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Abstract 

  

At high environmental temperatures (Ta), birds maintain homeostasis by dissipating heat via 

evaporative water loss (EWL). EWL is an important mechanism of heat dissipation by animals exposed 

to intense solar radiation and can be partitioned into respiratory evaporative water loss (REWL) and 

cutaneous evaporative water loss (CEWL) and the sum of both representing the total rates of 

evaporative water loss (TEWL) of an organism. Another important aspect of avian thermal physiology 

is variation within individuals via phenotypic plasticity, one category of which is seasonal 

acclimatization. Seasonal acclimatisation of physiological responses gives insight into the value of 

phenotypic adjustment and has been well studied in wild birds in thermoneutral and low temperatures. 

However, some physiological mechanisms such as resting metabolic rate (RMR) and total evaporative 

water loss (TEWL) are lacking in poultry science in particular the variations that exists among chicken 

breeds in part of the different genetic make-up and productive systems in which they are reared in.  The 

study aimed to evaluate the thermoregulation of Boschveld chickens specifically the major pathways 

of heat dissipation at high temperatures by partitioning EWL into REWL and CEWL. Also adaptive 

changes in resting metabolic rate (RMR), body mass, and TEWL, in response to seasonal 

acclimatisation were investigated in this study. 19 female Boschveld chickens were bought and kept in 

outdoor aviaries where they were fed a commercial diet and provided water ad libitum. EWL was 

partitioned using a glass metabolic chamber and rates of REWL, CEWL and TEWL were measured 

over a range of 20-43 °C including Tb using a flow-through respirometry system from (November 2019 

– January 2020) and (January 2020-February 2020). For seasonal acclimatisation, parameters such as 

body mass, TEWL, thermal conductance, evaporative heat loss/metabolic heat production, and RMR 

were measured using a flow-through respirometry system but maintained a Ta range between 20 and 

35 °C in winter and summer from (June 2020- January 2021) measurements of body temperature (Tb) 

were taken using a passive integrated transponder (PIT) tag and weighed the birds. Body temperature 

increased with increasing Ta in experiment 1 but there was a sudden decrease at Ta≈ 37 °C of 42.18±1.19 

°C, n=19 and a further decrease to the following Ta =39 °C mean Tb  of 41.96±0.67 °C. Seasonally, Tb 

did not vary significantly between seasons (F1:115 = 0.023, P˂ 0.05), with winter Tb (40.12 ± 1.44 °C, n 

=19) being similar to summer Tb (40.38 ± 1.22 °C, n =19). Seasonally, there were significant 

differences in body mass (F1:116 = 132.73, P˂ 0.0001) with winter birds (2101.57 ± 268.00 g) being 

heavier than summer birds (1948.14 ± 257.03 g). RMR varied over the experimental Ta range and 

minimum RMR (4.58 ± 1.67 W) was observed at Ta~ 35 °C in experiment 1. The average winter RMR 

(3.94 ± 1.42 W, n =19) was significantly lower (F1:115 = 75.64, P= 0.0001) than the summer RMR (5.54 

± 2.25 W, n =19). There were significant differences in the thermal conductance of Boschveld chickens 

between seasons (F1:115 =47.68, P˂ 0001) with average thermal conductance being high in summer 

(0.54 ± 0.28 W °C-1, n= 19) than in winter (0.36 ± 0.17 W °C-1, n= 19). CEWL was the major route of 
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heat dissipation at 35 °C≥ Ta≤41 °C'; moreover, CEWL represented more than 60% of heat dissipation 

to the total rates of evaporative water loss and was for the most part a dominant route of heat dissipation 

except at 25 and 30 °C. Total evaporative water loss increased with increasing Ta at Ta above 25 °C 

and between Ta 35 and 39 °C. TEWL was closely similar, with mean TEWL 5.15± 1.8348 mg min-1 

(Ta 35 °C). Seasonally, TEWL showed no significant differences between seasons (F1:115= 1.98, P> 

0.05). Overall, evaporative cooling efficiency (i.e., EHL/MHP) was significantly affected by season 

(F1:114=15.93, P˂0.001); with the ratio of EHL/MHP being higher in winter (0.90 ± 0.65) than in 

summer (0.75 ± 0.47).  CEWL represents an important avenue of heat dissipation in Boschveld 

chickens and based on the climate change scenario, this chicken breed is suitable for extensive farm 

systems and is capable of adapting to the natural environment.     
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Chapter 1: General introduction   

   

1.1 Background 

Endotherms regulate an approximately constant Tb over a broad scale of ambient temperatures (Nilsson 

et al., 2016). Endothermic thermoregulation involves balancing heat losses to the environment with heat 

generated by metabolism (Richards, 1970). Among birds, poultry is thought to be particularly sensitive 

to temperature-related challenges, especially heat stress in part of their metabolic rate as a result of their 

artificial selection and fast growth rate (Lara & Rostagno, 2013; Nawaz et al., 2021). Although under 

moderate conditions heat dissipation can occur by physical exchange to the environment (Yahav et al., 

1998), an action that can be greatly hindered when environmental temperatures exceed body 

temperature and as such, evaporative water loss (EWL) becomes the main direction of heat dissipation 

(Richards, 1970; Lin et al., 2005; Sandercock et al., 2006). There are two major pathways through 

which EWL occurs, respiratory evaporative water loss (REWL) and cutaneous evaporative water loss 

(CEWL) (Richards, 1976; McKechnie & Wolf, 2004; Minnaar et al., 2014). These two pathways 

together represent total evaporative water loss (TEWL), with minor contributions from the cloaca and 

ocular surfaces (Minnaar et al., 2014).    

Partitioning of EWL into REWL and CEWL has largely been unexplored in chickens. As such, a limited 

amount of information is available about evaporative heat dissipation in poultry during high 

environmental conditions. It is often but not always, assumed that EWL via the respiratory tract using 

panting is the main avenue of heat dissipation in chickens (Richards, 1970; Lin et al., 2005; Sandercock 

et al., 2006; Luthra, 2017). Few comparative studies suggest a pronounced heat dissipation via the 

mouth with little contribution via the skin as temperatures increase (Van Kampen, 1971; Richards, 

1976).  For instance, Richards (1976) reported a substantial role of respiratory evaporation in Babcock 

390 hybrids gallus domesticus at air temperatures (Ta) ranging from 23 °C to 40 °C; while (Van 

Kampen, (1971) noted REWL in white leghorn fowl represented more than 80% of total evaporative 

water loss at 35≤Ta≤40 °C. 

