Table 2.13, 2.14).  

Hct (% PVC): There was an interaction between T/RH combinations and FC for EOCH 

∆Hct levels (Table 2.14). The birds had a greater positive ∆Hct from baseline for PF hens in the -

10 combination compared to the negative ∆Hct for PF hens in the 21/80 combination as well as 

WF hens in the -10, 21/30, and 30/30 combinations (Table 2.15). No effect was found for D on 

hen ∆Hct levels (Table 2.13, 2.14). 

Hb (mmol/L): An interaction was experienced by hens between T/RH combinations and 

FC for the ∆Hb levels (Table 2.14).  The PF birds had a greater positive ∆Hb from baseline in 

the -10 combination compared to the negative ∆Hb for WF hens in the -10 combination (Table 

2.15). There was no effect observed for D on the ∆Hb levels in the birds (Table 2.13, 2.14). 

H/L Ratio: There was an interaction between T/RH combinations, D, and FC for the 

∆H/L ratio for EOCH (Table 2.14). The birds demonstrated a greater positive ∆H/L ratio from 
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baseline in the -10 PF 8h treatment compared to all other T/RH combinations, D, FC except for 

the 4 and 12h -10 PF hens (Table 2.17).  
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Table 2.13 Change in (∆; final-initial) blood physiology parameters of temperature/relative humidity combinations1, duration of 
exposure2, and feather cover3 for white-feathered end-of-cycle hens. 
Parameter4 Temperature/RH Combinations P-

value 
Duration P-

value 
Feather Cover P-

value 
-10  21/30 21/80 30/30 30/80  4h 8h 12h  WF PF  

∆pH 0 0.03 0.02 0.01 0.02 0.35 0b 0.02ab 0.04a 0.04 0.02 0.01 0.14 
∆PCO2  -6.25 -8.14 -5.30 -7.81 -3.47 0.48 -3.19a -5.49ab -10.11b 0.02 -7.91b -4.34a <0.01 
∆PO2  9.92a -2.15ab -4.46ab 0.99ab -10.60b 0.03 -4.13 -1.17 -1.17 0.39 -1.95 -2.48 0.93 
∆BEecf -1.98 -0.84 -0.50 -1.61 0.06 0.12 -1.36 -0.59 -0.68 0.35 -1.01 -0.76 0.24 
∆HCO3

-  -1.92 -1.28 -0.77 -1.83 -0.18 0.11 -1.25 -0.85 -1.30 0.60 -1.34b -0.91a 0.05 
∆TCO2   -1.97 -1.58 -0.93 -2.00 -0.34 0.14 -1.27 -1.07 -1.60 0.65 -1.60b -1.00a 0.02 
∆SO2  2.73a 0.21ab -0.89ab 1.50a -2.94b 0.05 -1.79 0.14 1.48 0.10 0.03 -0.23 0.77 
∆Na+  0.30c 1.93bc 2.61bc 3.90ab 4.69a <0.01 2.03b 2.88ab 3.81a 0.04 2.80 2.98 0.31 
∆Glu  -2.99b -1.55a -1.24a -1.11a -1.15a <0.01 -1.31 -1.47 -1.70 0.06 -1.39 -1.59 0.07 
∆Hct -0.23 -0.14 0.13 -0.04 0.80 0.68 -0.16 -0.24 0.81 0.09 -0.09 0.37 0.09 
∆Hb -0.05 -0.04 0.02 -0.01 0.16 0.62 -0.04 -0.06 0.16 0.06 -0.03 0.07 0.06 
ΔH/L ratio 0.88a 0.04b 0.08b 0.18b 0.04b <0.01 0.23 0.14 0.19 0.89 0.21 0.16 0.27 
a,b,cMeans within a main effect with different superscripts are significantly different (P≤0.05) 
1Temperature/relative humidity combinations: -10°C uncontrolled RH (-10; n=15), 21°C 30%RH (21/30; n=18), 21°C 80%RH 
(21/80; n=18), 30°C 30%RH (30/30; n=18), and 30°C 80%RH (30/80; n=18) 
2Duration time for exposure: 4, 8, 12 hours (n=29) 
3Feather cover: well-feathered (WF; n=45) and poorly-feathered (PF; n=42) hens 
4Partial pressure of carbon dioxide (PCO2) and partial pressure of oxygen (PO2) measured in mmHg; base excess in extracellular 
fluid (BEecf), bicarbonate (HCO3

-), total carbon dioxide (TCO2), sodium (Na+), glucose (Glu), hemoglobin (Hb) measured in 
mmol/L; oxygen saturation (SO2) measured in %; hematocrit (Hct) measured in %PVC; heterophil to lymphocyte ratio (H/L ratio) 
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Table 2.14 The effect of temperature/relative humidity combinations1, duration of exposure2, and feather cover3 on change in (∆; 
final-initial) blood physiology parameters for white-feathered end-of-cycle hens (interactions). 
P-value of interactions4 T/RHxD T/RHxFC DxFC T/RHxDxFC SEM5 

∆pH 0.06 0.92 0.52 0.36 0.006 
∆PCO2  0.65 0.03 0.07 0.19 1.088 
∆PO2  0.41 0.93 0.95 0.99 1.419 
∆BEecf 0.28 0.01 0.87 0.29 0.278 
∆HCO3

-  0.71 <0.01 0.55 0.32 0.236 
∆TCO2   0.81 <0.01 0.41 0.30 0.249 
∆SO2  0.98 0.81 0.71 0.72 0.544 
∆Na+  0.28 0.02 0.43 0.29 0.311 
∆Glu  0.05 0.56 0.75 0.75 0.117 
∆Hct 0.98 0.01 0.23 0.57 0.225 
∆Hb 0.97 <0.01 0.17 0.55 0.048 
ΔH/L ratio 0.77 <0.01 0.03 0.02 0.056 
1Temperature/relative humidity (T/RH) combinations: -10°C uncontrolled RH (n=15), 21°C 30%RH (n=18), 21°C 80%RH (n=18), 
30°C 30%RH (n=18), and 30°C 80%RH (n=18) 
2Duration of exposure (D): 4, 8, and 12 hours (n=29) 
3Feather cover (FC): well-feathered (n=45) and poorly-feathered (n=42) hens 
4Partial pressure of carbon dioxide (PCO2) and partial pressure of oxygen (PO2) measured in mmHg; base excess in extracellular 
fluid (BEecf), bicarbonate (HCO3

-), total carbon dioxide (TCO2), sodium (Na+), glucose (Glu), hemoglobin (Hb) measured in 
mmol/L; oxygen saturation (SO2) measured in %; hematocrit (Hct) measured in %PVC; heterophil to lymphocyte ratio (H/L ratio) 
5Standard error of the mean 
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Table 2.15 Changes in (∆; final-initial) blood physiology: Interactions between temperature/relative humidity combinations1 and 
feather cover2 for white feathered end-of-cycle hens. 
Parameters3 -10 21/30 21/80 30/30 30/80 
ΔPCO2 

     
WF -11.01b -8.43ab -5.79ab -8.71ab -6.26ab 

PF 2.09a -7.85ab -4.80ab -6.90ab -0.68ab 

ΔBEecf      

WF -3.36c -0.04ab -0.04ab -1.74bc -0.39ab 

PF 0.42ab -1.65b -0.96ab -1.48b 0.52a 

∆HCO3
-      

WF -3.32b -0.69ab -0.49a -1.98ab -0.69ab 
PF 0.52a -1.87ab -1.06ab -1.68ab 0.32a 
∆TCO2        

WF -3.57b -1.00ab -0.70ab -2.19ab -1.00ab 

PF 0.83a -2.17ab -1.15ab -1.81ab 0.31a 
∆Na+      
WF -1.10b 2.19a 3.19a 4.02a 4.85a 

PF 2.75a 1.67ab 2.04a 3.78a 4.54a 

∆Hct      

WF -1.45d -0.39bcd 1.00abc -0.17bcd 0.26abcd 
PF 1.92a 0.11abcd -0.74cd 0.09abcd 1.33ab 
∆Hb      
WF -0.32b -0.10ab 0.21ab -0.03ab 0.04ab 
PF 0.42a 0.02ab -0.16ab 0.01ab 0.28ab 
a,b,c,dMeans within different superscripts are significantly different (P≤0.05) 
1Temperature/relative humidity combinations: -10°C uncontrolled RH (-10; n=15), 21°C 30%RH (21/30; n=18), 21°C 80%RH 
(21/80; n=18), 30°C 30%RH (30/30; n=18), and 30°C 80%RH (30/80; n=18) 
2Feather cover: well-feathered (WF; n=45) and poorly-feathered (PF; n=42) hens 
3Partial pressure of carbon dioxide (PCO2) is measured in mmHg; base excess in extracellular fluid (BEecf), bicarbonate (HCO3

-), 
total carbon dioxide (TCO2), sodium (Na+), hemoglobin (Hb) is measured in mmol/L; hematocrit (Hct) is measured in %PVC 
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Table 2.16 Change in (∆; final-initial) glucose: Interaction between temperature/relative humidity combinations1 and duration of 
exposure2 for white-feathered end-of-cycle hens. 

 -10 21/30 21/80 30/30 30/80 
∆Glu3      

4h -3.17bc -0.69a -0.91a -1.03a -1.08a 

8h -1.89abc -1.78ab -1.48a -1.36a -1.05a 
12h -3.80c -2.18abc -1.32a -0.94a -1.32a 

a,b,cMeans within different superscripts are significantly different (P≤0.05) 
1Temperature/relative humidity combinations: -10°C uncontrolled RH (-10; n=15), 21°C 30%RH (21/30; n=18), 21°C 80%RH 
(21/80; n=18), 30°C 30%RH (30/30; n=18), and 30°C 80%RH (30/80; n=18) 
2Duration of exposure: 4, 8, and 12 hours (n=29) 
3Glucose (Glu) measured in mmol/L 
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Table 2.17 Changes in (∆; final-initial) heterophil to lympocyte ratio: Three-way interaction between temperature/relative humidity 
combinations1, duration of exposure2, and feather cover3 for white-feathered end-of-cycle hens. 

 -10 21/30 21/80 30/30 30/80 
WF PF WF PF WF PF WF PF WF PF 

∆H/L ratio4 

4h 0.83b 1.07ab 0.23b -0.11b 0.08b 0.07b 0.25b 0.03b -0.25b 0.38b 

8h 0.07b 2.70a 0.07b 0.08b 0.15b -0.10b 0.20b -0.02b -0.04b -0.03b 

12h 0.62b 0.99ab 0.14b -0.16b 0.19b 0.08b 0.63b -0.03b 0.13b 0.03b 

a,bMeans within different superscripts are significantly different (P≤0.05). 
1Temperature/relative humidity combinations: -10°C uncontrolled RH (-10; n=15), 21°C 30%RH (21/30; n=18), 21°C 80%RH 
(21/80; n=18), 30°C 30%RH (30/30; n=18), and 30°C 80%RH (30/80; n=18) 
2Duration of exposure: 4, 8, and 12 hours (n=29) 
3Feather cover: well-feathered (WF; n=45) and poorly-feathered (PF; n=42) hens 
4Heterophil to lymphocyte ratio (H/L ratio) 
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2.5 Discussion 

There is a significant correlation between ambient T/RH combination and the internal 

T/RH combination of a transport trailer. Therefore, external environmental conditions can 

influence laying hen responses during transport. Prior research has demonstrated that poultry 

experience a microclimate within transport trailers as a result of lack of air movement, heat 

generation and respiration produced by the birds (Knezacek, 2005). The average chamber 

conditions (T/RH combinations) measured during bird exposure in this study affirmed that hens 

were exposed to pre-determined T/RH combinations, while crate averages provided insight into 

the T/RH combinations experienced at hen level.   

The microclimate experienced by EOCH can negatively impact their welfare. In extreme 

cases, T/RH combinations can challenge homeostasis, leaving poultry with a deteriorating ability 

to cope, resulting in a risk of destabilization which can lead to death (Freeman, 1984). This 

experiment demonstrated that FC significantly impacts the EOCH ability to cope in extreme 

climatic conditions. The PF hens exposed to the -10 combination resulted in the highest mortality 

compared to all other treatments, however mortality still occurred in the WF hens in the -10 

combination. High mortality in the initial two replicates for PF hens in the -10 combination 

resulted in the removal of these treatments (-10 PF hens at 4, 8, and 12h) from the third replicate 

in response to animal ethics and the welfare of the EOCH.  This mortality trend has been found 

in other research as well. Vecerkova et al. (2019) observed increased mortality (0.718% and 

0.655%) in EOCH exposed to cold T/RH combinations between -6.0 to -3.1°C or -3.0 to -0.1°C, 

respectively, compared to T/RH combination exposure above 0°C (0.4 to 0.5%). Vecerek et al. 

(2016) examined the exact same recorded T with broilers as the previous study, and found 

similar results, the higher mortality levels when birds were exposed to -6.0 to -3.1°C (~0.78%) 

compared to exposure above -3.0°C (~0.30 to 0.50%). The same authors also demonstrated the 

higher mortality (0.55%) during winter months compared to broilers transported during summer 

months (0.30%). Poultry transport during the Canadian winter has revealed mortality levels 

ranging from 0.7% in broilers transported for 3h and 18min at -7.1°C with unreported RH 

(Knezacek et al., 2010) to 1.9% in EOCH with unreported D and T/RH combinations (Newberry 
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et al., 1999). The difference in mortality figures can be partially attributed to the variation in 

climatic conditions as well as the type of poultry, with EOCH being less robust than broilers. The 

prior studies were conducted on commercial transport trailers which created complexity in the 

evaluation of specific variables (T/RH combinations, D, and/or FC) due to the influence of other 

factors (vehicle movement, vibration, noise, fasting etc.). This research was collected via 

climate-controlled chambers, examining T/RH combinations, D, and FC variables and 

controlling all other factors. Hens in the chambers experienced a controlled cold ambient T/RH 

combination (-10). However, similar to live hauls, T/RH combination at hen level was different 

than ambient T/RH combination. On transport trailers, the temperature gradient from the 

microclimate, stacking of modular crates, and larger quantity of birds resulted in a large variation 

of T/RH combinations experienced by hens regardless of ambient T/RH combination. In the 

climate-controlled chamber, there were fewer birds and reduced coverage via stacking (cold 

ambient T surrounding exterior sides of the crate), however, the hens positioning in the crate and 

generation of body heat and respiration contributed to the different T/RH combination 

experienced at hen level. Therefore, T/RH combinations experienced by the hens may be slightly 

warmer than the ambient -10 combination but still resulted in EOCH struggling to cope and an 

increased mortality.   

Poultry will attempt to alter their CBT by either shifting heat from the internal core to the 

periphery during heat stress (Wolfenson et al., 1981; Giloh et al., 2012) or by initiating 

thermogenesis during cold stress (Block, 1994; Schwartzkopf-Genswein., 2012) to facilitate 

coping in extreme T/RH combinations. In this study, EOCH initiated behavioural and 

physiological mechanisms to maintain their CBT within the acceptable range. However, in the 

cold (-10) combination EOCH had difficulties coping. Some hens were able to survive the entire 

D by utilizing energy stores to maintain homeostasis. Other EOCH, particularly the PF hens in 

the 12h D were unable to cope and mortality occurred during exposure, reflecting the lack of 

energy reserves which resulted in a decline in CBT leading to hypothermia.  

This experiment evaluated the ∆CBT which positively increased for hens exposed for 12h 

across all T/RH combinations compared to birds exposed for 4h to the 21/30 and 21/80 

combination which had a negative change from baseline, followed by EOCH with a larger 
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negative change from baseline when exposed for 4h to the -10 combination. There has been 

limited research conducted which examines the D of exposure. In 1wk old broilers, Lin et al. 

(2005) found that transport at 30°C with 60%RH resulted in a lower rectal T after 16 and 24h of 

exposure compared to those exposed to the same conditions for 1, 4, or 8h. These findings 

contradict the results of this study. However, there is likely a significant metabolic difference 

between a week-old broiler and 66 to 70wk of age EOCH. Menten et al. (2006) demonstrated 

similar results to the present study with 42-day-old broilers exposed to heat stress (35°C with 

85%RH) for 90 and 120min having significantly higher rectal T (44.5 and 45.0°C) compared to 

broilers exposed to the same condition for 30 or 60min (42.4 and 43.9°C) or those not exposed 

and remaining in unreported neutral T/RH combination (40.3°C). The rise in body T may be the 

result of an inability to dissipate heat through panting due to the high RH. Regardless of higher 

T/RH combinations and shorter D compared to the present study, both Menten et al. (2006) and 

the present study demonstrate that longer D exposure to hot T/RH combinations results in higher 

body T. Lin et al. (2005) and Menten et al. (2006) examined the impact of transport D with hot 

T/RH combinations and collected body T via rectal T. Thus, discrepancies between the two 

studies and the present study could be attributed to the location at which body T measures were 

collected, with the present study collecting CBT readings from the crop. The results of the 

current study could be the reflection of the time it takes for hens to mobilize energy for 

behavioural and physiological thermoregulatory purposes. In the current study, some birds, 

particularly PF hens exposed to the -10 combination for 12h, died during exposure from an 

inability cope. In contrast, Henrikson et al. (2018) demonstrated 16wk old turkey toms and hens 

had a small drop in ∆CBT from baseline but remained unaffected by -18°C for an 8h D. These 

differences could also be attributed to the evaluation of turkeys compared to EOCH which have a 

significantly different body mass and insulative capabilities. Dadgar et al. (2011) demonstrated 

that 9 and 23% of 5wk old broilers exposed to -11°C and -14℃ for 3h reached the critically low 

CBT of 24℃, however, only one mortality was reported. In the same study, 6wk old broilers 

exposed to the same conditions maintained a CBT above 30℃ (except for one bird), suggesting 

that larger body size and better FC compared to 5wk old broilers may be advantageous.  