 It is worth mentioning that cutaneous water loss is not related to subcutaneous fat, although it has been 

reported that some chickens increase adipose tissue during heat exposure and others decrease (Lu et al., 

2007), the extent to which adipose tissue affects the rates of evaporation is currently lacking in poultry 

and perhaps in need of research.  Nevertheless, Nascimento et al. (2017) estimated respiratory 

evaporation in broiler chickens, but found heat loss via this mechanism was minimal, because chicks 

were kept under a thermo-neutral zone.  
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Only these studies, to the best of my knowledge, have quantified evaporative water loss partitioning in 

chickens. However, because genetic variations exist amongst breeds (Soleimani et al., 2011), these 

findings may not be generally applicable. Although the relative importance of EWL to thermal 

regulation when air temperatures approach or exceed the body temperature of chickens has been 

examined only occasionally, it has been more widely studied in wild birds.    

Furthermore, the contribution of REWL versus CEWL to the total rates of evaporative water loss during 

thermoregulation in wild birds has been reported to vary amongst orders (McKechnie & Wolf, 2004; 

Wolf & Walsberg, 1996). For instance, rates of REWL have been estimated to represent more than 60% 

of the TEWL in passerines (songbirds); Verdins (Auriparus flaviceps) exposed to temperature 

exceeding 40 °C by Wolf & Walsberg (1996) with less than 15% contribution from CEWL. Similar 

observations were made by Tieleman & Williams (2002), who found four species of larks 

(Passeriformes: Alaudidae), greatly depended on REWL when temperatures were above 43 °C. On the 

contrary, few studies in ornithology reveal a substantial role of CEWL in evaporative cooling; such as 

that is observed in Columbiformes like pigeons and doves where it has been recognized to contribute 

more than 40% TEWL at air temperatures above 40 °C (Withers & Williams, 1990).    

Another important aspect of avian thermal physiology is variation within individuals via phenotypic 

plasticity in response to natural climate conditions or seasonal acclimatisation. Seasonal acclimatisation 

of physiological responses gives insight into the value of phenotypic adjustment and has been well 

studied in wild birds in thermoneutral and low temperatures (Maldonado et al., 2008; Noakes et al., 

2016). The evaluation of seasonal acclimatisation in birds appears in part to involve energetic 

adjustments such as “basal metabolic rate and summit metabolism” during winter (Maldonado et al., 

2008; Noakes et al., 2016).  

Frequently studied examples of seasonal acclimatisation involve small north-temperate birds with a high 

basal metabolic rate and summit metabolism in winter compared to summer (Doucette & Geiser, 2008; 

Noakes et al., 2017) which suggests enhanced cold tolerance in winter (McKechnie et al., 2015). 

Meanwhile, studies in subtropical regions indicate a widespread variation at least in basal metabolic 

rate (Van de Ven et al., 2013; Thompson, 2014). For instance, Smit & Mckechnie, (2010), reported five 

species of birds in the Kalahari Desert namely pearl-spotted owlets (Glaucidium perlatum), fork-tailed 

drongos (Dicrurus adsimilis), African scops-owls (Otus senegalensis), crimson-breasted shrikes 

(Laniarius atrococcinneus) and white-browed sparrow-weavers (Plocepasser mahali) to have 

significantly lower mass-specific basal metabolic rate in winter than in summer.    

On the other hand, Van de Ven et al. (2013) evaluated seasonal adjustments in two populations of the 

Southern red bishop Euplectes orix, one occurring in a warmer coastal site and the other at a colder 

inland site and noted differences in seasonal metabolic adjustments. They observed that birds occurring 
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at a colder inland site had an upregulation of 58% basal metabolic rate, approximately 31% mass 

specific basal metabolic rate and 15% summit metabolism in winter than in summer. In contrast, birds 

in warmer coastal sites showed no significant seasonal change in basal metabolic rate, approximately 

15% significant winter reductions in mass-specific basal metabolic rate and an 8% ~ summit metabolism 

(Msum). An earlier study by Maddocks & Geiser (2000) showed a significantly lower resting metabolic 

rate (RMR) below the thermoneutral zone in winter than in summer in seasonally acclimatised silvereye 

Zosterops lateralis. Nevertheless, only the study by Arieli et al. (1979) has reported seasonal 

acclimatisation in a hen and the authors observed no variations in body weight between seasons and 

birds exhibited a somewhat high metabolic rate in winter. These observations provide a biased 

perspective since the authors observed these outcomes only in White leghorn x Rhode Island cross-bred 

chickens,  

Therefore, this provides little insight into the physiological responses of various chicken breeds between 

seasons. It is possible since variations amongst chicken breeds exist that these physiological responses 

(i.e RMR, TEWL) might differ and the current study aims to confirm this or not.  Currently available 

insight on the adjustment of TEWL between seasons indicates variations that exist between climatic 

sites (O’Connor et al., 2017). However, little effort has been done to assess physiological flexibility in 

TEWL in the field (acclimatisation) between seasons (Maldonado et al., 2008; Talbot et al., 2018).   

1.2 Aims and Objectives    

The broad objective of this study was to evaluate thermoregulation at high temperatures and between 

seasons in Boschveld chickens.  

Specific objective: 

Experiment 1:  To Partition EWL into REWL and CEWL in indigenous chickens.  

Experiment 2: To evaluate adaptive changes in RMR, body mass, and TEWL in response to seasonal 

acclimatisation.  

1.3 Hypothesis 

Experiment 1: the hypothesis of experiment 1 was that REWL is a major mechanism for heat 

dissipation in poultry and predicted that cutaneous CEWL represents small but important pathways of 

evaporative cooling at high air temperatures.   

Experiment 2: the hypothesis of experiment 2 was that, during winter poultry show more pronounced 

winter upregulation of RMR than in summer.   
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Chapter 2: Literature Review   

 

2.1 Introduction   

 

Birds are known for their high body temperature, ~3 °C higher than those of mammals (Dawson, 1982) 

but maintain under warm temperatures a stable body temperature because of the insulating efficiency 

of the feathers and in such case, evaporation is at a minimum (Richards, 1970; Gerken et al., 2006). At 

high environmental temperatures (Ta), birds maintain homeostasis by dissipating heat via evaporative 

water loss (EWL) (Talbot et al., 2017). The amount of water lost through evaporation can be divided 

into two categories: respiratory evaporative water loss (REWL) and cutaneous evaporative water loss 

(CEWL) (Minnaar et al., 2014); the sum of both representing the total rates of evaporative water loss 

(TEWL) of an organism (McKechnie & Wolf, 2004; Minnaar et al., 2014). Studies on the EWL of 

chickens indicate that, as Ta nears normothermic Tb, chickens rely on REWL as a mechanism for heat 

dissipation (Van Kampen, 1971; Richards, 1976); however, because genetic variation exists amongst 

breeds (Soleimani et al., 2011), this may not necessary be the case.    

A plethora of studies on the thermoregulation of chickens during heat stress involve commercial-type 

breeds (broiler, layers), focusing on thermoregulatory parameters like Tb and metabolic heat with little 

to nothing on EWL (Lin et al., 2005; Gerken et al., 2006; Ribeiro et al., 2020; Nawaz et al., 2021; Ouchi 

et al., 2021). Related studies on indigenous chickens are few (Yahav et al., 1998; Aengwanich, 2008; 

Soleimani et al., 2011); highlighting the need to evaluate heat dissipation in these chickens is important 

because many are reared in extensive systems where they experience extreme environmental conditions.  

During scavenging, it becomes impossible for these chickens to avoid heat stress, particularly in areas 

where temperatures near or exceed Tb. The relative importance of EWL to thermoregulation when air 

temperatures near or exceed the body temperature has widely been established in wild birds; while in 

chickens, it is limited to a few studies (Kampen, 1971; Richards, 1976). Studies in ornithology reveal 

variation among orders (Wolf & Walsberg, 1996; McKechnie & Wolf, 2004) in the contributions of 

REWL and CEWL to the total rates of evaporation at high Ta.    

For instance, birds that belong to the order Columbiformes (e.g pigeons and doves) are reported to 

dissipate more than 40% of evaporative water loss via the skin (Withers & Williams, 1990; McKechnie 

& Wolf, 2004; Boyles et al., 2011; Minnaar et al., 2014;). Meanwhile, those members of the order 

Passeriformes are reported to rely heavily on REWL when Ta near or exceeds Tb (McKechnie & Wolf, 

2004; Minnaar et al., 2014). Chickens are non-migratory and such birds often cope with seasonal 

changing environmental conditions (Maldonado et al., 2008). As such, it is expected of such organisms 

to show seasonal adjustments or reversible phenotypic variations as means of coping with the changing 

environment according to Maldonado et al. (2008). Studying the physiological response of birds 
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following seasonal acclimatisation brings about an understanding of their phenotypic flexibility or 

ability to adapt and is well-studied in wild birds at temperatures (Ta) below the thermoneutral zone 

(TNZ) and within the TNZ (Noakes et al., 2016).  The evaluation of seasonal acclimatization in birds 

appears in part to be energetic adjustments such as “basal metabolic rate and summit metabolism during 

winter” (McKechnie, 2008; Noakes et al., 2017). Some of the notable findings include a high basal 

metabolic rate coupled with high summit metabolism in those birds inhabiting north temperate zones 

according to a review by McKechnie, (2008).  

On the other hand, studies on birds inhabiting subtropical climates indicate a variation of responses from 

either low mass-specific basal metabolic rate or resting metabolic rate (RMR) in winter than summer 

(Maddocks & Geiser, 2000; Smit & McKechnie, 2010) or high basal metabolic rate and summit 

metabolism and significant winter reductions depending on site (Van de Ven et al., 2013). The purpose 

of this review is to evaluate thermoregulation mechanisms in chickens during heat stress in terms of 

EWL, Tb, and metabolic heat production of chickens and seasonal adjustments of these 

thermoregulatory responses.   

2.2 Heat stress   

Stress is referred to as any stimuli either coming from extreme environmental temperatures (Lara & 

Rostagno, 2013), husbandry practices (Kruger et al., 2016), or metabolic disorders that disrupt the 

normal function of an animal. The intensity and duration of stress affect response in different animals 

(Armario et al., 2008). According to Nawaz et al. (2021), stress manifests in three phases, firstly, 

identification of stress by the body, secondly, activation of the immune system for adaptation, and 

finally, exhaustion as a result of persistent stress. One of the major environmental stressors affecting 

poultry production globally is heat stress brought on by rising temperatures as a result of climate change 

(Nawaz et al., 2021). 

The inability of an animal to control its internal temperature or body temperature (Tb) as a result of 

rising temperatures results in heat stress (Lara & Rostagno, 2013). The effects of heat stress in poultry 

production have been associated with decreased growth rate, feed efficiency, damaged gut microflora 

and decreased meat quality (Zhang et al., 2020). Heat stress is categorized into acute heat stress (intense 

stress for a short period of time) and chronic heat stress (high environmental temperatures for a long 

period of time) (Nawaz et al., 2021).   

Under high-temperature conditions, the activity of the neuroendocrine system is altered in poultry 

resulting in the activation of both the sympathetic-adrenal medullar (SAM) axis and the hypothalamic 

pituitary-adrenal (HPA) axis (Nawab et al., 2018). The mechanism of action of the neuroendocrine 

system is illustrated in (figure 2.1) (Nawab et al., 2018). The main role of the neuroendocrine system is 

to maintain homeostasis that is to keep an animal healthy. 
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As such, the alteration of this system and activation of SAM and HPA increases gluconeogenesis 

necessary for the survival of the animal. Some authors (Leinonen et al., 2014) have suggested that high 

temperatures elevate corticosterone levels which is the main mediator of heat stress. Although this may 

be, Cockrem, (2007) argues that the concentration of corticosterone is not the main stressor marker but 

rather HPA axis, because corticosterone levels can be elevated regardless of whether impulses are 

positive or negative as long as there is a presence of an invader. Corticosterone is one of the primary 

glucocorticoids and contrarily secreted from the HPA axis and pituitary gland (Pierre et al., 2016).    