The first response to adverse conditions for poultry is to alter their behaviour (Broom, 

1986, 1990). Thermoregulatory behaviour can aid in coping with extreme environmental 
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exposure to improve the bird’s overall welfare. When poultry experience heat stress, they 

attempt to lose heat through behaviours including wing droop, stretching of the neck, attempts to 

increase the body surface area, and respiration (panting; Weeks et al., 1997; Abeyesinghe et al., 

2001; Warriss et al., 2005; Vermette et al., 2017). In the present study, WF hens spent more time 

panting in the hot T/RH combinations (30/80 and 30/30) and PF hens in the hot T, high RH 

combination (30/80) compared to hens of both FC exposed to the cold (-10) and neutral (21/30 

and 21/80) T/RH combinations. Since evaporative heat loss is the primary mechanism for poultry 

to dissipate heat, it is not surprising that EOCH subjected to heat stress spent an increased time 

panting. Menten et al. (2006) found that at 35°C with 85%RH, 42-day-old broilers had increased 

respiratory frequency, with greater than 51 breaths/min for broilers exposed for 60min compared 

to 31 breaths/min for those exposed to neutral conditions (unreported). Toyomizu et al. (2005) 

exposed 21-day-old broilers to 38°C for 120min; the birds demonstrated a maximum of 261 

breaths/min respiratory frequency at 60min compared to 61 breaths/min pre-exposure (24°C). At 

90min of heat exposure, the respiratory frequency had declined due to slower and deeper breaths. 

Despite not evaluating FC, these two studies are in agreement with the present study, which all 

demonstrate that panting behaviour is used to thermoregulate against heat exposure. The present 

study indicates that WF hens may struggle to cope with the heat as they have additional 

insulation.  

Cold T with uncontrolled RH results in shivering. Shivering, identified as the act of 

uncontrollable shaking, is both a physiological and behavioural response to cold. It is triggered 

by the activation of the anterior hypothalamus, which attempts to stabilize body T. In the present 

study, EOCH spent more time shivering during cold exposure (-10 combination) compared to 

neutral (21/30 and 21/80 combinations) and hot (30/30 and 30/80 combinations) exposures. 

Henrikson et al. (2018) reported this behaviour in turkey toms (2.2% of time) and hens (5.9% of 

time) exposed to -18°C for 8h. The authors concluded that shivering assists in generating body 

heat via metabolic processes from associated muscle movement. Thus, making it an expected 

response to cold exposure.  

Pteroerection is both a behaviour and physiological response to the cold. It is caused by 

the response of the sympathetic nervous system which leads to the involuntary contraction of the 
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muscles located near the base of the feather follicles resulting in the erection of feathers. In the 

current study, EOCH spend more time performing pteroerection in the -10 combination than at 

any other T/RH combination (21/30, 21/80, 30/30, and 30/80). These results are in agreement 

with Henrikson et al. (2018) which found both male and female turkeys spent more time 

huddling (30.1% and 51.7%) and performing pteroerection (56.5% and 27.7%) when exposed to 

cold T (-18°C) for 8h. This behaviour results in the capturing of heat to improve insulative 

capabilities indicating the importance of good FC (Dawson and Whittow, 2000) which is further 

supported by high mortality in the PF hens exposed to cold T/RH combinations in the present 

study.  

Poultry will also attempt to conserve body heat and energy by minimizing their exposed 

body surface area to the environment (Mount, 1979; Stawford et al., 2011). Although the birds 

may be limited in their ability to shift positions within the crate, they can huddle, burrow and 

conserve energy (remain motionless), increasing conduction and aiding the capability to cope in 

cold T (Mount, 1979; Strawford et al., 2011). In the present study, stocking density was reduced 

from the laying hen commercial transport stocking density of 63kg/m2 to 53kg/m2 in order to 

facilitate behavioural observations. No effects were observed for burrowing in the present study, 

differing from Strawford et al. (2011) results, where broilers exposed to -5, -10, and -15°C for 3h 

reduced the amount of space utilized which corresponding to the T gradient and performed more 

huddling and burrowing behaviours to reduce heat loss and exposure to cold incoming air. 

During cold exposure, birds are less apt to move around and exhaust their limited energy 

supply which is used for thermogenesis. Thus, motionless, defined as a lack of movement in the 

hens, occurred more frequently in the WF hens in the cold (-10), PF hens in hot T, low RH 

(30/30) combination, and both FC in the neutral (21/30 and 21/80) T/RH combinations compared 

to WF hens in the hot (30/30 and 30/80) combinations. The results suggest that hens in the hot 

T/RH combinations spent more time performing other behaviours such as panting, while those in 

the neutral and cold T/RH combinations conserve energy. Strawford et al. (2011) made a similar 

observation with broilers exposed to -5 to -15°C for 3h remaining relatively motionless during 

exposure. 
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In contrast to motionless behaviour, active behaviour was observed over a larger 

percentage of time in the hot T/RH combination, with EOCH spending more time active in the 

30/30 and 30/80 combinations compared to 21/30, 21/80, and -10 combinations. The incidence 

of active behaviour suggests that hens exposed to hot T/RH combinations were attempting to 

dissipate heat by moving away from conspecifics. The attempt to escape additional heat is 

further supported by the T/RH combination and D effect on rustling behaviour. Rustling was 

performed more in the hot (30/30 and 30/80) T/RH combinations compared to the neutral (21/30 

and 21/80) T/RH combinations, while it was observed more frequently for 4h hens compared to 

12h hens. The rustling behaviour suggests that hens in the hot T/RH combinations attempt to 

move away from conspecifics during the initial exposure, but with time the birds cease these 

behaviours in favour of conserving energy for thermoregulation.  

Head-shaking behaviour may be correlated with T/RH combinations. In the current study, 

hens spent more time head-shaking during cold exposure (-10 combination) compared to neutral 

(21/30 and 21/80 combinations), and hot T, low RH (30/30 combination), suggesting head-

shaking may be a response to the cold. Little is known about head-shaking behaviour during cold 

exposure in laying hens. However, as previously noted, mortality was observed in the cold T/RH 

combination. Past euthanasia studies have observed head-shaking behaviour before birds lose 

consciousness which had been associated with attempts to regain alertness (Raj and Gregory, 

1994). Therefore, it is plausible that increased observation of head-shaking behaviour in the cold 

T may be the result of hens attempting to maintain consciousness.  

Survey behaviour, defined as an increased vigilance and head movement in the birds, is 

identified as a stress response. In the present experiment, shorter D resulted in increased percent 

of time performing surveying behaviour, suggesting that the birds may be observing their 

surroundings for a potential escape (fight or flight) during the first 4h of exposure, but as time 

progresses, hens cease this behaviour. The cessation may be the result of an acceptance of the 

hen’s circumstances or a reflection of the feedback of behaviour and physiological mechanisms 

allowing the hens to cope and maintain homeostasis, potentially decreasing the level of stress. 

Henrikson et al. (2018) observed surveying behaviour in male and female turkeys exposed to T 
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ranging from -18°C to 20°C with a RH of 30% or 80% for 8h. The T/RH treatments did not alter 

expression of survey behaviour, but no D were tested in this study. 

 In the current study, EOCH spent more time preening during hot exposure (30/80 and 

30/30 combinations) compared to neutral T, low RH (21/30 combination) and cold exposure (-10 

combination), indicating hens maybe trying to pull feathers away from their skin to facilitate 

cooling. Sherry (1981) found that preening behaviour was correlated with T. The author 

observed red junglefowl exposed to cold T had a reduced incidence of preening behaviour to 

slow heat loss, which is in agreement with the present study. In contrast, Henrikson et al. (2018) 

reported a higher frequency of preening behaviour during exposure to -18°C compared to 20°C 

for turkey toms and hens. The metabolic and physiological distinctions between EOCH and 

turkeys may attribute to the difference in conditions under which these two different poultry 

species perform preening behaviour. Turkeys have additional insulative capabilities from their 

higher muscle mass and are better able to cope with cold exposure while EOCH lack muscle 

mass, and are therefore vulnerable to the cold. Thus, hens exposed to hot T/RH combinations 

may be more likely to perform vigorous preening behaviour to facilitate heat loss. 

 Gulping behaviour has not been previously reported in other studies. In the present 

experiment, this behaviour was performed more in the 21/80 combination compared to -10 

combination, particularly for WF hens compared to PF hens. However, the performance of this 

behaviour in this study did not allude to a specific explanation. It would have been anticipated 

that if this were a thermoregulatory behaviour, that the behaviour would have been performed at 

the highest frequency during hot T/RH combinations.  

 The remaining low incidence behaviours, including head movement, wing shake, tail 

movement, stretch, twitch, scratch, object peck, aggressive peck, and no observations in the 

current study, became statistically significant when pooled. However, individually these 

observations were reported at a low frequency and did not appear to have any biological 

relevance.  
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Poultry’s second response to detrimental situations is physiological. The exposure to the 

potential harsh conditions during transport cause hens to utilize their energy reserves. In the 

present study, the larger negative ∆Glu from baseline for EOCH was found in birds exposed for 

4 or 12h to the cold (-10 combination) compared to the smaller negative change from baseline in 

birds exposed for all D times in neutral T, high RH (21/80 combination), and hot (30/30 and 

30/80 combinations) exposures and neutral T, low RH at the 4h D, suggesting hens utilized Glu 

in order to maintain body T in the cold. The results of this study were in agreement with Dadgar 

et al. (2011) who found higher concentrations of blood Glu in broilers exposed to neutral 

environments (20°C) compared to cold environments (range from -18°C to -4°C). The authors 

reported that shorter exposure time to extreme T resulted in a slow decrease in blood Glu 

concentrations in both 5 and 6wk old broilers. This was attributed to the larger amount of 

available energy from the limited exposure time and reduced energy utilized to maintain CBT. In 

contrast, Vosmerova et al. (2010) found that 42-day-old broilers exposed to 25 to 35°C, 10 to 

20°C, or -5 to 5°C for a distance of 130km, had the highest concentration of blood Glu with 

exposure to -5 to 5°C (13.57 mmol/L). Meanwhile, broilers exposed to 10 to 20°C had the lowest 

values (12.41 mmol/L). Zhang et al. (2009) observed lower blood Glu concentration for day-old 

broilers transported at 27°C and 76%RH for 3h, compared to those not transported. A crucial 

difference between Zhang et al. (2009) and the present study is the test age. The chicks would 

still have available yolk sac reserves that could be used for energy during transport.  

Limited literature can be found on the effects of transport on blood physiology in poultry. 

In the present study, EOCH ∆blood pH from baseline increased in a positive direction over time, 

which is comparable to the Franco-Jimenez et al. (2007) study. These authors found a blood pH 

increase of 0.038 for Hy-Line W98, 0.049 for Hy-Line W36, and 0.05 for Hy-Line brown laying 

hens. The current study suggests that hens exposed for longer D are more likely developing 

respiratory alkalosis as the blood pH levels become basic (it was later confirmed that it is 

metabolic alkalosis being observed). Respiratory alkalosis is defined as the disturbance in acid-

base balance due to alveolar hyperventilation, which can lead to a decreased PCO2. In turn, the 

decrease in PCO2 increases the ratio of HCO3
- concentration to PCO2 and, thereby, increases the 

pH level. Ait-Boulahsen et al. (1989) found 5 to 6wk-old broilers exposed to 29 to 37°C for 4h, 

followed by 37 to 41°C for an additional 4h had a decrease in PCO2 and HCO3
- with prolonged 
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exposure and fasting. Sandercock et al. (2001) exposed 35 and 63-day-old broilers to either 32°C 

at 75%RH or 21°C at 50%RH for 2h. Both ages and exposure conditions resulted in a lower 

PCO2 post-exposure. In both of these studies, there were a variety of factors that could have 

influenced the results from age, exposure conditions, fasting period, D etc. Unfortunately, there 

are no studies that evaluated FC in regards to acid-base measures. In the current study, the birds 

∆PCO2 from baseline demonstrated a large positive change in the -10 PF treatment compared to 

a negative ∆PCO2 from baseline for the hens in the -10 WF treatment. Meanwhile, EOCH 

∆HCO3
- from baseline demonstrated a large positive change for PF hens in the cold (-10) T/RH 

combination, hot T, high RH (30/80) combination, and small negative ∆HCO3
- from baseline for 

WF hens in the neutral T, high RH (21/80) combination compared to the larger negative ∆HCO3
- 

from baseline for WF hens in the cold (-10) combination. The ∆BEecf from baseline 

demonstrated a large positive change for the PF hens exposed to hot T, high RH (30/80) 

combination compared to negative ∆BEecf from baseline for PF hens in neutral T, low RH 

(21/30) and hot T, low RH (30/30) combinations, followed by larger negative ∆BEecf from 

baseline for WF hens exposed to the cold (-10) combination. Similar to the other acid-base 

measures, PF hens exposed to the cold (-10) combination had a smaller positive ∆BEecf from 

baseline compared to larger negative ∆BEecf from baseline for WF hens in the cold (-10) 

combination. Therefore, while Steinmetz et al. (2007) found that BEef was unreliable for blood 

analysis on chickens and would require a wide range of reference values to determine accuracy, 

the other acid-base measures in the current study in conjunction with BEecf suggested that PF 

hens in the -10 combination likely developed metabolic alkalosis due to an increase in the 

∆blood pH, ∆PCO2, ∆HCO3
-, and ∆BEecf. 

 Other blood gases evaluated in this study included EOCH ∆PO2, ∆TCO2, and ∆SO2. In 

the current study, the ∆PO2 from baseline for hens demonstrated that those exposed to the cold (-

10) combination had a positive increase compared to hens exposed to the hot T, high RH (30/80) 

combination which had a negative ∆PO2 from baseline. Saucer et al. (2019) found that PO2 was 

positively correlated to blood pH. Birds ∆TCO2 values from baseline in the present study had a 

greater positive change for PF hens in the cold (-10) and hot T, high RH (30/80) combinations 

compared to the negative ∆TCO2 from baseline for WF hens in the cold (-10) combination. 

Saucer et al. (2019) found a positive correlation between TCO2 and HCO3
- for poultry. Finally, 
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hen ∆SO2 values from baseline in the current study demonstrated a greater positive change in the 

cold (-10) and hot T, low RH (30/30) combinations compared to negative ∆SO2 from baseline in 

the hot T, high RH (30/80) combination. To the author’s knowledge, there has been no research 

conducted on poultry that evaluated SO2.  

Commercial practices for transport of EOCH includes feed and water withdrawal. These 

withdrawal practices mean that during transport, hens may suffer from dehydration. In the 

present study, dehydration was suggested by the ∆Na+, ∆Hb, and ∆Hct levels. The larger positive 

∆Na+ from baseline for both WF and PF hens exposed to both hot T/RH combinations (30/30 

and 30/80) and neutral T, high RH (21/80) combination, along with WF hens in the neutral T, 

low RH (21/30) combination, and PF hens in the cold (-10) T/RH combination compared to 

smaller negative change from baseline for WF hens exposed to the cold (-10) T/RH combination, 

suggesting the higher concentration of Na+ in the hot and neutral T/RH combinations was an 

indication of dehydration. González et al. (2007) results in quail did not examine the impact of 

FC, but the authors found an increase in Na+ levels during transport in extreme climatic 

conditions (45°C) for 95min followed by immediate slaughter which is in agreement with the 

current study. The increased Na+ level was attributed to dehydration via respiration resulting in 

water and solute loss. Ait-Boulahsen et al. (1989) demonstrated an increase in Na+ for 5 to 6wk-

old broiler with longer fasting during heat exposure (a step-wise climatic increase from 29 to 

37°C for 4h, followed by 37 to 41°C for an additional 4h). In the current experiment, birds ∆Hct 

and ∆Hb presented a similar pattern with -10 WF hens having a negative change in levels from 

baseline compared to PF hens in the -10 combination which had a positive change from baseline. 

Thermoregulatory activities and shivering behaviour in the -10 combination, particularly for the 

PF hens, required more energy. Thus, water molecules which assist in the production of 

adenosine triphosphate (energy source) are utilized consequently leads to dehydration and an 

increased concentration of Hct and Hb. Limited research has been conducted on Na+, Hb, and 

Hct for poultry, especially regarding the impact of FC and cold T exposure. Parker and Boone 

(1971) found that when turkeys were exposed to 37.8°C, 32.2°C, 21.1°C, or 10.0°C, those 

exposed to 37.8°C demonstrated hemodilution with lower Hb and Hct levels. 
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A rise in H/L ratio has been documented as a reliable indicator of chronic stress (Gross 

and Siegel, 1983) and has been associated with thermal stress. A variety of studies have observed 

a rise in H/L ratio in broilers associated with hot T ranging from 34°C (Akşit et al., 2006) to 

41°C (Borges et al., 2004). In the present study, EOCH ∆H/L ratio from baseline demonstrated a 

greater positive change for the -10 PF 8h hens compared to all other T/RH combinations, D, FC 

with the exception of the 4 and 12h -10 PF hens. There is limited literature on the changes to H/L 

ratio for poultry exposed to cold T below 0℃. Hester et al. (1996) found that hens exposed to an 

average T of 0℃ with RH between 50 to 74% for 72h raised H/L ratios compared to hens in a 

neutral environment (average T of 21℃, RH between 35 to 44%). In the present study, EOCH 

implemented behavioural and physiological mechanisms to cope with the stress caused by the 

adverse conditions and further supports that PF hens in the -10 treatment were stressed and had 

reduced welfare.  

2.6 Conclusions 

The results of this study support the hypothesis that T/RH combinations along with D and 

FC can have varying impacts on EOCH coping behaviour and physiology as a result of cold or 

heat stress in extreme environments. The birds exposed to hot T, high RH exposure demonstrated 

an increase in CBT with little variation due to D or FC. Cold exposure for hens that were able to 

cope, demonstrated a rise in CBT over time. However, those hens that did not survive the D of 

exposure, demonstrated a decline in CBT, particularly in PF hens. The frequency of 

thermoregulatory behaviours in extreme T/RH combinations increased, however these 

behaviours were not exacerbated with increased D, but did change with FC. Contrary to the 

original hypothesis which indicated a decline of energy reserves and electrolyte levels (Na+), and 

a rise in Hb, Hct, and H/L ratio in both hot and cold exposure, these parameters all demonstrated 

their greatest change from baseline in cold-stressed hens. Energy reserves declined over time 

with limited influence by FC. Electrolyte levels (Na+), Hb, and Hct were found in higher 

concentrations for PF hens, regardless of D. The H/L ratio was significantly affected by D in PF 

hens. Lastly, acid-base measures and blood gases (blood pH, PCO2, HCO3
-
, BEecf, PO2, TCO2, 

and SO2,) originally anticipated to reflect the development of respiratory alkalosis over increased 
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D for WF hens exposed to heat stress, instead demonstrated the development of metabolic 

alkalosis during exposure to cold stress for PF hens, with limited effects of D.  

In conclusion, the influence of simulated transport evoked changes to CBT, hen 

behaviour, and blood physiology parameters, particularly in terms of T/RH combinations and 

FC. Hot exposure led to a rise in hen CBT, increased frequency of heat stress behaviours, and 

signs of dehydration from evaporative cooling. Cold exposure resulted in a decline in hen CBT, 

increased frequency of cold stress behaviours, increased energy consumption resulting in 

dehydration, a decline in Glu, development of metabolic alkalosis, and increased stress response. 

Particularly during cold exposure, increased FC was found to be vital in providing hens with the 

ability to coping during adverse conditions.
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3.0 Chapter 3: Effects of temperature and relative humidity combinations 

for poorly-feathered and well-feathered white strain end-of-cycle hens at 

specific durations on muscle physiology 

 

Chapter three covers the impact of different temperature/relative humidity combinations on 

poorly-feathered and well-feather white strain end-of-cycle hens at specific durations and its 

influence on muscle physiology. The parameters reported in this section include live shrink, 

muscle pH, colour, drip, thaw, and cook loss. This data, in conjunction with that reported in 

Chapter two, represent a multidisciplinary approach to developing a comprehensive data set on 

the effects of different temperature and relative humidity combinations on poorly-feathered and 

well-feathered white strain end-of-cycle-hens at specific durations on stress response and muscle 

physiology.   

This study was the result of contributions from many individuals. As the first author, 

responsibilities included data collections, analyses, presentations, and preparation of the 

following thesis. Research assistant Kailyn Beaulac aided in the preparation and scheduling of 

this study. Supervisor, Dr Karen Schwean-Lardner and committee member Dr Trever Crowe 

conducted the research grant proposal to obtain funding for this research (funding sources: Egg 

Farmers of Canada, NSERC, Maple Lodge Farms, and Olymel), planned the experimental 

design, offered expertise, and served as editors and reviewers for this thesis. Other advisory 

committee members, Dr Jennifer Brown, Dr Rex Newkirk, and graduate chair Dr Ryan Brook, 

offered valuable knowledge as reviewers and editors of this thesis.  
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3.1 Abstract 

The effect of temperature (T)/RH, duration (D), and feather cover (FC) on muscle 

physiology of white-feathered end-of-cycle hens (n=630; 65-70wk, obtained from three farms) 

was studied. A 5x3x2 factorial arrangement (three replicates), hens (105 well-feathered (WF) 

and 105 poorly-feathered (PF)) were exposed to one of five T/RH combinations (21°C/30%RH 

(21/30), 21°C/80%RH (21/80), 30°C/30%RH (30/30), 30°C/80%RH (30/80), or -10°C (-10)), for 

either 4, 8, or 12h. Pre-exposure hens were fasted (6h). BW was recorded pre-and post-exposure 

(live shrink calculated). After slaughter post-exposure, carcasses were analyzed for muscle 

physiology parameters. Data were analyzed as a randomized complete block design with 

ANOVA (Proc Mixed, SAS 9.4; significance declared at P≤0.05). Live shrink increased over D. 

Initial breast pH was higher for hens exposed to -10 than 30/30. Final breast and thigh pH was 

higher in birds exposed to -10 12h than in -10 8h or -10 4h followed by other T/RH and D, 

respectively. Breast and thigh lightness (both FC) was lowest when hens were exposed to -10. 

Breast and thigh redness were higher for birds exposed to -10 than 21/30, 21/80, and 30/30. 

Thigh redness was higher in PF than WF hens. Breast yellowness was higher for hens exposed to 

21/80 than 21/30, followed by -10. Breast yellowness was higher in birds exposed to 4h than 

12h. Thigh yellowness was higher in birds exposed to 30/30 than 21/30 and 30/80, followed by -

10. Thaw loss was greater in hens exposed for 12h 30/30 than the 4h 30/30, all D for 30/80, 4 

and 12h 21/30, followed by the 4 and 12h -10. Cook loss was greater in birds exposed to 21/30 

for 8 or 12h, 21/80 for all D, 30/30 4 and 8h, and 30/80 8h than -10 4 and 12h. Cook loss for WF 

and PF hens in the 21/80 were higher than WF hens in the -10, followed by PF hens in the -10. 

Compared to other treatments, the largest impact from transport was for PF hens exposed longer 

to -10 ante-mortem, which resulted in a significant impact on muscle physiology suggesting 

increased stress and poorer welfare at lower T/RH.  

 Keywords: end-of-cycle hens, muscle physiology, transport, heat and cold stress, welfare. 
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3.2 Introduction 

Muscle physiology can be utilized as an indicator of physiological stress and meat 

quality. Although effects of transport on end-of-cycle-hens (EOCH) has been much less studied 

compared to broiler chickens, they are still an important component to the meat industry in terms 

of chicken broth and food by-products as well as for their importance as a welfare indicator. 

Therefore, examining ante-mortem stressors such as transport conditions for temperature/relative 

humidity (T/RH), duration (D), and feather cover (FC) can be vital to the quality of final meat 

products and provide consumers with assurance that the hens are being treated with care.  

When poultry are exposed to continuous stress, their adrenal system is activated causing 

the release of noradrenaline and adrenaline into the blood and a rise in blood glucose, which, 

over time, can cause deterioration to meat quality (Broom, 1986). One form of stress undergone 

during transport is exposure to extreme climatic conditions which impact the metabolism of 

muscles post-mortem due to adrenal and physiological responses as well as exhaustion ante-

mortem (Petracci et al., 2001). Heat stress can cause rapid rigour mortis development, glycolysis, 

metabolic and biochemical alterations after slaughter which impacts meat quality measures and 

increases the incidence of pale soft exudate (PSE) muscles (Mckee and Sams, 1997). Cold stress 

during transport can also have adverse effects on meat quality, such as glycogen depletion ante-

mortem and changes to muscle pH, water holding capacity (WHC), and muscle colouration 

(Dadgar et al., 2010), including increased incidence of dark, firm, dry (DFD) muscles post-

mortem. Thus, meat quality parameters can indicate if EOCH have suffered from heat or cold 

stress ante-mortem, by utilizing measures such as live shrink, muscle pH and colour, and WHC 

(drip, thaw, and cook loss).  

Stress during transport can further induce weight loss beyond feed and water withdrawal 

in poultry (Knowles and Broom, 1990). Typically, hens at the end of their production cycle 

suffer from metabolic exhaustion due to the high egg production demands during their lay period 

which has exerted extreme physiological strain on hens, resulting in a reduced body condition 

(Richards et al., 2012). The combination of reduced body condition coupled with the thermal 

demands during transport may result in EOCH rapidly utilizing energy reserves for 
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thermoregulation to maintain homeostasis. Particularly hens with poor FC will rapidly use 

energy reserves due to their increased thermoregulatory demands (Weeks et al., 1997). Initially, 

birds will use available glucose in their blood as an energy source, but as these sources become 

limited, the bird will mobilize glycogen reserves in the muscle tissue as well as fats (Sherwood et 

al., 2013). Therefore, with increased transport D, EOCH will require more energy resulting in an 

increased body weight loss. Additionally, live hens that are being transported for slaughter must 

be fasted before transport to ensure the complete removal of content from the gastrointestinal 

tract upon arrival at the slaughter plant, reducing the potential for contamination during the 

slaughter process.  

Stress-induced by transport impacts glycogen metabolism post-mortem, which influences 

muscle pH and other meat qualities (Owens and Sams, 2000). Changes to muscle pH are associated 

with exhaustion from attempting to maintain core body T (CBT), acid-base, and blood gas 

parameters during thermal stress, which can result in muscle damage (Sandercock et al., 2001). 

These stressors impact the amount of residual glycogen and rate of glycolysis post-mortem and 

result in either higher or lower muscle pH. Hot T can increase the rate of glycolysis resulting in a 

rapid buildup of lactic acid in the muscle which leads to a decline in muscle pH from decreased 

glycogen stores (Pearson and Young, 1989; Holm and Fletcher, 1997; Honikel, 2004). Cold T will 

decrease or halt glycolysis resulting in limited lactic acid accumulation in the muscle, causing 

muscle pH to either remain neutral or rise (Lyon and Buhr, 1999). Muscle pH can impact a variety 

of other meat quality parameters such as muscle colour and WHC (Froning et al., 1978; Babji et 

al., 1982). 

Muscle colouration is impacted by ante-mortem factors including flock, season, and 

transport components, such as T (Bianchi et al., 2005). These factors influence the hen’s 

physiological responses and often result in the commencement of glycolytic processes, impacting 

muscle pH which subsequently influences muscle colour (Knowles and Broom, 1990). A 

decrease in pH from hot T leads to a pale, lighter muscle colouration (Babji et al., 1982) as a 

result of denaturation of myoglobin, caused by an increased rate of glycolysis (Dadgar et al., 

2010). Exposure to cold T leads to an increase in pH which results in the muscle’s ability to hold 

water closer together and appearing darker and redder from less light colouration on the surface 
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(Petracci et al., 2004; Dadgar et al., 2011). The redness (a*) of muscle is caused by the presence 

of myoglobin and hemoglobin (Babji et al., 1982; Fletcher, 2002; Bianchi et al., 2006). The 

heme compound within hemoglobin is thought to contribute to colour differences (Berri et al., 

2001) while the iron is the primary source of red pigment (Boulianne and King, 1995). When the 

muscle has a reduction in overall pigmentation resulting in increased lightness (L*; Babji et al., 

1982), it can be an indicator of PSE meat (Barbut, 1993). The classification of pale meat 

coincides with reduced a* compared to normal and dark meat (Boulianne and King, 1995). 

Muscles that are dark in colour, lack yellow pigmentation, have red colouration, firm texture, and 

dry appearance are often classified as DFD meat (Dadgar et al., 2012a). Prior poultry transport 

research in winter conditions has indicated that factors such as T can play a role in the higher 

incidence of DFD meat (Dadgar et al., 2010). The transport D may also play a vital role. Zhang 

et al. (2009) found that L* of muscle colour was not influenced by transport D. Bianchi et al. 

(2006) reported that for short transport distances, less than 40 km, breast muscle a* had 

increased. Yellowness (b*) can also increase with longer transport D (Zhang et al., 2009). With 

reduced FC, EOCH muscles may be more vulnerable to ambient T/RH combinations resulting in 

an exacerbated influence on muscle colouration. 

Drip, thaw, and cook loss are all related to the WHC of the muscle, which corresponds 

with muscle pH and can be used as an indicator of ante-mortem stress during transport. Changes 

to muscle pH result in the alteration of space between the muscle proteins to either bind and 

retain water or result in water loss leading to higher drip, thaw, and cook loss (Pearson and 

Young, 1989; Lyon and Buhr, 1999). Heat stress causes pH to decline and subsequently leads to 

a decline in WHC due to the changes in electrostatic forces between the myofiber contractile 

filaments of the protein resulting in a reduction of space between the filaments (Barbut, 1993; 

Honikel and Hamm, 1994; Sandercock et al., 2001). The reduced space and weakened 

electrostatic forces lead to an increase in unbound water molecules, which are lost through drip, 

thaw, and cook loss (Pearson and Young, 1989; Honikel and Hamm, 1994). Cold stress or 

exhaustion leads to a higher pH which allows the contractile proteins of muscles to be further 

from their electrostatic points causing a net charge on the proteins and providing greater 

intracellular space for water molecules to bind, allowing muscles to hold more water (Honikel, 

2004; Dadgar et al., 2010). Therefore, WHC will be affected by climatic conditions similar to pH 
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and colour. The impact on WHC from thermal stress can be further exacerbated by increased D 

and reduced FC.   

Past research has focused on meat birds including broilers and turkeys. These studies 

have indicated that exposure to hot T results in lower muscle pH and WHC, and lighter muscle 

colouration, while exposure to cold T leads to higher muscle pH and WHC, and darker and 

redder muscle colouration. However, consideration of RH influence was typically not evaluated. 

Prior studies found that muscle quality problems were exacerbated with increased exposure, but 

limited research has been conducted on influence of FC on muscle physiology for poultry. 

Therefore, this study will evaluate the impacts on muscle physiology for well-feathered (WF) 

and poorly-feathered (PF) EOCH exposed to heat and cold stress, at various D, which has not 

previously been studied.  

The objective of this chapter was to investigate the effect of a range of T/RH 

combinations and D on the muscle physiology of poorly-feathered (PF) and well-feathered (WF) 

white strain EOCH. The muscle physiology parameters evaluated were live shrink, muscle pH, 

colour (L*, a*, and b*), and WHC (drip, thaw, and cook loss). It was hypothesized that the T/RH 

combinations along with D and FC would have varying impacts on EOCH muscle physiology, as 

a result of cold or heat stress at extreme environments as the hens attempt to cope.  

The specific hypotheses for this study are as follows: 

Muscle Physiology: 

1. Regardless of hot or cold T/RH combinations live shrink is expected to increase with D as a 

result of the EOCH being feed and water withdrawn and therefore utilizing energy reserves for 

thermoregulation.   

2. During hot T and high RH, the rate of glycolytic metabolism post-mortem is expected to 

increase, producing a decline in pH, a higher incidence of PSE muscle characteristics, and an 

increase in drip, thaw, and cook loss.  
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3. During cold T exposure, glycogen reserves will be depleted to provide energy ante-mortem 

and therefore there will be little to no substrate for glycolysis post-mortem causing an increase in 

pH, a higher incidence of DFD muscle characteristics, and a decline in drip, thaw, and cook loss. 

3.3 Materials and Methods 

3.3.1 Experiment 

The experimental protocol for this study was approved by the University of 

Saskatchewan’s Animal Care Committee and adhered to the guidelines formed by the Canadian 

Council on Animal Care (1993, 2009) as specified in the Guide to the Care and Use of 

Experimental Animals. 

The experiment included three replicates of 210 white-feathered EOCH (105 WF and 105 

PF hens per replicate; total of 630 EOCH). The five different T/RH combinations were selected 

and outlined in previous chapter in Table 2.1 (-10°C, uncontrolled RH (-10), 21°C, 30%RH 

(21/30), 21°C, 80%RH (21/80), 30°C, 30%RH (30/30), 30°C, 80%RH (30/80)). For each T/RH 

combination described, there were three different D tested, including 4, 8, or 12h. Finally, within 

each T/RH combination and D, FC was tested, using an even ratio of WF to PF hens. Therefore, 

the total treatments encompass five T/RH combinations, three D, and two FC.  

3.3.2 Birds and Housing 

EOCH (Lohmann LSL-Lite, 65 to 70wks of age) for each of the three replications were 

purchased from a local farmer within a 120km radius of Saskatoon. The hens were transported in 

stacked transport crates in an enclosed van, three days prior to commencement of treatment 

exposure to provide time for the hens to acclimatize (three to five days). The hens were divided 

into one of two pens (3.9 x 3.0m) in a barn on the University of Saskatchewan campus. One pen 

contained the WF hens, defined as birds with ≥50% total FC, while the other pen consisted of PF 

hens, which had <50% FC (Figure 2.1). A modification of the Sarica et al. (2008) four-point 

feather scoring system was used, where scores one and two formed the PF hen category and 

scores three and four fulfill the WF hens (Table 2.2). The pens had straw litter, and ad libitum 
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food and water were provided (except for the 6h feed withdrawal period before treatment 

exposure). There were three tube feeders (Farm-Tuff 125HF, 38cm diameter) and two bell 

waterers (36cm diameter) in each pen, and the feed was purchased from the farmer where the 

hens were obtained to maintain consistency. The lighting was produced by five light-emitting 

diode bulbs providing approximately five lux for all hens. The daylight cycle mimicked the farm 

of origin. The T/RH of the barn was recorded hourly via three ibutton HygrochronTM data 

loggers (DS1923-#F5, Maxim Integrated; San Jose, CA, USA) for the entire D of bird housing. 