The SAM axis results in the secretion of adrenaline as a result of impulses received from the 

hypothalamus, with the secretion of adrenaline being important because it facilitates rapid response 

through increased heart rate and promotion of gluconeogenesis (Nawab et al., 2018). According to 

Sebho (2016) under stressful conditions, the rate of secretion of adrenaline is faster and therefore is not 

a good indicator of stress. On the other hand, corticosterone has a slower but more persistent effect on 

its levels which is why corticosterone is considered a good indicator of stress (Nawab et al., 2018). 

One of the major flaws of having hormonal changes in birds during heat stress is that, homeostasis is 

compromised and as such, the health of the bird is compromised. For instance, high levels of 

corticosterone have been reported to have a negative effect on the fertility of birds, reduced immunity 

and depression (Hau et al., 2010). Some authors have indicated chronic heat stress generally greatly 

impact feed intake, and reduces body weight through muscle breakdown as a result of gluconeogenesis 

(Nawaz et al., 2021).   
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Figure 2.1 The mechanisms of action of the neuroendocrine system in a chicken during heat stress (source: 

Nawab et al., 2018)   

   

2.3 Thermoregulatory responses of chickens to heat stress   

2.3.1 Behavioural and physiological response   

Aside from the neuroendocrine system’s response to environmental stimuli (i.e extreme hot 

temperatures) to offset heat load, behavioural adaptation is considered the first defence of animals to 

offset heat load (Sejian et al., 2018). Some behavioural strategies used by chickens as means of coping 

with environmental heat stress include: avoiding social behaviour by distancing themselves, altering 

their posture with lifted wings from the body to allow for heat dissipation. Such behavioural adjustments 

have largely been observed in chickens confined in battery cages (reviewed by Daghir, 2008). Another 

behavioural response adopted by chickens during exposure to high Ta is to reduce feed consumption 

(Branco et al., 2021) and is a well-documented thermoregulatory response adopted by other animals as 

well (Sejian et al., 2018) in an effort to reduce metabolic heat production.     

In addition, drinking of water during exposure to high Ta seems to be a common response not only in 

chickens (Branco et al., 2021) but other animals as well (Sejian et al., 2018) as a homeostatic response 

to water lost via evaporation (Branco et al., 2021). Reduced locomotion has been observed in broiler 

chickens, a behaviour aimed at reducing heat generated by movement according to Branco et al. (2021).  
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Furthermore, a pattern of lying down and lying laterally was observed by Branco et al. (2021), a 

behaviour the authors attributed to offsetting heat load via conduction. Wild birds, particularly those in 

arid habitats, have been observed to seek cooler microsites as a behavioural strategy of avoiding direct 

solar radiation (Wolf et al., 1996). Thermoregulatory behaviour of birds appears to differ with size, for 

instance, when evaluating the behaviour of eight species of birds of different sizes housed in outdoor 

aviaries, Xie et al. (2017), found small birds like the Budgerigars (Melopsittacus undulates) and 

Whitebrowed Woodswallows (Artamus superciliosus) wing-venting more than other birds like Red-

collared Lorikeets (Trichoglossus rubritorquis) and Diamond Doves (Geopelia cuneata). This is 

because the surface-to-volume ratios of small birds are high, they gain more heat rapidly at high Ta as 

a result of limited water storage for evaporative cooling (Dawson, 1982) and thus in danger of heat 

stress (Xie et al., 2017). Wing-venting appears to be an essential method in birds to minimise heat gain 

and also the behavioural strategy for conserving water.   

There are other behavioural strategies reportedly used by birds as means of maintaining homeostasis at 

high Ta, such behavioural strategies include those seen in adult herring gulls during nesting, where they 

change their orientation and face the sun this causes them to expose their most reflective plumage found 

in the neck, white head and breast, thus then reduce heat load (Lustick et al., 1978). Furthermore, gulls 

have unfeathered legs and can minimise heat gain by standing in the water (Lustick et al., 1978). One 

of the more specific behaviours among by birds to avoid rising of Tb to lethal levels is panting and gular 

fluttering. This mechanism is somewhat efficient because it increases evaporative water loss via the 

respiratory tract (Xie et al., 2017). How chickens physiologically adjust to heat stress can be described. 

Firstly, the peripheral tissues increase their temperature as a result of increasing environmental 

temperature on the chicken. This in turn invokes several responses in which the chicken can counteract 

the mounting heat load in tissues such as consuming an overwhelming amount of water and depressing 

voluntary feed intake. Elevation of body temperature in chickens is directly related to the accumulation 

of heat to tissues and the length of time in which body temperature stabilises ranges between 3-5 days 

(reviewed by Daghir, 2008).  

Secondly, as air temperatures increase above the limits of the chicken, birds tend to take advantage of 

specialized anatomical structures, such as the vascular system situated in the legs. This mechanism 

involves the arteriovenous network which allows for high amounts of blood to flow through uninsulated 

surfaces (legs) and in turn disperses heat under the regulation of shunts and the vascular system. Cooled 

blood is brought by the shunts via the veins and brings it in close contact with the arterial blood so that 

heat exchange can occur. Notably, this kind of heat transfer is adaptable by chickens confined in battery 

cages given the opportunity to roost on cool pipes where cold water circulates. According to Campbell 
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et al. (2019), heat exchange via anatomical structures can occur via the eye, buccal cavity, beak and, 

nasal passages.   

Finally, birds take advantage of feather loss as thermal windows for heat exchange. Feather loss in birds 

is not uncommon, especially in caged chickens like laying hens. The neck, breast region, and back are 

common parts in which feather loss occurs and is directly related to cage shape, size, and over stocking 

of chickens. Numerous studies in the late 1990s to early 2000s have demonstrated the advantage in 

which feather loss gives to chickens at high temperatures in both broilers (Zhou et al., 1999) and laying 

hens (Campbell et al., 2019).    