The barn T ranged from 15°C to 18°C with an RH between 40 to 60%.  

3.3.3 Climate-controlled Chambers and Modified Experimental Modular 

Crates 

The two climate-controlled chamber rooms were located in the Engineering building at 

the University of Saskatchewan (Figure 2.2). The chamber rooms had concrete flooring and 

metal walls with a volume that varied slightly from 21.8 and 18.9m3. During simulated transport 

there was no lighting provided in the chamber rooms. Chamber rooms had air flow throughout to 

keep consistent exposure T/RH combinations. The T/RH combination were controlled in real-

time via one thermocouple (Omega HH509, Omega Engineering; Laval, QC, Canada, located in 

the middle of the chamber room) and a RH sensor (HM1500LF, Measurement Specialities, Inc; 

Toulouse, France, located on the opposite side of the steam generator exhaust pipe (100% RH 

capacity; Nortec, H.V.A.C Sales (1995) LTD; Condair Ltd; Ottawa, ON, Canada)) in each 

climate-controlled chamber. A stream generator (one; controlled by a computer software system 

(LabVIEW)), humidifiers (one or two with a 60%RH capacity; Essick Air Products Evaporative 

Humidifier) or a dehumidifier (one; NOMA, dehumidifier) were used to control RH level within 

the chambers. The T/RH systems were started 2h before pre-treatment procedures to allow the 

chamber to reach and stabilize at the experimental conditions.  

Each chamber room was equipped with a wood table which held three modified 

experimental modular crates (one crate for each D of 4, 8, 12h, removed after that specific time). 

Each crate was labelled with their respective chamber (including the corresponding T/RH 

combination, D, and FC) on the removable lid made of wood and chicken wire (Figure 2.3). The 
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chamber room housed 42 EOCH with 14 hens/crate. Each crate was divided in half 

(experimental unit; 0.56 x 0.39m) and contained seven WF (≥50% FC) or seven PF (<50% FC) 

hens with a stocking density of approximately 53kg/m2 per crate section, which was slightly 

under the recommended commercial stocking density of 63kg/m2. The middle partition of the 

crate had one T/RH ibutton HygrochronTM data logger at hen height which recorded T/RH every 

60sec. The WF or PF hens were randomized during the placement in the crates to remove 

experimental error due to location.  

3.3.4 Data Collection 

Pre-Treatment Procedure 

Feed was removed from the hens 6h before placement in the climate-controlled chambers 

(10-18h at the time of slaughter). Water was provided by galvanized waterers (30cm diameter) 

until bird preparation began. Bird preparation entailed hens being weighed individually using a 

digital hanging scale (Salter Brecknell ElectroSamson Digital Hand-Held Scale; calibrated using 

a 1kg weight before live bird weights were taken, both pre- and post-treatment) and wing-banded 

in addition to pre-treatment procedures outlined in Chapter two.  

Treatment Procedure 

After the resting period, indicated in Chapter two, EOCH were moved in an enclosed van 

from the housing facility to the climate-controlled chambers before their scheduled staggered 

start times (used to provided time between treatments for collections; Table 2.3). The EOCH 

were immediately transferred from temporary transport crates to one of three experimental 

modular crates (one crate/D), separated by FC, and exposed to the pre-determined T/RH 

combinations (Table 2.1). During exposure, transponder readings were recorded for the EOCH in 

the extreme T/RH combinations (30/80 and -10) using a transponder wand (BMDS IPTT DAD-

8007-IUS) every 30min to monitor surface body T. Hens in other T/RH combination exposures 

were disturbed every 30min to maintain consistency across treatments.   

Post Treatment and Slaughter Procedure  
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A cart was used to move the experimental modular crate containing the hens from the 

climate-controlled chamber to the processing room where further data collection was 

immediately conducted (no lairage provided). Live bird weight post-treatment was obtained, then 

live shrink loss represented as a percent was calculated by taking the final weight, subtracting the 

initial weight, dividing by the initial weight, and then multiplying by 100 (Henrikson et al., 

2018). The EOCH were placed on shackles and stunned with an electric stunning knife (VS200, 

Midwest Processing Systems; Minneapolis, MN, USA) for 30sec on power setting five to six 

(circa 0.16 amps, 60 Hz AC), or until the wing-droop response or loss of nictitating membrane 

reflex was observed (Henrikson et al., 2018). Carcasses were hot-water scalded at 68°C (Chicken 

Dipper Dual Element Scalding Tank DUX, 115 volts; DUX Industries; Lincoln, NE, USA), 

mechanically plucked (Featherman Feather Plucker K7080, 10.8 Amps; Featherman Equipment 

LCC; Suffolk County, NY, USA) and manually eviscerated.  

Meat Quality Measures 

Following evisceration, initial meat quality measures were obtained. A small incision was 

made using a scalpel on the upper right Pectoralis major (breast) muscle and the right iliotibial 

(thigh) muscle. Initial muscle pH was measured at approximately 30min post-mortem using a pH 

probe (Accumet, Fisher Scientific, Ottawa, ON, Canada) with an attached portable pH meter 

(Hanna H1 9025 microprocessor-based pH meter, Hanna Instruments; Woonsocket, RI, USA) 

accompanied by a T probe which were all inserted into the incision site. Carcasses were then 

chilled in an ice bath for 1h before placement on ice in rubber totes in a 4°C refrigerator for an 

additional 5h (total of 6h on ice). Afterwards, carcasses were cut up, the right breast and thigh 

muscles were removed, weighed (NavigatorTM Ohaus, Ohaus Corporation), and arranged on a 

drip tray labelled with the date, time, and wing band number and sealed with plastic wrap. The 

left breast muscle was removed, weighed, and placed in freezer bags labelled with the wing band 

number and date, and then placed in a -30°C freezer for 5wks. Following the 5wks of storage, the 

left breast samples were assessed for thaw and cook loss.   

After 24h, the final meat quality measures were obtained. The right breast and thigh 

muscle were weighed, and drip loss, expressed as a percent, was calculated by subtracting the 
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initial weight from the final weight, dividing by the initial weight, and multiplying by 100 

(Henrikson et al., 2018). The final muscle pH and T were obtained by making a second incision 

adjacent to the initial and using the same method described earlier. Then, the right breast and 

thigh muscles were allowed to ‘bloom’ by parting the pectoralis minor muscle from the 

pectoralis major. Once 30min of blooming had taken place, colour measures were documented 

from the right pectoralis major (breast) and iliotibial (thigh) muscles using a Minolta colour 

meter (CR-400, Konica Minolta Sensing Americas, Ramsey, NJ, USA). Prior to taking colour 

readings, the Minolta colour meter was set to illuminate C and calibrated using a white coloured 

tile. There were two readings recorded for each muscle, with the second reading having the 

meter rotated 90 degrees, to capture differences from muscle fiber orientation. These colour 

readings captured the L*, a*, and b* of the muscles.  

After 5wks, the left breast muscle samples were thawed for 24h in a 4℃ refrigerator. The 

samples were removed from the freezer bag and blotted with a paper towel, weighed (thaw loss 

calculated) and placed in a new freezer bag labelled with the wing band number. There were five 

samples of similar size placed in the water bath (T of 80℃) at a time. The sample in the middle 

(third sample) had an incision to allow for the insertion of the thermocouple wire to monitor the 

internal T. The samples were cooked (reached an internal T of 75℃ monitored by the 

thermocouple) which took approximately 10min. The samples remained in the water bath for an 

additional 5min, then the samples were removed, and a T reading using a meat thermometer 

were conducted immediately. Samples were allowed to cool down to 40 to 50℃ and were then 

dabbed with a paper towel and reweighed (cook loss calculated). Thaw loss and cook loss 

calculations were reported as a percent and obtained by subtracting the initial weight from the 

final weight (thawed or cooked), dividing by the initial weight, and multiplying by 100 

(Henrikson et al., 2018). 

3.3.5 Statistical Analyses  

The experiment was a 5x3x2 factorial arrangement of T/RH combinations, D, and FC. 

The experiment contained three replicates and was designed as a randomized complete block 

design where farm was the block. Data were analyzed by an ANOVA using a Proc Mixed model 
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procedure (SAS® 9.4, Cary, NC) with mean separation using the Tukey test. Data were checked 

for normality using the univariate procedure and log transformed when not normally distributed 

before analyses. Differences were considered significant at P≤0.05. 

3.3.6 Humane Endpoint 

During this study, EOCH experienced heat and cold stress in order to analyze the hen’s 

response to T/RH combinations, D, and FC. However, if EOCH displayed undue distress and 

suffering outside of the expected limits of the trials, the humane endpoint was implemented. 

Expected stress responses within the acceptable limits included but was not limited to: panting, 

movement away from other birds, and vasodilation for heat stress and huddling, pteroerection, 

vasoconstriction, and torpor (known as a temporary state of dormancy) for thermal stress. EOCH 

displaying the above-mentioned stress responses were not removed from the trial since these 

behaviours are important to understand the impact of the climate conditions on the hens.  

Transponder readings reported the subcutaneous T of the hens every 30min (minimum) to 

assure EOCH were coping with climate conditions. A transponder reading between 35 to 40°C 

warranted an increased frequency of monitoring to every 15min. When EOCH transponder 

readings dropped below the lethal T of 28°C (Sturkie, 1946) or hens demonstrated torpor, they 

were checked for signs of life (responsiveness and/or nictitating membrane reflex). An EOCH 

mortality <1 in a treatment resulted in the termination of the treatment. 

During the first replicate the humane endpoint developed from Henrikson et al. (2018) 

study was not initiated despite three mortalities in the 12h -10 treatment. Afterwards, the humane 

endpoint based on Henrikson et al. (2018) study was updated to state that a mortality >1 in a 

treatment would result in the end of the treatment. Therefore, during the second replicate the 

humane endpoint was activated for the PF hens in the -10 treatments. For the third replicate, PF 

hens for the -10 treatment at 4, 8, and 12h were removed and replaced with WF hens as the PF 

EOCH were incapable of handling the climate conditions and were experiencing undue 

suffering. 
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3.4 Results 

Live Shrink (%): Neither T/RH combinations or FC had any impact on the percentage of live 

shrink for the EOCH (Table 3.1). However, the percentage of live shrink was greatest when hens 

were exposed for 12h compared to the 8h and subsequent 4h D (Table 3.1).   

Breast Muscle pH: An interaction between T/RH combinations and D was observed for hens 

final breast muscle pH (Table 3.2, 3.3) The EOCH final breast muscle pH was highest in the 

birds exposed to -10 for 12h compared to the -10 8h D, followed by 21/30, 21/80, 30/30, and 

30/80 at all D (Table 3.2). There was an effect for the T/RH combinations on the birds initial 

breast muscle pH with hens exposed to -10 being higher than the 30/30 combination (Table 3.3). 

There was no impact of FC on initial or final breast muscle pH of EOCH or D for birds initial 

breast muscle pH (Table 3.3).  

Thigh Muscle pH: There was an interaction between T/RH combinations and D for the birds 

initial and final thigh muscle pH (Table 3.2, 3.4). The EOCH initial thigh muscle pH was highest 

in the hens exposed to -10 for 12h compared to all other T/RH combinations across all D (Table 

3.2). The birds final thigh muscle pH was highest for hens exposed to -10 for 12h compared to 

the -10 for 4h, followed by 21/30, 21/80, 30/30, and 30/80 across all D (Table 3.2). There was no 

impact of FC on initial or final thigh muscle pH of EOCH (Table 3.4).  

Colour:  

Breast Muscle Lightness (L*): Neither D or FC had any impact on the hens breast 

muscle L* (Table 3.3). The EOCH breast muscle L* was affected by T/RH combinations with 

the hens exposed to the -10 combination having a lower breast muscle L* than the birds exposed 

to the other T/RH combinations (Table 3.3).  

Thigh Muscle Lightness (L*): An interaction between T/RH combinations and FC was 

observed for hens thigh muscle L* (Table 3.4, 3.5). Both WF and PF EOCH exposed to the -10 

combination had a lower thigh muscle L* than both FC for 21/30, 21/80, 30/30, and 30/80 

combinations (Table 3.5). No D impact was reported for the birds thigh muscle L* (Table 3.4).  



 

121 

 

Breast Muscle Redness (a*): The a* of hens breast muscles was affected by the T/RH 

combinations with the birds exposed to the -10 combination having a higher breast muscle a* 

than those exposed to 21/30, 21/80, and 30/30 combinations (Table 3.3). Neither D or FC had 

any impact on EOCH breast muscle a* (Table 3.3).  

Thigh Muscle Redness (a*): There was an effect on T/RH combinations for the birds 

thigh muscle a* with EOCH exposed to the -10 combination having a higher thigh muscle a* 

than those exposed to 21/30, 21/80, and 30/30 combinations (Table 3.4). Additionally, a* in the 

thigh muscle was higher in PF hens compared to WF EOCH (Table 3.4). There was no D impact 

on birds thigh muscle a* (Table 3.4).  

Breast Muscle Yellowness (b*): The effect of T/RH combinations on the b* of birds 

breast muscle was highest for hens exposed to 21/80 combination compared to 21/30 combination, 

followed by -10 combination (Table 3.3). Additionally, b* in the breast muscle of EOCH was 

highest for birds exposed for 4h compare to the 12h D (Table 3.3). There was no FC impact on the 

hens breast muscle b* (Table 3.3).  

Thigh Muscle Yellowness (b*): There was an effect on T/RH combinations for EOCH 

thigh muscle b* with hens exposed to 30/30 combination being higher than 21/30 and 30/80 

combinations, followed by -10 combination (Table 3.4). Neither D or FC had any impact on birds 

thigh muscle b* (Table 3.4).  

Drip Loss (%): There was no effect of T/RH combinations, D, or FC on drip loss for EOCH 

breast or thigh muscle (Table 3.3, 3.4).  

Thaw Loss (%): There was an interaction for hens breast muscle thaw loss between T/RH 

combinations and D (Table 3.2, 3.3). Breast muscle thaw loss was greatest in the birds exposed 

for 12h to 30/30 combination compared to the 4h exposure at 30/30 combination, all D exposures 

for 30/80 combinations, and the 4 and 12h exposure at 21/30 combination, followed by exposure 

for 4 and 12h at -10 combination (Table 3.2). No FC impact was observed for EOCH breast 

muscle thaw loss (Table 3.3).  
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Cook Loss (%): An interaction between T/RH combinations and D was observed for EOCH 

breast muscle cook loss (Table 3.2, 3.3). The hens breast muscle cook loss was greatest for birds 

exposed for 8 and 12h to 21/30 combination, all D at 21/80 combination, 4 and 8h at 30/30 

combination, and 8h at 30/80 combination compared to exposure for 4 and 12h to -10 

combination (Table 3.2). Additionally, there was a second interaction for birds breast muscle 

cook loss between T/RH combinations and FC (Table 3.3, 3.5). WF and PF EOCH exposed to 

21/80 combination had a higher breast muscle cook loss compared to WF hens in the -10 

combination, followed by the PF birds in the -10 combination (Table 3.5).
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Table 3.1 Initial body weight and live shrink parameters for temperature/relative humidity combinations1, duration of exposure2, and 
feather cover3 for white-feathered end-of-cycle hens. 
Parameter4 Temperature/RH Combinations P-

value 
Duration P-

value 
Feather Cover P-

value 
-10  21/30 21/80 30/30 30/80  4h 8h 12h  WF PF  

Initial body weight  1.54 1.57 1.55 1.55 1.55 0.39 1.55 1.55 1.56 0.94 1.58a 1.52b <0.01 
Live shrink 2.68 2.35 2.51 2.94 2.68 0.51 1.58c 2.65b 3.73a <0.01 2.56 2.70 0.46 
P-value for interactions4 T/RHxD T/RHxFC DxFC T/RHxDxFC SEM5 

Initial body weight 0.52 0.12 0.44 0.09 0.008 
Live shrink 0.74 0.06 0.85 0.15 0.153 
a,b,cMeans within a main effect with different superscripts are significantly different (P≤0.05) 
1Temperature/relative humidity combinations: -10°C uncontrolled RH (-10; n=15), 21°C 30%RH (21/30; n=18), 21°C 80%RH 
(21/80; n=18), 30°C 30%RH (30/30; n=18), and 30°C 80%RH (30/80; n=18) 
2Duration of exposure: 4, 8, and 12 hours (n=29) 
3Feather cover:  well-feathered (WF; n=45) and poorly-feathered (PF; n=42) hens 
4Initial body weight is measured in kg; live shrink is measured in % (final-initial/initial*100) 
5Standard error of the mean 
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Table 3.2 Muscle physiology parameters: Interactions between temperature/relative humidity combinations1 and duration of exposure2 
for white-feathered end-of-cycle hens. 
Parameter3 -10 21/30 21/80 30/30 30/80 
Thaw Loss       
4h 0.85c 2.34b 3.42ab 2.78b 2.64b 
8h 2.03bc 3.62ab 4.63ab 1.92bc 2.36b 