2.3.2 Maintenance of body temperature during heat stress   

One of the most important parameters for evaluating high Ta is Body temperature (Tb) which is a useful 

biomarker for assessing those animals that are tolerant to heat stress (Perini et al., 2021). Normally, the 

Tb of poultry varies from 41 °C to 42 °C (Cândido et al., 2020), but some authors have reported up to 

43 °C (Perini et al., 2020). Tb is maintained at this range by physiologically adjusting responses to 

decrease heat loss. During heat stress, homeostasis is maintained by physiological activity and increases 

of Tb by1 to 2°C are maintained for an extended period before body temperature reaches the tolerance 

limit of the bird (Daghir, 2008).  

 

On the other hand, in cold environments or cold stress, metabolic heat production is stimulated by the 

supplementation of feed to increase energy levels (Zhou et al., 2021) or birds generate heat by shivering 

(Hohtola, 2014) and, in some cases, huddle together to exchange body heat (Strawford et al., 2011). 

These observations on the responses of homeotherms/endotherms to environmental temperatures have 

been adopted in poultry science to manage the impact of fluctuating temperatures on the 

thermoregulation of birds as illustrated in Figure. 2.2. This diagram illustrates the relationship between 

body temperature and environmental temperatures (Daghir, 2008). The thermoneutral zone (TNZ) is a 

range that provides comfort and lies between the lower critical temperature (Tlc) and upper critical 

temperature (Tuc) (Pawar et al., 2016).  
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Figure 2.2 Illustration of thermoregulation in birds (Adopted from Daghir, 2008)   

 

 

   

The zone of thermoneutrality is where normal body temperature is maintained with minimal 

involvement of the thermoregulatory mechanism and environmental temperatures below Tlc or above 

Tuc would either cause cold or heat stress (Youssef et al., 2015). In addition, within the TNZ minimal 

metabolic production is achieved because the animal is neither gaining nor losing heat as part of the 

minimal physiological activity and behaviour thus limiting both sensible heat loss and evaporative water 

loss (Youssef et al., 2015). The TNZ of broiler chickens reportedly ranges between 18-24 °C (Figure 

2.2), but this range is subject to vary due to age, genetics, nutrition, environmental and growth 

management, among other factors (Cassuce et al., 2013). For instance, when evaluating the TNZ of 

unacclimatised White Rock males, Kampen et al. (1979) found the thermoneutral zone between Ta ~ 
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27.5 and 37.7 °C. In another study, the TNZ of female broiler breeders was around 22.5 and 30 °C 

(Pereira & Nääs, 2008). According to Pereira & Naas, (2008), TNZ of birds is affected by their 

adaptation and genetic response to different temperatures and humidity.   

The zone of least thermoregulatory effort (ZLTE) is one of the three thermoregulatory responses of 

chickens which are TNZ, metabolic regulation that is below TNZ, and zone of latent heat control which 

is above TNZ (Figure 2.2) (DeShazer et al., 2009). The ZLTE is within the TNZ and is reportedly 

ranging between 23 to 29°C (Meltzer, 1983) while some authors have reported a range between 18°C 

to 30°C reviewed by Luthra (2017). According to Luthra (2017), Tb is maintained at about 41 °C with 

minimal evaporative water loss (EWL) and no changes in metabolism and behaviour. 

 

Typically, EWL is accommodated in this zone due to rising temperatures and can be elevated if 

environmental temperatures are higher than body temperature. As Ta rises above the upper critical 

temperature, metabolic heat rises to the zone of hyperthermia and, if persistent for long periods, it would 

result in heat exhaustion. The maintenance of Tb at high Ta is reported to vary amongst chicken breeds. 

Selection for growth has resulted in exotic breeds like broilers and layers having high metabolic heat 

production and thus making them susceptible to heat stress (Wang et al., 2018). However, rural or 

indigenous poultry breeds are thought to withstand high Ta than exotic breeds (Aengwanich, 2008; 

Soleimani et al., 2011).  

 

One of the main arguments for variations that exist between the commercial broiler chicken vs 

indigenous type is body weight or size (Soleimani et al., 2011). For instance, when comparing the Tb 

of broiler chicken (BC) to indigenous chickens (Thai indigenous chicken (TIC) and Thai indigenous 

crossbred chicken (TICC) at 28 days of experimentation at Ta= 38 °C, Aengwanich (2008) found Tb of 

broiler chicken to be significantly higher than that of indigenous type in both females and males. The 

author attributed this variation to body size of the broiler being larger than that of the indigenous type. 

Selection for fast growth rate and feed conversion efficiency has resulted in high metabolic rates in 

broiler chickens (Sandercock et al., 2006) causing homeostasis dysregulation or a negative relationship 

between body size and thermoregulation (Soleimani et al., 2011). 

 

Furthermore, the study by Aengwanich, (2008) appears to demonstrate as well that these variations exist 

according to sex, with the male TIC and TICC chicken having lower Tb than male and female BC at Ta 

38 °C, respectively. Similarly, a study by Soleimani et al. (2011), demonstrated that the Red jungle fowl 

and village fowl have lower Tb at high Ta 36 °C than commercial broiler chickens despite all birds 

having the same body weight. According to Soleimani et al. (2011), the domestication of indigenous 

chickens to a warmer climate has made them more heat tolerant than the exotic breeds.     
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Although, body size or weight in part causes variations amongst these chicken breeds, genetics also has 

been attributed as one causing variations in patterns of heat tolerance of chickens (Keambou et al., 

2014). For instance, the Naked neck reportedly efficient in thermoregulation at high Ta was observed to 

have lower Tb compared to the normal feathered at Ta=35 °C (Yahav et al., 1998). This is because birds 

like the Naked neck chicken have the (Na) gene resulting into feather cover that is 20% to 40 % lower 

than the normally feathered chicken (Özkan et al., 2002), this gives them an advantage at high Ta by 

dissipating heat in featherless areas (Gerken et al., 2006). However, it can be noted both the red jungle 

fowl and village fowl are superior in the maintenance of Tb compared to the naked neck but the 

differences could be attributed to body weight, in the study by Soleimani et al. (2011), birds weighed 

about 930 grams. Meanwhile, the naked neck chicken in the study by Yahav et al. (1998) weighed more 

than 2 kg, it would be interesting if a comparison of the breeds in similar body weights would yield 

somewhat variations.     

The maximum Ta or heat tolerance limit of indigenous chickens is currently lacking, because a majority 

of studies in poultry science concerning thermoregulation involve only two sets of Ta indicated as low 

and high (Yahav et al., 1998; Aengwanich, 2008; Soleimani et al., 2011). There are relatively few but 

old studies that have evaluated the thermoregulation of indigenous chickens at Ta > 40 °C. For instance, 

(Marder, 1973), investigated the thermoregulation of Bedouin fowl (Gallus domesticus), a bird native 

to Israel capable of tolerating high Ta, was found to maintain Tb well below 44 °C at Ta≥ 45 °C.  

Another study, found four chicken breeds (Sinai, Leghorn, Sinai×Leghorn, and Leghorn×Sinai) to take 

Ta well above 43 °C (Arad & Marder, 1983). This somewhat implies the upper critical temperature of 

indigenous chicken stands way above 35 °C, a matter also suggested by Van Kampen (1978). However, 

the tolerance of Bedouin fowl at high Ta is largely attributed to them being acclimated to a wide range 

of high temperatures. Exposing birds to nonlethal temperatures enhances their ability to cope with high 

temperatures (Cândido et al., 2020; Ouchi et al., 2021). Noteworthy, as Ta increases, so does Tb (Arad 

& Marder, 1983), and birds can increase Tb to offset the costs of thermoregulation and can allow Tb to 

increase 5 °C above normothermic levels during acute heat exposure (Nilsson et al., 2016).   

2.4 Evaporative water loss  

Evaporative water loss is the primary route for heat dissipation when ambient temperatures are higher 

than body temperature (Richards, 1970; Lin et al., 2005; Sandercock et al., 2006; Albright et al., 2017). 

One of the most obvious signs of heat stress in birds is panting; a specialized form of heat that utilizes 

the surface of the mouth and air passages as means of evaporative cooling (Lin et al., 2005). The use of 

these surfaces is to eliminate water via evaporation to maintain body temperature below the critical 

limits (Ruvio et al., 2017). Evaporative water loss is a branch of poultry science (chickens) that is barely 
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encountered in literature and is ultimately the most important when modelling the thermoregulation of 

chickens under global warming scenario.  

Birds are globally distributed in different sets of environments ranging from arid to mesic and cold to 

hot, and evaporative heat loss plays an important role in the energy fluxes among birds and their 

environment and has a profound connection with their ecology and evolution (Tieleman & Williams, 

2002). As temperatures rises above the regulated range, a cascade of events occurs in which the 

mounting heat load cannot be maintained within the normal range. As such, EWL becomes the main 

mechanism for offloading heat gain in which birds can avoid hyperthermia (McKechnie & Wolf, 2004).    

Rates of evaporative heat loss greatly increase as environmental temperatures reaches the high end of 

the TNZ: for instance, 5 to 18 g/h of evaporative water loss occurring via panting in chickens has been 

attributed to air temperatures ranging from 29 to 35 °C (Daghir, 2008). For birds that frequently face 

hot weather, evaporative water loss is extremely important since the rate of evaporation increases to 

protect Tb from hyperthermia. However, in these circumstances, the fast rates of EWL required to 

prevent hyperthermia may result in dehydration.  

Accelerated rates of EWL can result in a significant decline in the body's water pool that can surpass 

5% of the body mass per hour when Ta exceeds Tb (Albright et al., 2017). In such cases, conflicts arise 

from maintaining a state of hydration while also avoiding hyperthermia (Minnaar et al., 2014). 

Furthermore, research indicates that rates of EWL vary according to body mass with small birds having 

higher mass-specific rates of EWL and thus, show greater demand for hydration (Albright et al., 2017).  

For instance, Wolf & Walsberg (1996) demonstrated that a 7 g Verdine could lose almost 7% of its 

body mass per hour when Ta approaches 50 °C. These findings are similar to Albright et al. (2016) who 

found similar results when comparing 5 Passerines ranging of different body weights. The authors noted 

that birds of lower body mass such as Lesser Goldfinch (9.7 g) and House Finch (18.0 g) evaporated 8-

9% of body mass per hour compared to birds with larger body mass Abert’s Towhee (41.8 g) ~ 7%  and 

5% with Curve-billed Thrasher (71g) when Ta approached 50 °C (see figure 2.3). Under natural 

environments, birds would seek shade or microsites, limit physical activity and drink a lot of water to 

avoid dehydration risks. Indigenous chickens reared under extensive farming system are most likely to 

encounter high ambient temperatures with high rates of evaporative water loss than those reared under 

intensive farming. 
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Figure 2.3 Evaporative water loss (EWL) of five passerines represented as a percentage of body mass (Mb) over a range of air temperature conditions (Albright et al.,   

2017  
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According to Ayo et al. (2011), protection of chickens reared extensively against heat is inadequate 

because it is a form of temporary light shade and radiation shield. Meanwhile, under intensive 

conditions birds are provided with automatic regulated microclimatic conditions acting as coolants. As 

such, the adverse impact of thermal stress is kept at a minimum because temperatures are kept constant 

at all time.  

Although, EWL is a significant component between the bird’s interaction and its environment, studies 

undertaken on the concept of EWL has for the most part focused in wild birds than chickens. Research 

on the EWL of chickens is very limited to a  few and old studies and part of the reason is that there are 

no specific methods available in the literature in evaluating EWL and associated technical challenges 

of doing so may be one of the reasons why very few studies seem to have investigated this field. 

Therefore, it is important to assess how evaporative water loss can be partitioned.   

2.4.1 Partitioning of evaporative water loss into REWL and CEWL   

According to studies in Ornithology, EWL occurs via two major pathways respiratory evaporative water 

loss (REWL) and cutaneous evaporative water loss (CEWL) (Minnaar et al., 2014). The concept of 

partitioning EWL into REWL and CEWL can be achieved following the model described in the 

literature (Wolf & Walsberg, 1996; McKechnie & Wolf, 2004; Minnaar et al., 2014; Albright et al., 

2017). This model of EWL data collection is performed in a laboratory and assumes that the bird is in 

a shaded and windless microsite with humidity, oxygen, and carbon dioxide kept at atmospheric levels 

which are conditions the bird would experience under its natural habitat with an average increase in air 

temperatures Ta.  