12h 0.77c 2.26b 3.26ab 4.66a 2.29b 
Cook Loss      
4h 15.93bc 18.16ab 21.07a 19.71a 18.56ab 

8h 17.73ab 21.00a 20.32a 20.54a 19.97a 

12h 12.65c 19.92a 19.99a 17.92ab 18.33ab 

Final Breast pH      

4h 6.21bc 5.95cd 5.87d 5.86d 5.84d 
8h 6.32b 5.85d 5.92d 5.89d 5.79d 
12h 6.80a 5.95cd 5.90d 5.87d 5.90d 
Initial Thigh pH      
4h 6.92ab 6.69bc 6.61bc 6.64bc 6.68bc 

8h 6.90abc 6.51bc 6.46c 6.38c 6.74bc 

12h 7.29a 6.50bc 6.58bc 6.49bc 6.58bc 

Final Thigh pH      

4h 6.70b 6.33c 6.21c 6.16c 6.27c 
8h 6.81ab 6.22c 6.23c 6.21c 6.17c 
12h 7.08a 6.21c 6.21c 6.17c 6.14c 
a,b,c,dMeans within different superscripts are significantly different (P≤0.05) 
1Temperature/relative humidity combinations: -10°C uncontrolled RH (-10; n=15), 21°C 30%RH (21/30; n=18), 21°C 80%RH 
(21/80; n=18), 30°C 30%RH (30/30; n=18), and 30°C 80%RH (30/80; n=18) 
2Duration of exposure: 4, 8, and 12 hours (n=29) 
3Thaw and cook loss is measured in % 
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Table 3.3 Breast muscle physiology parameters of temperature/relative humidity combination1, duration of exposure2, and feather 
cover3 for white-feathered end-of-cycle hens. 
Parameter4 Temperature/RH Combinations P-

value 
Duration P-

value 
Feather Cover P-

value 
-10  21/30 21/80 30/30 30/80  4h 8h 12h  WF PF  

Breast Muscle 
Drip loss  0.41 0.60 0.47 0.85 1.00 0.16 0.60 0.85 0.62 0.64 0.74 0.63 0.38 
Thaw loss  1.15b 2.74ab 3.77a 3.12a 2.38ab <0.01 2.46 3.01 2.86 0.38 2.45 3.11 0.10 
Cook loss  15.53b 19.69a 20.46a 19.39a 18.88a <0.01 18.78ab 20.15a 18.33b <0.01 19.12 19.04 0.10 
L* 43.02b 46.78a 48.79a 47.22a 47.41a <0.01 47.00 47.50 46.48 0.11 46.87 47.14 0.60 
a* 9.16a 8.15b 7.98b 8.17b 8.54ab <0.01 8.40 8.11 8.39 0.34 8.31 8.29 0.40 
b* -1.52c -0.62b 0.57a -0.21ab -0.24ab <0.01 -0.07a -0.24ab -0.66b <0.01 -0.34 -0.29 0.51 
Initial pH 6.74a 6.50ab 6.49ab 6.34b 6.48ab <0.01 6.54 6.45 6.48 0.27 6.48 6.51 0.53 
Final pH 6.40a 5.92b 5.90b 5.87b 5.84b <0.01 5.94b 5.91b 6.01a <0.01 5.96 5.94 0.22 
P-value of interactions4 T/RHxD T/RHxFC DxFC T/RHxDxFC SEM5 

Breast Muscle 
Drip loss  0.71 0.67 0.70 0.97 0.090 
Thaw loss  0.03 0.51 0.84 0.85 0.183 
Cook loss  0.04 0.01 0.74 0.17 0.285 
L* 0.76 0.38 0.88 0.84 0.307 
a* 0.50 0.36 0.15 0.23 0.138 
b* 0.32 0.35 0.43 0.77 0.133 
Initial pH 0.51 0.89 0.91 0.97 0.027 
Final pH <0.01 0.17 0.33 0.87 0.026 
a,b,cMeans within a main effect with different superscripts are significantly different (P≤0.05) 
1Temperature/relative humidity combinations: -10°C uncontrolled RH (-10; n=15), 21°C 30%RH (21/30; n=18), 21°C 80%RH 
(21/80; n=18), 30°C 30%RH (30/30; n=18), and 30°C 80%RH (30/80; n=18) 
2Duration of exposure: 4, 8, and 12 hours (n=29) 
3Feather cover: well-feathered (WF; n=45) and poorly-feathered (PF; n=42) hens 
4Drip, thaw, and cook loss are measured in %; L* = Lightness; a* = redness; b* = yellowness  
5Standard error of the mean 
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Table 3.4 Thigh muscle physiology parameters of temperature/relative humidity combinations1, duration of exposure2, and feather 
cover3 for white-feathered end-of-cycle hens. 
Parameter4 Temperature/RH Combinations P-

value 
Duration P-

value 
Feather Cover P-

value 
-10  21/30 21/80 30/30 30/80  4h 8h 12h  WF PF  

Thigh Muscle  
Drip loss 0.47 0.47 0.55 0.63 0.11 0.53 0.48 0.30 0.55 0.58 0.31 0.59 0.30 
L* 41.87c 47.60b 49.87a 49.0ab 47.87b <0.01 47.37 47.98 47.93 0.93 47.43 48.10 0.74 
a* 7.81a 7.03b 6.60b 6.91b 7.33ab <0.01 7.08 7.05 7.00 0.99 6.76b 7.34a <0.01 

b* -6.07c -3.47b -2.97ab -2.30a -3.26b <0.01 -3.64 -3.43 -3.15 0.74 -3.72 -3.09 0.27 
Initial pH 7.01a 6.57b 6.55b 6.50b 6.67b <0.01 6.70 6.57 6.62 0.12 6.64 6.62 0.62 
Final pH 6.83a 6.25b 6.22b 6.18b 6.19b <0.01 6.32 6.27 6.28 0.52 6.32 6.26 0.94 
P-value of interactions4 T/RHxD T/RHxFC DxFC T/RHxDxFC SEM5 

Drip loss 0.56 0.56 0.51 0.63 0.103 
L* 0.43 0.01 0.91 0.83 0.354 
a* 0.81 0.33 0.88 0.38 0.105 
b* 0.97 0.35 0.80 0.99 0.173 
Initial pH 0.05 0.90 0.77 0.94 0.028 
Final pH 0.01 0.06 0.67 0.95 0.029 
a,b,cMeans within a main effect with different superscripts are significantly different (P≤0.05) 
1Temperature/relative humidity combinations: -10°C uncontrolled RH (-10; n=15), 21°C 30%RH (21/30; n=18), 21°C 80%RH 
(21/80; n=18), 30°C 30%RH (30/30; n=18), and 30°C 80%RH (30/80; n=18) 
2Duration of exposure: 4, 8, and 12 hours (n=29) 
3Feather cover: well-feathered (WF; n=45) and poorly-feathered (PF; n=42) hens 
4Drip loss is measured in %; L* = Lightness; a* = redness; b* = yellowness 
5Standard error of the mean  
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Table 3.5 Muscle physiology parameters: Interactions between temperature/relative humidity combinations1 and feather cover2 for 
white-feathered end-of-cycle hens. 
Parameter3 -10 21/30 21/80 30/30 30/80 
Cook Loss       

WF 16.99b 19.48ab 20.41a 19.79ab 18.46ab 
PF 12.97c 19.91ab 20.51a 18.99ab 19.44ab 
Thigh L*      

WF 43.30b 47.87a 49.18a 48.46a 47.41a 
PF 39.35b 47.52a 50.55a 49.74a 48.46a 
a,b,cMeans within different superscripts are significantly different (P≤0.05). 
1Temperature/relative humidity combinations: -10°C uncontrolled RH (-10; n=15), 21°C 30%RH (21/30; n=18), 21°C 80%RH 
(21/80; n=18), 30°C 30%RH (30/30; n=18), and 30°C 80%RH (30/80; n=18) 
2Feather cover: well-feathered (WF; n=45) and poorly-feathered (PF; n=42) hens 
3Cook Loss is measured in %; L* = Lightness  
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3.5 Discussion 

Typically, EOCH have reduced body condition at the end of their production cycle as a 

result of the metabolic demands from high egg production (Richards et al., 2012). During 

transport, the stress from exposure to variables such as T/RH combinations and D can influence 

weight loss (Knowles and Broom, 1990; Petracci et al., 2001; Jacobs et al., 2016a, b, c). As a 

result of exposure conditions, EOCH utilize behavioural and thermoregulatory mechanisms to 

cope, especially if they have reduced FC in cold conditions and full FC in hot conditions. These 

mechanisms quickly use energy reserves and lead to a decline in live weight.  

The results from this study indicated that longer D resulted in higher live shrink loss. 

These results were in agreement with a study reviewed by Knowles and Broom (1990) who 

found that broilers transported for a D of 4.5h had a weight loss of 3.1% compared to those 

transported for 3h and 1.5h with a weight loss of 2.3% for both, respectively. Although the 

percent of live shrink loss was similar between this research and the current study despite a 

shorter D time, the T/RH combinations of the other study was unknown, and consideration 

should be given to the differences between layer and broiler poultry species. Broilers are selected 

for meat production and therefore have a greater body mass and energy reserves compared to 

laying hens. Holm and Fletcher (1997) found that a 12h D exposure to 29°C resulted in 6.20% 

loss in live weight of broilers compared to 3.75% and 3.82% for birds exposed to 7°C and 18°C, 

respectively. Petracci et al. (2001) observed a 5.67% live shrink loss for broilers exposed to 34°C 

for 12h compared to those exposed to 24°C and 29.5°C for 12h which had a live shrink loss of 

3.16% and 3.87%, respectively. The reported D in these studies closely aligned with the 

maximum D in the present research. However, T reported was higher than the current study. The 

significant live shrink loss can be an indicator of larger energy stores and an increase in body 

insulation. The higher initial body mass of broilers and increased T may lead to quicker initiation 

of thermoregulatory mechanisms to cope with environmental conditions. 

Changes to muscle pH as a result of ante-mortem stress such as exhaustion from 

thermoregulatory mechanisms used to maintain CBT, acid-base measures, and blood gases can 

have an impact on other muscle physiology parameters (Sandercock et al., 2001; Dadgar et al., 
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2010, 2011, 2012a, b). Dadgar et al. (2010) reported a higher pH for broiler breast muscle 

exposed to T below 0°C (pH=5.98) ante-mortem compared to warmer T between 0 to 20°C 

(pH=5.91) for a D of 3 to 4h. Exposure for 3 to 4h to a T above 20°C resulted in an average 

muscle pH value of 5.84. Similarly, the results presented in this study demonstrated that cold 

T/RH combination coupled with a longer D exposure led to a higher pH in both breast and thigh 

muscles. In contrast, as T rises, many studies have indicated that muscle pH will decline (Holm 

and Fletcher, 1997; Dadgar et al., 2010, 2011, 2012a, b). Holm and Fletcher (1997) found that 

broilers exposed to 29°C had a lower breast muscle pH (5.74) compared to broilers exposed to 

18°C (5.84) and 7°C (5.83) during a 12h D. Similarly, turkeys exposed to a hot T (37.8°C) 

demonstrated a lower breast muscle pH (5.99) as a result of increased rate of glycolytic 

metabolism post-mortem compared to control T (21.1°C) and cold T (4.4°C) which had a higher 

muscle pH (6.06 for both; Babji et al., 1982). Dadgar et al. (2012b) demonstrated a higher thigh 

muscle pH for broilers exposed for 3h to T below -11°C compared to those exposure to T 

between 0 to -11°C, followed by birds exposed to neutral conditions at 22°C. In contrast, Zhang 

et al. (2009) demonstrated that broilers transported for either 45min or 3h with an external T of 

15 ± 4°C did not impact breast and thigh muscle pH. The lack of change in muscle pH could 

have been the result of a shorter D period or less severe T (an unreported RH) conditions. The 

alterations to pH level can affect other muscle physiology parameters such as muscle colour and 

WHC.  

Muscle colour has the potential to be an indicator of heat stress or cold stress ante-

mortem and is highly correlated with muscle pH (Barbut, 1997; Dadgar et al. 2010, 2011). 

Muscle characteristics such as PSE and DFD are generally identified by the L* colouration and 

muscle pH. Past research has identified L* values of ≥53 to indicate PSE and values of ≤46 to 

correspond with DFD muscles (Bianchi et al., 2005; Dadgar et al., 2012a, b).  The current data 

indicated that thigh muscle color (L* in particular) in birds with different levels of FC react 

differently to T/RH combination exposures.  Hens exposed ante-mortem to the cold T/RH 

combination (both FC) had darker thigh muscle colouration. Thigh muscles are considered to be 

more sensitive to ante-mortem stress and glycogen depletion (Dadgar et al., 2012b). However, a 

similar trend was also observed for EOCH breast muscle L* in the current study. Hens exposed 

to the cold T/RH combination had a darker breast muscle colour. Based on the classification of 
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DFD muscles at values ≤46, the current study indicates that breast and thigh muscle of hens 

exposed to the cold T/RH combination can be characterized based on colouration as DFD 

muscles. Meanwhile, the neutral and hot T/RH combinations did not result in PSE 

characterization of the breast or thigh muscle. Barbut (1997) found a significant relationship 

between pH and L* for broilers breast muscle, whereby when the pH decreased, L* values 

increase, which was further supported by Bianchi et al. (2005) who found that pH and L* had a 

negative linear relationship for broiler breast muscles.  

While an increase in L* can indicate PSE muscles, an increase in a* is often correlated 

with DFD muscle characteristics. In the current study, EOCH breast and thigh muscle 

demonstrated a darker colouration (higher a*) for hens exposed to the cold T/RH combination. 

The dark colouration from hens exposed to cold T/RH combinations further supports that the 

breast and thigh muscles may have developed DFD muscle characteristics. Dadgar et al. (2010) 

reported that broilers breast muscle a* increased for birds exposed to T below 0°C ante-mortem 

for 3 to 4h compared to birds exposed to T above 0°C. The broilers breast muscle a* was higher 

for birds exposed to T between 0°C to 20°C for 3 to 4h compared to T above 20°C. Bianchi et al. 

(2006) found that broilers breast muscle a* was higher for birds exposed to T below 12°C 

compared to those exposed to T between 12 to 18°C and above 18°C. These two authors reported 

similar findings to the present study which demonstrated that colder T resulted in higher a* 

values. Furthermore, PF hen’s thigh muscle had a darker appearance (increased a*) compared to 

WF EOCH, likely due to direct exposure to environmental conditions and limited FC. 

Studies have reported minimal change to b* colouration in muscle values, even when L* 

values have been altered (Fletcher et al., 2000; Van Laack et al., 2000; Bianchi et al., 2005). 

However, Holms and Fletcher (1997) found that broiler breast muscle b* increased with 

exposure to a higher T of 29°C for 12h compared to exposure to 18°C and 7°C ante-mortem. 

Similarly, the current study demonstrated that EOCH muscle b* changed with exposure to 

different T/RH combinations. Exposure to neutral T, high RH combination ante-mortem 

demonstrated an increase for breast muscle b*, while hot T, low RH combination ante-mortem 

increased hens thigh muscle b*. A longer D exposure resulted in a decrease in EOCH breast 

muscle b*.  
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The results of this study indicated that treatment exposure did not cause changes in drip 

loss for breast or thigh muscle of EOCH. Drip loss is directly influenced by the WHC and pH of 

the muscle (Froning et al., 1978; Offer and Knight, 1988; Pearson and Young, 1989; Sandercock 

et al., 2001). Muscle pH impacts the isoelectric forces between the protein filaments altering the 

space between the proteins (Offer and Knight, 1988; Pearson and Young, 1989). Barbut (1997) 

noted a significant relationship between pH and WHC for 7wk old broilers. It would be 

anticipated that with the significant differences found for pH in this study that drip loss would 

have been influenced as well, however, the results were contradictory, with no effect in either 

breast or thigh muscle. Similar results were demonstrated by Dadgar et al. (2010) who found no 

significant differences for breast muscle drip loss for broilers exposed to -27°C, -22°C, -17°C, -

5°C, 4°C, and 11°C for 3 to 4h ante-mortem.  

Thaw loss, defined as the loss of water during defrosting, is also impacted by the WHC 

and muscle pH. The present study demonstrated a reduction in water loss post-mortem during the 

thaw process for 4 and 12h exposures to the cold T/RH combination. Similar to the current study, 

past research has found that thaw loss is reduced during exposure to cold ambient T conditions. 

Dadgar et al. (2012a) observed a decrease in broiler muscle thaw loss for both intact and ground 

breast muscle classified as cold-DFD (exposed to cold ambient T conditions; developed DFD 

characteristics) compared to cold-normal (cold ambient T exposure ranging from -18°C to -4°C; 

normal muscle characteristics), followed by control-normal (exposure to 20°C; normal muscle 

characteristics) exposed for 3h. Dadgar et al. (2010) found that broilers exposed for 3 to 4h to 

crate T above 20°C ante-mortem had a higher breast muscle thaw loss than all other treatments 

(≤0°C, 0°C to 10°C, or 10°C to 20°C). Similar results were found for broiler thigh muscles by 

Dadgar et al. (2012b) where birds exposed ante-mortem for 3h to 22°C had a higher thaw loss 

compared to cold stress broilers (-15°C, -12°C, -9°C). Although the present study only evaluated 

breast thaw loss of EOCH, the similar impact observed in previous research on broilers 

demonstrates that cold T reduces thaw loss for both breast and thigh muscle in these two poultry 

species, while neutral and hot T increased thaw loss. While Dadgar et al. (2010, 2012a, b) 

exposed broilers for 3 to 4h, which was less than the present study, it was evident that T, 

particularly the cold T, impacted thaw loss regardless of D exposure.  
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Cook loss is also determined by WHC and muscle pH, similar to drip and thaw loss. In 

the present study EOCH exposed ante-mortem for the longest D to the cold T/RH combination 

demonstrated the smallest water loss during the cooking process. Holms and Fletcher (1997) 

reported a substantially lower cook loss for broilers exposed to environmental T of 29°C 

compared to 18°C and 7°C for 12h, which contrasted the current study’s findings where hot 

T/RH combinations (with middle exposure D) were highest and corresponded with the neutral 

T/RH combinations (various D exposures). The use of EOCH compared to broilers may have 

caused the differences between these two studies. Additionally, the slight variation between the 

treatment T as well as the consideration for RH in the current study may also have contributed to 

the differences in the cook loss values. Dadgar et al. (2010) found that various T treatments (-

27°C, -22°C, -17°C, -5°C, 4°C, and 11°C) at a simulated transport D of 3 to 4h did not impact 

cook loss value for broilers. Differences between Dadgar et al. (2010) and other research, 

including the present study, could be caused by different test T. It would be anticipated that cold 

T below 0°C would be expected to produce a lower cook loss as a result of higher pH values 

(Dadgar et al., 2010). Another explanation for the difference between Dadgar et al. (2010) and 

the present study is the length of D exposure in addition to the different poultry species. The 

current study also found that breast muscle cook loss in EOCH with different levels of FC react 

differently to T/RH combination exposures. Hens with poor FC exposed to the cold T/RH 

combination demonstrated the lowest cook loss. These results are novel as there is presently no 

found research that evaluates the effect on cook loss for EOCH caused by T/RH combination and 

FC.  

3.6 Conclusion 

In conclusion, this study reinforced the hypothesis that T/RH combinations along with D 

and FC would have varying impacts on EOCH muscle physiology as the hens attempt to cope. 

The utilization of energy stores for thermoregulatory purposes as well as dehydration led to an 

increase in live shrink over time with no impact for T/RH combinations or FC.  

The EOCH exposed to hot conditions ante-mortem demonstrated a decline in pH post-

mortem compared to the average pH levels of a live animal for the initial and final breast and 
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thigh muscle measures. Additionally, the pH levels exhibited limited variation for D times and 

no impact from FC. The hot conditions hens were exposed to ante-mortem led to a lighter 

colouration (higher L* and b* and lower a* values) of breast and thigh muscle post-mortem but 

did not reach values to classify the muscles as PSE. There was not an impact on hens breast 

muscle from FC, and only EOCH breast muscle b* demonstrated a decline with time. No impact 

on birds thigh muscle was found for D, however increased a* was demonstrated for PF hens. 

There was no impact on drip loss for either WF or PF hens exposed to hot conditions, for various 

D. However, thaw and cook loss demonstrated higher water loss during hen’s exposure to hot 

conditions with minor changes from increased D and had limited variation from FC.  

In contrast, EOCH exposed to cold conditions ante-mortem demonstrated an increase in 

both initial and final breast and thigh muscle pH. The final breast and initial and final thigh 

muscle pH also demonstrated the rise was exacerbated by increased exposure time but had no 

impact from FC. The cold conditions birds were exposed to ante-mortem led to a darker 

colouration of breast and thigh muscle (lower L* and b* and higher a* values). The PF hens 

demonstrated a redder colouration and increased D exposure increased breast muscle b*. The 

impact on muscle colour supported the hypothesis that cold conditions would increase the 

incidence of muscles with DFD characteristics. There was no impact on drip loss for either WF 

or PF hens exposed to cold conditions for various D. However, thaw and cook loss demonstrated 

less water loss and had limited variation from increased exposure. Additionally, the cold 

conditions resulted in decreased cook loss for PF hens compared to WF hens.  

To conclude, exposure to hot conditions for longer D ante-mortem resulted in minimal 

impact on muscle physiology for either WF and PF EOCH. However, exposing EOCH to cold 

conditions for longer D ante-mortem demonstrated a significant impact on the muscle physiology 

particularly for PF hens.
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4.0 Chapter 4: Overall Discussion 
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4.1 Introduction 

Poultry transport has been identified as an area for improvements in terms of bird 

welfare. Although transport is crucial to the poultry industry, it comes with behavioural, 

physiological, and metabolic changes initiated by stress to the birds from transport practices 

including fasting, catching and loading, and thermal stress. End-of-cycle hens (EOCH) can be 

particularly vulnerable to challenges faced during transport due to the potential for metabolic 

exhaustion, poor feather cover (FC), and/or reduced body weight. The 2019 Egg Farmers of 

Canada Annual Report stated a total of 25.89 million hens were estimated to be in production in 

Canada. Unfortunately, there is no known official statistics on how many of these hens are 

transported annually. However, it can be assumed that transport would vary provincially based 

on the availability of processing plants which accept EOCH, thus impacting distances the hens 

must travel if slaughter is the method of disposal.  

4.2 Objectives  

The purpose of this research was to evaluate the effects of a range of temperature/relative 

humidity (T/RH) combinations and duration (D) on the behaviour, blood and muscle physiology 

of poor-feathered (PF) and well-feathered (WF) white strain EOCH. Specifically, the objective 

of this experiment was to examine and quantify the stress response for WF (≥50% FC) and PF 

(<50% FC) hens exposed to hot (30℃ at 30 or 80%RH (30/30 or 30/80)), neutral (21℃ at 30 or 

80%RH, (21/30 or 21/80)) and cold (-10℃ with uncontrolled RH (-10)) T/RH combinations for 

a D of either 4, 8, or 12h. This objective was achieved through several smaller objectives, 

including: 

• To determine the effects of T/RH combinations, D, and FC on EOCH behaviour 
and blood physiology 

• Additionally, to determine the effects of T/RH combinations, D, and FC on 
muscle physiology 

 The effects of T/RH combinations, D, and FC on the behaviour of simulated transport 

for EOCH were determined using 5min scan sampling throughout the 4, 8, or 12h D to evaluate 
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thermoregulatory behaviours. The effects of T/RH combinations, D, and FC on delta or change 

in (∆) blood physiology of simulated transport of EOCH were determined using mortality, core 

body T (CBT), blood glucose (Glu), acid-base balance (blood pH, bicarbonate (HCO3
-) 

concentration, and base excess extracellular fluid (BEecf)), blood gases (partial pressure of 

carbon dioxide (PCO2), total carbon dioxide (TCO2) concentration, partial pressure oxygen 

(PO2), and oxygen saturation (SO2) concentration), electrolytes such as sodium (Na+), 

hemoglobin (Hb), hematocrit (Hct), and heterophil to lymphocyte (H/L) ratio. Finally, the effects 

of T/RH combinations, D, and FC on muscle physiology of simulated transport of EOCH were 

determined by live shrink, muscle pH, colour, thaw, drip, and cook loss.  

4.3 Discussion 

Simulated transport in this work (exposure of WF or PF hens to -10, 21/30, 21/80, 30/30, 

30/80 for 4, 8, or 12h) resulted in various changes for the EOCH. These changes have been 

apparent in EOCH for behaviour, blood and muscle physiology and these parameters appear to 

be inter-related.  

With regard to mortality and CBT (Table 4.1), EOCH were impacted by the extreme 

treatments. PF hens exposed to cold T/RH combination in simulated transport for longer D 

resulted in high mortality (as well as mortality in WF hens exposed to the cold T/RH 

combination), which reflects negative animal welfare and would be an economic loss in 

commercial practice. The positive increase in ∆CBT from baseline was greatest for birds 

exposed to all T/RH combinations for a longer period of time. The rise in ∆CBT over an 

increased D may reflect the length of time it takes for hens, which were able to cope within the 

simulated transport, to mobilize energy and use it for behavioural and physiological 

thermoregulatory mechanisms such as behaviours like shivering and panting.
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Table 4.1 Summary of the interactions for mortality and core body temperature parameters for temperature/relative humidity 
combinations1, duration of exposure2, and feather cover3 on white-feathered end-of-cycle hens. 
Parameter4  T/RH combinations Duration Feather Cover 
Mortality Interaction between T/RHxFC: 

Highest in PF hens in the -10 
combination 

- Interaction between T/RHxFC: 
Highest in PF hens in the -10 

combination 
∆CBT Interaction between T/RHxD: 

Greater positive change from 
baseline at 12h across all T/RH 

combinations compared to 4h at -10, 
21/30, 21/80 

Interaction between T/RHxD: 
Greater positive change from 

baseline at 12h across all T/RH 
combinations compared to 4h at -10, 

21/30, 21/80 

- 

1Temperature/relative humidity (T/RH) combinations: -10°C uncontrolled RH (-10), 21°C 30%RH (21/30), 21°C 80%RH (21/80), 
30°C 30%RH (30/30), and 30°C 80%RH (30/80) 
2Duration of exposure (D): 4, 8, and 12 hours 
3Feather cover (FC): well-feathered (WF) and poorly-feathered (PF) 
4 Mortality is measured in %; Change in core body temperature (∆CBT; final-initial=Δ) measured in ℃ for the last hour of exposure  
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Thermoregulatory behaviours play a crucial role in coping within a transport environment 

(Table 4.2). EOCH exposed to cold T were motionless when not performing behaviours linked to 

thermogenesis including shivering, head shaking, pteroerection, and low incidence behaviours 

(head movement, wing shake, tail movement, stretch, twitch, scratch, object peck, aggressive 

peck, and no observations). During hot T exposures with low and/or high RH, EOCH were active 

and performed rustling, panting, and preening behaviours. Meanwhile, gulping behaviour was an 

anomaly observed in birds exposed to the neutral T, high RH combination. Surveying and 

rustling associated with a fight or flight response are initiated by the hypothalamus, and in this 

work, it occurred most frequently for hens exposed for 4h. Low incidence behaviours (head 

movement, wing shake, tail movement, stretch, twitch, scratch, object peck, aggressive peck, and 

no observations), had a peak performance in EOCH exposed to the cold T/RH combination as 

well as for 8h of simulated transport. Individually, these behaviours occurred at low frequency 

and did not appear to have any biological relevance, however, when pooled they became 

statistically significant. Motionless behaviour in WF hens occurred at the lowest frequency 

during exposure to hot T, high RH combination while panting behaviour for WF hens was 

highest during exposure to the same T/RH combination. These two behaviours are not mutually 

exclusive and thus increasing panting behaviour meant a decrease in motionless behaviour. 

Lastly, WF hens were noted to perform more gulping behaviour. There has been no verified 

explanation for this behaviour in the literature and the function is not clear, although presence in 

the mid-temperature treatment, rather than the hot treatments, does suggest this may not be a 

thermoregulatory response. The majority of the behavioural reactions observed in this study are 

associated with thermal stress, indicating the initiation of coping mechanisms for EOCH.
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Table 4.2 Summary of the interactions and effects for behaviour parameters for temperature/relative humidity combinations1, duration 
of exposure2, and feather cover3 on white-feathered end-of-cycle hens. 
Behaviour4 T/RH combinations Duration Feather Cover 
Motionless Interaction between T/RHxFC: WF hens 

spent less time motionless in 30/80 
- Interaction between T/RHxFC: WF 

hens spent less time motionless in 
30/80 

Active Hens spent more time active in 30/30 and 
30/80 

No effect No effect 

Rustle Hens spent more time rustling in 30/30 and 
30/80 

Hens rustled the most 
during the 4h exposure 

No effect 

Survey No effect Hens surveyed the most 
during the 4h exposure 

No effect 

Head Shake Hens spent more time head shaking in -10 No effect No effect 
Pant  Interaction between T/RHxFC: WF hens 

spent more time panting in 30/80 
- Interaction between T/RHxFC: WF 

hens spent more time panting in 30/80 
Shiver  Hens spent more time shivering in -10 No effect No effect 
Burrow  No effect No effect No effect 
Preen Hens spent more time preening in 30/30 

and 30/80 
No effect No effect 

Gulp  Hens spent more time gulping in 21/80 No effect WF hens performed more gulping 
Pteroerection Hens spent more time performing 

pteroerection in -10 
No effect No effect 

Low Incidence5 Hens spent more time performing low 
incidence behaviours in -10 

Hens performed low 
incidence behaviours the 

most during the 8h 
exposure 

No effect 

1Temperature/relative humidity (T/RH) combinations: -10°C uncontrolled RH (-10), 21°C 30%RH (21/30), 21°C 80%RH (21/80), 
30°C 30%RH (30/30), and 30°C 80%RH (30/80) 
2Duration of exposure: 4, 8, and 12 hours 
3Feather cover (FC): well-feathered (WF) and poorly-feathered (PF) 
4Behaviour expressed as % of time performing specific behaviour 
5Low incidence behaviours: head movement, wing shake, tail movement, stretch, twitch, scratch, object peck, aggressive peck, and 
no observations 
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A secondary response which demonstrates EOCH are attempting to cope with stressors 

induced by transport includes changes to blood physiology (Table 4.3, 4.4, and 4.5). FC 

impacted how EOCH dealt with T/RH combinations, with WF hens panting more than PF birds 

at hot T/RH exposure to dissipate heat. Despite increased panting behaviour, this study did not 

demonstrate changes to the acid-base balance (∆blood pH levels, ∆PCO2, ∆HCO3
- concentration, 

and ∆BEecf) in birds exposed to these treatments. These changes to the acid-base balance were 

anticipated for the development of respiratory alkalosis. Instead, PF hens exposed to the cold 

T/RH combination had a larger positive change from baseline for ∆PCO2 than WF birds in the 

same T/RH combination, which had a negative change for ∆PCO2 from baseline. Additionally, 

hens ∆blood pH levels from baseline increased positively over time for all treatment exposures, 

indicating that blood levels were becoming basic from a rise in HCO3
- (decrease in hydrogen 

ions in the blood). EOCH ∆HCO3
- had a larger positive change from baseline for PF hens 

exposed to the cold T/RH combination and high T, high RH combination and a small negative 

change from baseline for WF birds exposed to the neutral T, high RH combination compared to 

WF hens exposed to the cold T/RH combination which had a larger negative change from 

baseline for ∆HCO3
-. Hens ∆BEecf had a smaller positive change from baseline for PF hens 

exposed to the -10 combination compared to the larger negative change from baseline for WF 

birds exposed to the same T/RH combination. Thus, contrary to behavioural indicators 

suggesting respiratory alkalosis in the hot T/RH combinations there were no acid-base blood 

physiological parameters impacted, suggesting that behavioural coping mechanisms may have 

been able to keep the acid-base balance in a state of homeostasis for hot T/RH combinations. For 

PF hens exposed to the cold T/RH combination, the acid-base balance was impacted the most 

suggesting the potential for metabolic alkalosis (increased ∆blood pH, ∆PCO2, ∆HCO3
- 

concentration, and ∆BEecf from baseline).    

 Other blood physiology parameters covered in this study that have been less researched 

in poultry included PO2, TCO2 concentration, and SO2 concentration. Saucer et al. (2019) 

proposed a positive correlation between PO2 and blood pH. Thus, the positive increase from 

baseline for ∆PO2 observed in birds exposed to the cold T/RH combination may correspond with 

the positive increase in blood pH during longer exposure. Reece et al. (2015) and Saucer et al. 

(2019) identified that TCO2 concentrations correlated with HCO3
- concentrations which is 
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further supported by the results in this study, demonstrating nearly an identical relationship 

(except for a smaller negative change from baseline for WF hens exposed to neutral T, high RH 

combination for ∆HCO3
-). Lastly, ∆SO2 measures the concentration of oxygen that is either 

dissolved or carried in a given medium as a proportion of the maximal concentration that can be 

dissolved in that medium. To the authors knowledge, ∆SO2 has not previously been reported in 

poultry, but in this study, it was impacted by hens exposure to extreme T/RH combinations 

(birds exposed to cold T/RH combination and high T, low RH combination had a positive 

increase from baseline compared to hens exposed to hot T, high RH combination which had a 

larger negative change from baseline for ∆SO2) indicating thermal stress in their attempts to 

cope.  