 Nascimento et al. (2017), described the method of partitioning EWL as noninvasive and involves 

separating the head from the neck. For instance, Wolf & Walsberg (1996), partitioned TEWL by placing 

the birds in a two-compartment metabolic chamber, separating the upper part of the bird (head chamber) 

from the lower half (body chamber) as illustrated in Figure 2.4. In another study, Tieleman and Williams 

(2002) used a mask and a glass chamber to evaluate both CEWL and REWL using an open-flow system 

for indirect calorimetry (Figure 2.5). Meanwhile, Minnaar et al. (2014) made use of a plastic mask to 

evaluate the mechanism of evaporation in Wahlberg's epauletted fruit bat.  The technical challenges of 

partitioning EWL are that, the bird has to be first habituated during the experiment and data is collected 

when the bird is at rest. Also, the design of the system or chamber has to be built to the right size of the 

species.    
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Figure 2.4 Separation of evaporative water loss in respiratory evaporative water loss and cutaneous 

evaporative water loss using a two-compartment metabolism chamber (Wolf & Walsberg, 1996) 

   

   

 

Figure 2.5 Partitioning evaporative water loss in the laboratory (Tieleman & Williams, 2002). 

       

The evaluation of EWL in chickens seems to indicate that as Ta increases above the TNZ, chickens rely 

heavily on REWL. For instance, when partitioning evaporative water loss in domestic fowl (Babcock 

390 hybrids) with an average weight of 2.04 Kg, Richards (1976), found more than 50% of evaporative 

cooling to occur via the mouth at Ta ≥ 25 °C, meanwhile, at Ta below 25 °C, birds were observed 

dissipating more than 50% heat via the skin. Similar observations in Babcock 390 hybrids were made 

earlier by Menuam & Richards (1975).  

The observations made by Van Kampen (1971; Richards (1976) that commercial chickens like the 

Babcock 390 hybrids and White Leghorn rely heavily on REWL as air Ta increases, is not surprising 

considering how very sensitive they are to heat stress (Lin et al., 2005) and with a very narrow TNZ. 

Nevertheless, birds either accelerate REWL or CEWL as a major route of EWL at Ta above 

normothermic and not both (Wolf & Walsberg. 1996). The use of REWL as a mode of heat dissipation 

has been indicated to have energetic consequences compared to CEWL as a result of panting and gular 

flattening (Richards, 1970). This is because of the energy required for muscle activity needed for panting 
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to occur consequently resulting to metabolic heat production. In poultry, respiratory alkalosis has been 

documented to be caused by panting (EL Hadi & Sykes, 1982). On the other hand, it appears that EWL 

via the skin plays an important role in maintaining Tb below the lethal limits when Ta is extremely high. 

Furthermore, evidence suggests CEWL to be energy efficient compared to REWL (McKechnie & Wolf, 

2004). This is made possible by the skin of birds which comprises of a well vascularized dermis and a 

thin nonvascular epidermis that is double layered (Tieleman & Williams, 2002). This along with 

components that make up these structures help the bird to either increase CEWL during heat stress by 

vasodilation of the dermal capillary bed or alter the epidermal lipid permeability to reduce the water 

vapor across the skin in cases of dehydration according to Tieleman & Williams (2002). However, 

Tieleman & Williams (2002) noted that, consequences of hyperthermia and thermal distress could arise 

if drinking water is not available when using CEWL as a mode of heat dissipation.     

The EWL of chickens has not been reported only in commercial type but also in indigenous chickens 

as well. Birds like the Bedouin fowl have been found to maintain Tb below 43 °C and between Ta 40 

and 44 °C and this bird has been reported to dissipate its entire metabolic heat by evaporation coupled 

with small increase in metabolic rate making it suitable to adapt in harsh conditions (Marder, 1973). 

Noteworthy, the heat tolerance of the Bedouin fowl reported by Marder (1973) is the only one amongst 

indigenous birds to have been evaluated in patterns of evaporative water loss concerning 

thermoregulation in chickens however, the heat exposure of the birds to Ta between 25 and 48 °C prior 

to experimentation is in part the reason for this heat tolerance.  

Thermal conditioning of chickens is one method to improve the heat tolerance of chickens to high Ta 

(Yahav & Hurwitz, 1996; Ouchi et al., 2021). Nevertheless, according to Marder (1973) the 7.2 mg 

H2O/gram-hour of EWL at Ta =48 °C represented only 0.8% of the body mass, which is quite small 

compared to 8-9% of body mass observed in passerines. It is worth mentioning that, it is not clear what 

major pathway of heat dissipation did birds use with rising Ta since (Marder 1973) in the study did not 

specify and as such this could be the TEWL of the bird. However, the author did indicate that thermal 

panting was observed at Ta > 35 °C with shallow panting similar to pigeons (Marder, 1973).   

When evaluating EWL in birds, humidity is one aspect that must be considered since rates of 

evaporation from the bird is an interaction with its environment (van Dyk et al., 2019), and increase 

humidity has been associated with high Tb and low EWL in broiler chickens (Lin et al., 2005). However, 

the TEWL of Bedouin fowl at Ta 35 °C is notably lower than that of the Babcock 390 hybrids at Ta 35 

°C.  In the study by Marder (1973), the author maintained a relative humidity of no more than 30%, 

meanwhile, Richards (1975) kept the humidity at about 80% respectively. In the study by Richards 

(1975), the chickens maintained much higher Tb compared to those in the study by Marder, (1973), the 

effects of humidity between these chicken breeds cannot be concluded, and perhaps the underlying 
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mechanism needs further investigation amongst indigenous breeds. In ornithology, the rates of 

evaporative water loss are reportedly vary between different sets of habitats. For instance, a study 

comparing total rates of evaporative water loss (TEWL) between species of larks living in arid and 

mesic habitats found EWL of those living in the desert was lower than those living in wet areas 

(Tieleman & Williams, 2002).   

Notably, Tieleman & Williams (2002) stated that the reduced CEWL in arid desert birds (hoopoe larks 

(Alaemon alaudipes) and Dunn’s larks (Eremalauda dunni) compared to those in mesic area skylarks 

(Alauda arvensis) and woodlarks (Lullula Arborea) had an overall impact on the TEWL of the species. 