 Commercial transport practices include feed and water withdrawal for EOCH (CFIA, 

2020). These practices increase the hen’s levels of stress and result in a decrease in available 

energy and water molecules within the bird’s system. The stress-induced by environmental 

conditions and fasting practices is supported by a greater positive change from baseline for the 

∆H/L ratio for PF hens exposed to the cold T/RH combination for 8h. An increased stress 

response during transport leads to an increase in energy consumption via Glu (Zhang et al., 

2009). Thermal stress associated with the rise in thermoregulatory behaviours led to the 

mobilization of Glu from fat and protein stores in the body utilized for coping mechanisms 

(Mount, 1979; Sherwood et al., 2013). EOCH in this study had a greater negative change from 

baseline for ∆Glu for hens exposed to the cold T/RH combination for 4 or 12h exposure which 

demonstrated the greatest depletion of Glu reserves. Energy depletion in the cold T/RH 

combination is further supported by the energy used to perform the behavioural repertoire 

associated with thermogenesis including shivering, head shaking, pteroerection, low incidence 

(head movement, wing shake, tail movement, stretch, twitch, scratch, object peck, aggressive 

peck, and no observations), as well as motionless behaviour. These thermoregulatory 

mechanisms require energy in order to function, and without the introduction of readily available 

Glu from a food source, EOCH must rely on energy stores. Dehydration, in combination with 

feed withdrawal, can impact energy levels. Dehydration often observed during transport can 

influence Na+, Hb, and Hct (Schaefer et al., 1990; Knowles et al., 1996; Zhou et al., 1999; 

González et al., 2007; Bergoug et al., 2013). ∆Na+, ∆Hb, and ∆Hct all demonstrated a similar 
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pattern for EOCH exposed to the cold T/RH combination. PF hens were consistently higher than 

WF birds, which suggested that PF EOCH exposed to the cold T/RH combination were 

performing thermoregulatory behaviours likely due to lack of FC, utilized water molecules in the 

hen’s system to assist in the production of adenosine triphosphate, and subsequently increased 

the concentration of Na+, Hb, and Hct. EOCH also demonstrated a larger positive change from 

baseline for the ∆Na+ concentration for birds of both FC exposed to hot T/RH combinations, 

neutral T, high RH combination, as well as WF hens exposed to neutral T, low RH combination 

and PF hens exposed to the cold T/RH combination, compared to the smaller negative change 

from baseline for WF hens exposed to the cold T/RH combination. The higher values for birds 

exposed to the hot and neutral T/RH combinations suggested thermoregulatory behaviours, 

associated with thermal stress, were likely dehydrating the hens and leading to an increased 

concentration of Na+. 
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Table 4.3 Summary of the interactions and effects for acid-base parameters for temperature/relative humidity combinations1, duration 
of exposure2, and feather cover3 on white-feathered end-of-cycle hens. 

 

  

Parameter4 T/RH combinations Duration Feather Cover 
∆ blood pH No effect Hens exposed for 12h had a 

larger positive increase 
No effect 

∆ BEecf Interaction between T/RHxFC: PF hens 
had a smaller positive change from 

baseline in the -10 

- Interaction between T/RHxFC: PF hens 
had a smaller positive change from 

baseline in the -10 
∆ HCO3

-  Interaction between T/RHxFC: PF hens 
had a greater positive change from 

baseline in the -10 and 30/80, while WF 
hens had a negative change in the 21/80 

- Interaction between T/RHxFC: PF hens 
had a greater positive change from 

baseline in the -10 and 30/80, while WF 
hens had a negative change in the 21/80 

1Temperature/relative humidity (T/RH) combinations: -10°C uncontrolled RH (-10), 21°C 30%RH (21/30), 21°C 80%RH (21/80), 
30°C 30%RH (30/30), and 30°C 80%RH (30/80) 
2Duration of exposure: 4, 8, and 12 hours 
3Feather cover (FC): well-feathered (WF) and poorly-feathered (PF) 
4Base excess in extracellular fluid (BEecf) and bicarbonate (HCO3

-) measured in mmol/L 
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Table 4.4 Summary of the interactions and effects for blood gas parameters for temperature/relative humidity combinations1, duration 
of exposure2, and feather cover3 on white-feathered end-of-cycle hens. 

 

  

Parameter4 T/RH combinations Duration Feather Cover 
∆ PCO2  Interaction between T/RHxFC: PF hens 

had the larger positive change from 
baseline in the -10  

- Interaction for T/RHxFC: PF hens had 
the larger positive change from 

baseline at -10 
∆ PO2  Hens had a greater positive change from 

baseline in the -10 
No effect No effect 

∆TCO2   Interaction between T/RHxFC: WF hens 
had a negative change from baseline in 

the -10 

- Interaction between T/RHxFC: WF 
hens had a negative change from 

baseline in the -10 
∆ SO2  Hens had a negative change from 

baseline in the 30/80 
No effect No effect 

1Temperature/relative humidity (T/RH) combinations: -10°C uncontrolled RH (-10), 21°C 30%RH (21/30), 21°C 80%RH (21/80), 
30°C 30%RH (30/30), and 30°C 80%RH (30/80) 
2Duration of exposure: 4, 8, and 12 hours 
3Feather cover (FC): well-feathered (WF) and poorly-feathered (PF) 
4Partial pressure of carbon dioxide (PCO2) and partial pressure of oxygen (PO2) measured in mmHg; total carbon dioxide (TCO2) 
measured in mmol/L; oxygen saturation (SO2) measured in % 
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Table 4.5 Summary of the interactions for other blood physiology parameters for temperature/relative humidity combinations1, 
duration of exposure2, and feather cover3 on white-feathered end-of-cycle hens. 
Parameter4 T/RH combinations Duration Feather Cover 
∆ Na+  Interaction between T/RHxFC: WF hens 

had a negative change from baseline in 
the -10 

- Interaction between T/RHxFC: WF 
hens had a negative change from 

baseline in the -10 
∆ Glu  Interaction between T/RHxD: Hens 

exposed for 4 and 12h had the largest 
negative change from baseline in the -10 

Interaction between T/RHxD: 
Hens exposed for 4 and 12h had 
the largest negative change from 

baseline in the -10 

- 

∆ Hct Interaction between T/RHxFC: PF hens 
had a greater positive change from 

baseline in the -10 

- Interaction between T/RHxFC: PF hens 
had a greater positive change from 

baseline in the -10 
∆ Hb Interaction between T/RHxFC: PF hens 

had a greater positive change from 
baseline in the -10 

- Interaction between T/RHxFC: PF hens 
had a greater positive change from 

baseline in the -10 
Δ H/L ratio Interaction between T/RHxDxFC: PF 

hens exposed for 8h had a greater 
positive change from baseline in the -10  

Interaction between 
T/RHxDxFC: PF hens exposed 

for 8h had a greater positive 
change from baseline in the -10 

Interaction between T/RHxDxFC: PF 
hens exposed for 8h had a greater 

positive change from baseline in the -
10 

1Temperature/relative humidity (T/RH) combinations: -10°C uncontrolled RH (-10), 21°C 30%RH (21/30), 21°C 80%RH (21/80), 
30°C 30%RH (30/30), and 30°C 80%RH (30/80) 
2Duration of exposure (D): 4, 8, and 12 hours 
3Feather cover (FC): well-feathered (WF) and poorly-feathered (PF) 
4Sodium (Na+), glucose (Glu), hemoglobin (Hb) measured in mmol/L; hematocrit (Hct) measured in %PVC; heterophil to 
lymphocyte ratio (H/L ratio) 
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Although transport stressors can start from the moment feed and water is removed and 

catching, handling, and loading commences on farm, the impact can be observed with the final 

meat product. Live shrink, muscle pH, color, drip, thaw, and cook loss can all be indicators of 

stress experienced by the hens before slaughter (Table 4.6, 4.7, and 4.8). Transport for a longer D 

may exacerbate energy depletion and dehydration through thermal stress resulting in a 

considerable loss in live shrink (Mount 1979; NFACC, 2001). In this study, EOCH demonstrated 

that prolonged exposure resulted in an increase in percentage loss of live shrink.  

Changes to other muscle physiology parameters were mostly dependent on the alteration 

to muscle pH post-mortem (Pearson and Young, 1989; Sandercock et al., 2001; Dadgar et al., 

2010, 2011, 2012a, b). Previous literature has consistently demonstrated that hot or cold 

exposure ante-mortem for poultry species results in changes to muscle pH post-mortem (Babji et 

al., 1982; Holm and Fletcher, 1997; Dadgar et al., 2010, 2011, 2012a, b). In the current study, 

EOCH exposed for the longest D to the cold T/RH combination demonstrated the highest final 

breast muscle pH and the highest initial and final thigh muscle pH. Additionally, initial breast 

muscle pH was highest for birds exposed to the cold T/RH combination. The impact on muscle 

pH in this study supported the claim that thermal stress ante-mortem influenced the muscle pH 

post-mortem, and specifically for EOCH exposed to the cold T/RH combination.  

Alterations to muscle colour are primarily dependent on muscle pH (Pearson and Young, 

1989; Barbut, 1997; Dadgar et al., 2010, 2011). With a decline in muscle pH, the colouration will 

become paler. Conversely, a rise in pH leads to a darker colouration of the muscle (Dadgar et al., 

2010, 2011, 2012a, b). Previous literature indicates that muscle colour is driven mainly by 

lightness (L*) values, with a L* ≥53 indicating a pale muscle, which subsequently leads to a 

decrease in redness (a*) and a L* of ≤46 designated to a dark muscle with a subsequently higher 

a* (Bianchi et al., 2005; Dadgar et al., 2012a, b). In the current study, WF and PF hens exposed 

to cold T/RH combination demonstrated the lowest thigh muscle L*. These results indicated that 

muscle colour of these hens was likely darker, which was further supported by the thigh muscles 

having the highest a* value for hens exposed to cold T/RH combination ante-mortem, 

particularly for PF hens. EOCH breast muscle also demonstrated a lower L* value for birds 

exposed to the cold T/RH combination ante-mortem and a consequentially higher a* value post-

mortem. In the present study, yellowness (b*) of both breast and thigh muscle was lowest for 
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EOCH exposed to the cold T/RH combination. Additionally, breast muscle b* decreased with 

prolonged exposure. Holm and Fletcher (1997) demonstrated that broiler breast muscle b* 

increased with exposure to 29°C for 12h compared to 18°C and 7°C ante-mortem, but there was 

no effect on the a* or L* values. The muscle colour parameters reflect similar findings to the 

behaviour and physiological parameters regarding cold exposure, indicating that some of the 

physiological changes ante-mortem used to cope with the transport conditions may be leading to 

changes in muscle physiology for muscle pH and colour.  

Water holding capacity (WHC) measured through drip, thaw, and cook loss is also 

influenced by the alterations to muscle pH (Froning et al., 1978; Offer and Knight, 1988; Pearson 

and Young, 1989; Sandercock et al., 2001). Previous literature has demonstrated that heat stress 

ante-mortem will cause muscle pH to decrease, causing a subsequent reduction in the space of 

the protein filaments, and thus a decline in WHC (Offer and Knight, 1988; Sandercock et al., 

2001; Honikel, 2004). In contrast, cold stress ante-mortem will increase muscle pH, leading to 

more space between protein filaments, and a rise in WHC (Offer and Knight, 1988; Lyon and 

Buhr, 1999; Dadgar et al., 2010, 2011, 2012b). In the present study, no effect was observed for 

breast or thigh drip loss. However, breast muscle thaw (4 and 12h) and cook (12h) loss were both 

impacted for birds exposed to the cold T/RH combination. Thaw and cook loss further support 

that exposure ante-mortem to the cold T/RH combination for an increased D results in increased 

thermal stress previously captured in the behavioural and physiological changes to the EOCH. 

Additionally, cook loss was highest for WF and PF hens exposed to the neutral T, high RH 

combination. It is not well understood as to why hens of both FC exposed to the neutral T, high 

RH combination had a significant impact on cook loss. Muscle physiology parameters further 

support that EOCH ante-mortem experience a tremendous amount of stress during transport, 

particularly during cold exposure.  
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Table 4.6 Summary of the effect for live shrink for temperature/relative humidity combinations1, duration of exposure2, and feather 
cover3 on white-feathered end-of-cycle hens. 
Parameter4 T/RH combination Duration Feather Cover 
Live 
Shrink 

No effect Hens exposed for 12h ante-
mortem had the greatest live 

shrink 

No effect 

1Temperature/relative humidity (T/RH) combinations: -10°C uncontrolled RH, 21°C 30%RH, 21°C 80%RH, 30°C 30%RH, and 
30°C 80%RH 
2Duration of exposure: 4, 8, and 12 hours 
3Feather cover: well-feathered and poorly-feathered 
4Live shrink is measured in % (final-initial/initial*100) 

 

  



 

 

 

149 

Table 4.7 Summary of the interactions and effects for breast muscle physiology for temperature/relative humidity combinations1, 
duration of exposure2, and feather cover3 on white-feathered end-of-cycle hens. 
Parameter4 T/RH combination Duration Feather Cover 
Drip Loss No effect No effect No effect 
Thaw Loss Interaction between T/RHxD: Thaw loss 

was lowest in hens exposed for 4 or 12h 
to -10 ante-mortem 

Interaction between T/RHxD: Thaw 
loss was lowest in hens exposed for 

4 or 12h to -10 ante-mortem 

- 

Cook Loss Interaction between T/RHxD: Cook loss 
was lowest in hens exposed for 12h to -10 

ante-mortem  
Interaction between T/RHxFC: Cook loss 
was highest for WF and PF hens exposed 

to 21/80 ante-mortem 

Interaction between T/RHxD: Cook 
loss was lowest in hens exposed for 

12h to -10 ante-mortem  
 

Interaction between 
T/RHxFC: Cook loss was 

highest for WF and PF hens 
exposed to 21/80 ante-

mortem 

a* Hens exposed to -10 ante-mortem had 
redder breast muscles 

No effect No effect 

b* Hens exposed to -10 ante-mortem had 
decreased b* of breast muscles 

Hens exposed for 4h ante-mortem 
had a greater b* colouration in the 

breast muscle  

No effect 

L* Hens exposed to -10 ante-mortem had 
decreased L* of breast muscles 

No effect No effect 

Initial muscle pH Hens exposed to -10 ante-mortem had 
increased initial breast muscle pH 

No effect No effect 

Final muscle pH Interaction between T/RHxD: Hens 
exposed for 12h ante-mortem to -10 had 

increased final breast muscle pH  

Interaction between T/RHxD: Hens 
exposed for 12h ante-mortem to -10 

had increased final breast muscle 
pH 

- 

1Temperature/relative humidity (T/RH) combinations: -10°C uncontrolled RH (-10), 21°C 30%RH (21/30), 21°C 80%RH (21/80), 
30°C 30%RH (30/30), and 30°C 80%RH (30/80) 
2Duration of exposure (D): 4, 8, and 12 hours 
3Feather cover (FC): well-feathered (WF) and poorly-feathered (PF) 
4Drip, thaw, and cook loss are measured in %; L* = Lightness; a* = redness; b* = yellowness  
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Table 4.8 Summary of the interactions and effects for thigh muscle physiology for temperature/relative humidity combinations1, 
duration of exposure2, and feather cover3 on white-feathered end-of-cycle hens. 
Parameter4 T/RH combination Duration Feather Cover 
Drip Loss No effect No effect No effect 
a* Hens exposed to -10 ante-mortem had 

redder thigh muscles 
No effect PF hens had increased a* of 

thigh muscles post-mortem 
b* Hens exposed to -10 ante-mortem had 

decreased b* of thigh muscles 
No effect No effect 

L* Interaction between T/RHxFC: WF and 
PF hens exposed to -10 ante-mortem had 

decreased L* of thigh muscles 

- Interaction between 
T/RHxFC: WF and PF hens 
exposed to -10 ante-mortem 
had decreased L* of thigh 

muscles 
Initial muscle pH Interaction between T/RHxD: Hens 

exposed for 12h ante-mortem to -10 had 
increased initial thigh muscle pH 

Interaction between T/RHxD: 
Hens exposed for 12h ante-mortem 

to -10 had increased initial thigh 
muscle pH 

- 

Final muscle pH Interaction between T/RHxD: Hens 
exposed for 12h ante-mortem to -10 had 

increased final thigh muscle pH 

Interaction between T/RHxD: 
Hens exposed for 12h ante-mortem 

to -10 had increased final thigh 
muscle pH 

- 

1Temperature/relative humidity (T/RH) combinations: -10°C uncontrolled RH (-10), 21°C 30%RH (21/30), 21°C 80%RH (21/80), 
30°C 30%RH (30/30), and 30°C 80%RH (30/80) 
2Duration of exposure (D): 4, 8, and 12 hours 
3Feather cover (FC): well-feathered (WF) and poorly-feathered (PF) 
4Drip loss is measured in %; L* = Lightness; a* = redness; b* = yellowness  
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4.4 Conclusions  

 Simulated transport conditions influence EOCH ability to cope and ultimately affects hen 

welfare. Exposure to heat or cold stress at bird level in the simulated transport chambers for an 

extended D influences the EOCH behaviour, blood and muscle physiology, particularly for PF 

hens. In order to respond to cold T/RH combination, EOCH spent more time motionless when 

not performing behaviours linked to thermogenesis including shivering, head shaking, 

pteroerection, and low incidence behaviours. When behavioural changes did not provide enough 

balance to cope with the exposure to the cold T/RH combination, physiological mechanisms 

were invoked including changes to ∆CBT and blood physiology parameters (∆Glu, ∆blood pH, 

∆PCO2, ∆HCO3
-, ∆BEecf, ∆PO2, ∆TCO2, ∆SO2, ∆Na+, ∆Hb, ∆Hct, and ∆H/L ratio). The 

conditions experienced by the PF hens exposed to the cold T/RH combination for the longest D 

resulted in significant mortality from the hen’s inability to cope, and ultimately the removal of 

this treatment in the final replication. There was a higher mortality in the cold T/RH combination 

for WF hens. Post-mortem muscle physiology from hens exposed to the cold T/RH combination 

ante-mortem demonstrated a significant impact for muscle pH, colour for both breast and thigh 

muscle, and thaw and cook loss for breast muscle. The hot T/RH combinations were less 

detrimental to EOCH. Hens exposed to the hot T/RH combinations spent more time active, 

performing behaviours like rustling, panting, and preening. Physiologically, there was a rise in 

the ∆CBT of EOCH. Additionally, there was a lack of changes to the hen’s blood physiology 

(outside of ∆SO2, ∆HCO3
- for PF hens, and ∆Na+ values for birds of both FC) and muscle 

physiology suggested that behavioural coping mechanisms were satisfactory for coping with the 

simulated transport conditions.   

 In conclusion, these data suggest that PF hens exposed to cold T/RH combination at an 

increased D elicited negative effects for the birds. Meanwhile a mild impact on WF hens exposed 

to the hot T/RH combinations for extended D was observed. Neutral T/RH combinations across 

all D and FC may be more suitable for transport as hen’s were able to cope in the simulated 

environment with limited impact to their behavioural repertoire, blood and muscle physiology.  
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4.5 Recommendations and Future Research 

Based on the data collected in this study, the current recommended practice suggested by 

the author is to limit transport of PF hens at -10 T/RH combination within transport trailers for 

an extended D, particularly for 8 or 12h. The results of this study indicated that PF hens exposed 

to simulated transport in the cold T/RH combination experienced a shift in behavioural repertoire 

and physiology to maintain homeostasis, had an increased stress response, and resulted in 

significant changes to muscle physiology characteristics. Additionally, the study indicated that 

the likelihood of mortality during transport for these PF hens is significantly greater (although 

mortality was also noted in the WF hens) and demonstrates poor animal welfare. However, the 

mild impacts observed for EOCH of both FC exposed to the hot and neutral T/RH combinations 

for various D in simulated transport, suggests that hens can be transported under similar 

conditions without negative implication to the bird’s welfare. 

The content of this thesis provides the basis for future EOCH transport research. There 

are still research gaps regarding the transport of EOCH. The current study was a first step in 

understanding the impacts of the microclimate present during simulated transport on the welfare 

of white-feathered EOCH. However, further research is still required to get a comprehensive 

understanding of how all aspects of transport can impact the well-being of EOCH. Future studies 

may choose to evaluate a combination of conditions undergone during the transport process. 

Prior to transport, potential variables can include catching and loading from various housing 

systems, genetics, body condition, feed and water withdrawal time intervals. Variables on the 

transport trailers could include crate stocking density based on FC, crate placement, impact of 

stacking crates, noise, vibration, air velocity, social disruption, and ventilation could also be 

further evaluated. Or post transport variables could include examining the impact of lairage and 

other muscle physiology characteristics including glycolytic potential, lactate concentrations, 

shear force, and cooking yield. These suggested variables identify areas of research that could 

further be explored.  

The current study demonstrated that WF and PF EOCH exposed to the neutral and hot 

T/RH combinations for various D were able to cope with the conditions through the 
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implementation of numerous thermoregulatory mechanisms. In contrast, birds of both FC, but 

particularly PF hens exposed to simulated chamber conditions of -10 T/RH combination for 

increased D, resulted in a high mortality from an inability to cope. However, further research is 

needed to gain a full understanding of the development of T/RH gradients within the trailer 

during the real-time transport of EOCH. Monitoring the climatic conditions within the transport 

trailer could aid in establishing a more accurate reflection of the T/RH gradients that are present 

during EOCH transport. Lastly, monitoring the microclimate conditions present within the trailer 

during transport could be useful in ensuring T/RH combinations are kept within an acceptable 

range, as not to impact the welfare of the birds during transport negatively. 

The final suggestion for future research would be to investigate factors that are not 

obviously linked to the transport process. These factors may include types of lighting conditions 

during the various sequences in the transport process to alleviate stress, nutritional additives that 

could be used to provide a slow release of energy without negative consequences at the slaughter 

plant or on food safety, or a re-design of transport modules that promotes improved hen comfort 

and welfare. 
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Table A.1 Initial blood physiology parameters of temperature/relative humidity combinations1, duration of exposure2, and feather 
cover3 for white-feathered end-of-cycle hens. 
Parameters4 Temperature/RH Combinations P-

value 
Duration P-

value 
Feather Cover P-

value 
-10  21/30 21/80 30/30 30/80  4h 8h 12h  WF PF  

pH 7.10 7.09 7.11 7.09 7.10 0.74 7.11 7.10 7.09 0.69 7.09 7.11 0.20 
PCO2  67.72 65.48 65.29 67.15 63.31 0.49 65.25 64.45 67.22 0.29 66.07 65.15 0.29 
PO2  68.70 71.67 71.76 71.26 75.57 0.53 74.53 69.94 71.51 0.27 71.57 72.57 0.68 
BEecf -9.06 -9.70 -8.85 -9.38 -9.99 0.43 -9.16 -9.79 -9.35 0.47 -9.70 -9.13 0.27 
HCO3

-  20.68 20.03 20.60 20.42 19.61 0.32 20.41 19.85 20.44 0.28 20.06 20.43 0.48 
TCO2  22.67 22.04 22.56 22.37 21.52 0.31 22.31 21.83 22.43 0.32 22.05 22.34 0.70 
SO2  84.24 85.43 85.76 85.03 86.55 0.74 86.36 84.74 85.33 0.43 85.05 85.98 0.27 
Na+  143.30 143.09 143.52 143.81 142.78 0.82 142.79 143.75 143.40 0.56 142.91 143.72 0.24 
Glu 13.67ab 14.24a 13.64b 13.82ab 13.94ab 0.04 13.99 13.78 13.85 0.22 13.82 13.94 0.60 
Hct 25.24 25.25 25.69 24.69 24.83 0.64 25.05 25.62 24.73 0.34 24.96 25.32 0.82 
Hb 5.34 5.34 5.43 5.22 5.25 0.62 5.30 5.42 5.23 0.31 5.28 5.35 0.78 
H/L ratio 0.77 0.77 0.47 0.53 0.67 0.12 0.82a 0.51c 0.56bc <0.01 0.58 0.69 0.12 
a,b,cMeans within a main effect with different superscripts are significantly different (P≤0.05) 
1Temperature/relative humidity combinations: -10°C uncontrolled RH (-10; n=15), 21°C 30%RH (21/30; n=18), 21°C 80%RH 
(21/80; n=18), 30°C 30%RH (30/30; n=18), and 30°C 80%RH (30/80; n=18) 
2Duration of exposure: 4, 8, and 12 hours (n=29) 
3Feather cover: well feathered (WF; n=45) and poorly feathered (PF; n=42) hens 
4Partial pressure of carbon dioxide (PCO2) and partial pressure of oxygen (PO2) measured in mmHg; base excess in extracellular 
fluid (BEecf), bicarbonate (HCO3

-), total carbon dioxide (TCO2), sodium (Na+), glucose (Glu), hemoglobin (Hb) measured in 
mmol/L; oxygen saturation (SO2) measured in %; hematocrit (Hct) measured in %PVC; heterophil to lymphocyte ratio (H/L ratio) 
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Table A.2 The effect of temperature/relative humidity combinations1, duration of exposure2, and feather cover3 on initial blood 
physiology parameters for white-feathered end-of-cycle hens (interactions). 
P-value of interactions4 T/RHxD T/RHxFC DxFC T/RHxDxFC SEM5 

pH 0.83 0.84 0.95 1.00 0.005 
PCO2  0.39 0.62 0.63 0.86 0.941 
PO2  0.74 0.74 0.97 0.98 0.974 
BEecf 0.84 0.32 0.93 0.98 0.202 
HCO3

-  0.65 0.25 0.82 0.85 0.176 
TCO2  0.58 0.16 0.78 0.83 0.186 
SO2  0.90 0.45 0.86 0.96 0.428 
Na+  0.63 0.70 0.71 0.60 0.288 
Glu 0.35 0.99 0.61 0.36 0.074 
Hct 0.75 0.19 0.80 0.93 0.222 
Hb 0.78 0.16 0.80 0.92 0.047 
H/L ratio 0.21 0.04 0.28 0.23 0.050 
1Temperature/relative humidity (T/RH) combinations: -10°C uncontrolled RH (n=15), 21°C 30%RH (n=18), 21°C 80%RH (n=18), 
30°C 30%RH (n=18), and 30°C 80%RH (n=18) 
2Duration of exposure (D): 4, 8, and 12 hours (n=29) 
3Feather cover (FC): well-feathered (n=45) and poorly-feathered (n=42) hens 
4Partial pressure of carbon dioxide (PCO2) and partial pressure of oxygen (PO2) measured in mmHg; base excess in extracellular 
fluid (BEecf), bicarbonate (HCO3

-), total carbon dioxide (TCO2), sodium (Na+), glucose (Glu), hemoglobin (Hb) measured in 
mmol/L; oxygen saturation (SO2) measured in %; hematocrit (Hct) measured in %PVC; heterophil to lymphocyte ratio (H/L ratio) 
5Standard error of the mean 
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Table A.3 Initial heterophil to lymphocyte ratio: Interaction between temperature/relative humidity combination1 and feather cover2 
for white-feathered end-of-cycle hens. 

 -10 21/30 21/80 30/30 30/80 
Initial H/L ratio3      

WF 0.51b 0.55b 0.47b 0.60ab 0.76ab 
PF 1.23a 0.98a 0.48b 0.46b 0.58b 
a,bMeans within different superscripts are significantly different (P≤0.05) 
1Temperature/relative humidity combinations: -10°C uncontrolled RH (-10; n=15), 21°C 30%RH (21/30; n=18), 21°C 80%RH 
(21/80; n=18), 30°C 30%RH (30/30; n=18), and 30°C 80%RH (30/80; n=18) 
2Feather cover: well-feathered (WF; n=45) and poorly-feathered (PF; n=42) hens 
3Heterophil to lymphocyte ratio (H/L ratio) 
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Table A.4 Final blood physiology parameters between temperature/relative humidity combinations1, duration of exposure2, and 
feather cover3 for white-feathered end-of-cycle hens. 
Parameter4 Temperature/RH Combinations P-

value 
Duration P-

value 
Feather Cover P-

value 
-10  21/30 21/80 30/30 30/80  4h 8h 12h  WF PF  

pH 7.10 7.13 7.13 7.10 7.12 0.33 7.10b 7.12ab 7.14a 0.01 7.12 7.12 0.49 
PCO2  61.6 58.2 60.0 59.5 59.6 0.83 62.4a 59.5ab 56.8b 0.04 58.2b 61.1a 0.02 
PO2  78.45a 68.88ab 67.30b 72.26ab 66.42b <0.01 71.13 68.32 70.49 0.28 69.84 70.18 0.94 
BEecf -10.6 -10.1 -9.4 -11.0 -10.0 0.06 -10.5 -10.1 -9.9 0.25 -10.7b -9.6a <0.01 
HCO3

-  19.1 19.2 19.8 18.6 19.4 0.11 19.2 19.3 19.2 0.88 18.7b 19.8a <0.01 

TCO2   21.0 20.9 21.6 20.4 21.1 0.14 21.1 21.0 20.9 0.99 20.4b 21.6a <0.01 

SO2  87.1a 85.5ab 84.9ab 86.5a 83.9b 0.05 84.7b 85.0ab 87.0a 0.03 85.2 85.8 0.50 
Na+  143.4b 145.1ab 146.1ab 147.7a 147.4a <0.01 144.8b 146.7ab 147.2a 0.02 145.7 146.7 0.07 
Glu 10.71b 12.77a 12.40a 12.74a 12.78a <0.01 12.65a 12.37ab 12.20b <0.01 12.46 12.36 0.08 
Hct 25.0 25.4 25.8 24.9 25.7 0.77 25.0 25.6 25.7 0.29 24.9b 25.9a 0.01 
Hb 5.28 5.36 5.45 5.25 5.43 0.75 5.27 5.39 5.42 0.30 5.25b 5.48a 0.01 
H/L ratio 1.40a 0.81b 0.55b 0.71b 0.73b <0.01 0.96 0.66 0.74 0.25 0.80 0.78 0.23 
a,bMeans within a main effect with different superscripts are significantly different (P≤0.05) 
1Temperature/relative humidity combinations: -10°C uncontrolled RH (-10; n=15), 21°C 30%RH (21/30; n=18), 21°C 80%RH 
(21/80; n=18), 30°C 30%RH (30/30; n=18), and 30°C 80%RH (30/80; n=18) 
2Duration of exposure: 4, 8, and 12 hours (n=29) 
3Feather cover: well-feathered (WF; n=45) and poorly-feathered (PF; n=42) hens 
4Partial pressure of carbon dioxide (PCO2) and partial pressure of oxygen (PO2) measured in mmHg; base excess in extracellular 
fluid (BEecf), bicarbonate (HCO3

-), total carbon dioxide (TCO2), sodium (Na+), glucose (Glu), hemoglobin (Hb) measured in 
mmol/L; oxygen saturation (SO2) measured in %; hematocrit (Hct) measured in %PVC; heterophil to lymphocyte ratio (H/L ratio) 
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TableA.5 The effect of temperature/relative humidity combinations1, duration of exposure2, and feather cover3 on final blood 
physiology parameters for white-feathered end-of-cycle hens (interactions). 
P-value of interactions4 T/RHxD T/RHxFC DxFC T/RHxDxFC SEM5 

     

pH 0.08 0.42 0.68 0.60 0.005 
PCO2  0.46 0.54 0.41 0.34 0.757 
PO2  0.22 0.61 0.54 0.74 0.886 
BEecf 0.34 <0.01 0.16 0.05 0.230 
HCO3

-  0.67 <0.01 0.15 0.03 0.193 
TCO2   0.78 <0.01 0.16 0.03 0.207 
SO2  0.66 0.93 0.56 0.49 0.378 
Na+  0.40 0.13 0.45 0.47 0.360 
Glu 0.06 0.87 0.45 0.78 0.114 
Hct 0.62 0.20 0.36 0.49 0.252 
Hb 0.63 0.19 0.35 0.49 0.053 
H/L ratio 0.18 <0.01 0.15 0.03 0.062 
1Temperature/relative humidity (T/RH) combinations: -10°C uncontrolled RH (n=15), 21°C 30%RH (n=18), 21°C 80%RH (n=18), 
30°C 30%RH (n=18), and 30°C 80%RH (n=18) 
2Duration of exposure (D): 4, 8, and 12 hours (n=29) 
3Feather cover (FC): well-feathered (n=45) and poorly-feathered (n=42) hens 
4Partial pressure of carbon dioxide (PCO2) and partial pressure of oxygen (PO2) measured in mmHg; base excess in extracellular 
fluid (BEecf), bicarbonate (HCO3

-), total carbon dioxide (TCO2), sodium (Na+), glucose (Glu), hemoglobin (Hb) measured in 
mmol/L; oxygen saturation (SO2) measured in %; hematocrit (Hct) measured in %PVC; heterophil to lymphocyte ratio (H/L ratio) 
5Standard error of the mean 
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Table A.6 Final blood physiology: Three-way interactions between temperature/relative humidity combinations1, duration of 
exposure2, and feather cover3 for white-feathered end-of-cycle hens. 

Parameter4 -10 21/30 21/80 30/30 30/80 
WF PF WF PF WF PF WF PF WF PF 

BEecf           
4h -13.00bc -9.17abc -12.78bc -9.67abc -8.33ab -9.00abc -10.33abc -11.78abc -9.33abc -11.33abc 
8h -10.88abc -6.67abc -9.67abc -9.67abc -9.89abc -9.00abc -12.78bc -10.22abc -11.22abc -8.89abc 
12h -13.67c -4.00a -9.44abc -9.22abc -10.00abc -9.89abc -10.89abc -9.89abc -9.56abc -9.56abc 
HCO3

-           
4h 17.41b 20.57ab 17.26b 20.09ab 20.89ab 20.01ab 19.39ab 18.29b 19.66ab 18.76ab 
8h 18.21b 21.50ab 19.39ab 19.43ab 19.37ab 20.16ab 17.07b 19.50ab 18.80ab 20.28ab 
12h 16.37b 25.50a 19.38ab 19.36ab 18.96ab 19.57ab 18.37b 19.07ab 19.12ab 19.58ab 
TCO2           
4h 19.44b 22.67ab 19.00b 22.11ab 22.78ab 21.78ab 21.22ab 20.22b 21.33ab 20.67ab 
8h 19.96b 23.33ab 20.89ab 21.11ab 21.22ab 22.11ab 18.89b 21.33ab 20.56ab 22.11ab 
12h 17.83b 28.00a 21.11ab 21.06ab 20.56ab 21.33ab 20.00b 20.67ab 20.67ab 21.22ab 
H/L ratio 

4h 1.47ab 1.59ab 0.91b 1.65ab 0.62b 0.49b 0.86b 0.54b 0.84b 0.87b 

8h 0.53b 3.36a 0.60b 0.45b 0.60b 0.41b 0.85b 0.40b 0.55b 0.55b 

12h 1.02b 1.33ab 0.58b -0.65b 0.61b 0.56b 1.15b 0.43b 0.84b 0.70b 

a,b,cMeans within different superscripts are significantly different (P≤0.05) 
1Temperature/relative humidity combinations: -10°C uncontrolled RH (-10; n=15), 21°C 30%RH (21/30; n=18), 21°C 80%RH 
(21/80; n=18), 30°C 30%RH (30/30; n=18), and 30°C 80%RH (30/80; n=18) 
2Duration of exposure: 4, 8, and 12 hours (n=29) 
3Feather cover: well-feathered (WF; n=45) and poorly-feathered (PF; n=42) hens 
4Base excess in extracellular fluid (BEecf), bicarbonate (HCO3

-), total carbon dioxide (TCO2) is measured in mmol/L; heterophil to 
lymphocyte ratio (H/L ratio) 
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