These findings coincide with the earlier works observed in different species living in different habitats 

having different body sizes ranging from hummingbird to Ostriches (Struthio camelus) by Williams 

(1996).   

According to Williams (1996), the reduction in TEWL in arid birds may be presumably of natural 

selection acting on the physiological mechanisms of the birds such as causing a reduction in CEWL by 

increasing the lipid layer on the skin of the birds causing water vapour resistance. Furthermore, the 

authors attributed this reduction in TEWL to the adaptability of the birds to minimize water loss by 

expiration. Tieleman & Williams (2002) suggested that because natural selection presumably influences 

TEWL, variations of TEWL among species may exist. The evaluation of chickens and their interaction 

with their habitat in patterns of EWL is missing in poultry science and one aspect that needs attention, 

especially to indigenous chickens when considering the climate change scenario.   

2.5 Seasonal acclimatisation   

Non-migratory birds often deal with changing environmental temperatures as a result of climatic 

seasonality (Maldonado et al., 2008). As such, those organisms exposed to such conditions are expected 

to adjust their physiological response through reversible phenotypic variation (Maldonado et al., 2008). 

The concept of phenotypic flexibility represents adjustments that can be caused by predictable (usually 

inter-seasonal) or unpredictable (usually intra-seasonal) changes in the environment (Piersma & Drent, 

2003). This phenomenon has been a major topic of interest in many ornithology studies and has been 

examined under two physiological models.  

Firstly, examining the behaviour and physiological response of birds by using artificial environmental 

conditions in the lab (Boratyński et al., 2016). Secondly, evaluating the physiological response of birds 

under natural conditions in different seasons or seasonal acclimatisation (McKechnie, 2008). Testing 

for physiological changes in response to the natural environment or acclimatisation is of great 

importance in poultry in particularly those birds that regularly interact with their environment like the 

indigenous chickens. This is because the ability of an animal to physiologically adjust to changing 

environment provides insight into ecological and evolutional properties of many traits of that animal. 
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Some of the commonly investigated phenotypic traits associated with acclimatisation include body mass 

and basal metabolic rate/ resting metabolic rate (RMR), these phenotypic traits are not fixed but 

fluctuate throughout an individual lifetime and are used by physiologists to observe inter/ intraspecific 

variations among avian species (McKechnie, 2008).   

However, the plasticity of physiological traits in different seasons is not clearly defined in poultry. 

Firstly, some authors such as Sykes & Fataftah (1986), have misconstrued the concept of acclimatisation 

and have misinterpreted it with acclimation. For instance, the study by Sykes & Fataftah (1986) implies 

that the conditioning or acclimation of white egg laying hen (Euribrid Hisex) and brown egg laying hen 

(Isabrown) is actually acclimatising those birds. Notably, groups of birds were first kept in controlled 

environmental temperature before experimentation at Ta of 38 °C and relative humidity kept well below 

26%.  

Assessing the nature of seasonal acclimatisation, means much consideration has to be made on 

laboratory tests since they imitate what might possibly happen to birds under natural conditions (Hart, 

1962).  Nevertheless, the approach of grouping animals to their own respective Ta to assess their 

adaptive changes in the lab can be considered acclimation (Thompson et al., 2016) than acclimatization 

and has been used to assess short term adaptive changes in Ornithology (McKechnie & Wolf, 2004).    

Secondly, a plethora of studies in poultry science have given much attention on the effects of season on 

production rather than on the adaptation stand point, as such the most evaluated chicken breeds consist 

of the commercial broiler or layer type chickens (Richards, 1976). Nevertheless, body mass in small 

wild birds has been reported to show seasonal variations (Wu et al., 2014). These variations are 

reportedly more pronounced in those birds that live in north temperate regions (Maddocks & Geiser, 

2000) because of their energetic requirements for migration (Vézina et al., 2007), depressed feed 

availability in winter as such body mass is reportedly higher in winter than in summer as a result of fat 

stores (Swanson & Vézina, 2015). From the energy demand point of view, it appears winter is more 

stressful in small wild birds as a result of unfavourable conditions, long nights, limited food availability 

and energy costs associated with thermoregulation (Maddocks & Geiser, 2000; Wu et al., 2014).   

In poultry, body mass is reportedly affected by season with chickens showing a much higher body mass 

in winter than in summer according to the study by Osti et al. (2017). Furthermore, the authors noted 

that those birds (broiler) in tropical and subtropical climate were evidently heavier than those in 

temperate regions. The reason behind the high body weight in winter is not clearly indicated by the 

authors but they did state temperature and humidity were relatively close to the comfort zone in 

subtropical zone as such, feed intake was enhanced.  
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The seasonal variation in body mass in the study by Osti et al. (2017) as a result of acclimatisation is 

not clearly defined because the study is based on production performance rather than a physiological 

point of view, therefore birds were fed a commercial diet with additives. The effect of feed on growth 

performance attributes such as body weight is well established in poultry science particularly in broiler 

type chicken because of their economic value.  

A study by Rajkumar et al. (2011), comparing performance of indigenous chicken (Naked neck) and 

normal chicken between winter and summer season in tropical climate, indicated a contrasting 

difference in body weight between the naked neck and the normal chicken. The authors noted naked 

neck chickens were heavier in summer than in winter compared to the normal chicken and attributed 

this fact to the Na gene suggesting genetic differences may cause differences in adaptation.  

Winter is considered a stressful period in small wild birds (Wu et al., 2014) and a similar outcome can 

be expected for indigenous chickens since they are kept in a free-range production system and feed 

sources of these birds come from scavenging of food scraps and insects coupled with unbalanced 

supplements offered once a day in a household (Badubi et al., 2006). Therefore, increased feed intake 

and uptake of nutrients may be considered a response in wintering birds (Wu et al., 2014). As such, the 

plasticity of a trait would be repeatable changes in body composition, organ size and digestive processes 

and exhibit considerable metabolic variations of which body mass is a major source according to Wu et 

al. (2014).  

However, this is not indicated or missing in the majority of poultry studies as such, the variations in 

patterns of adaptation that chicken’s exhibit following seasonal acclimatisation is not clear. Finally, 

only the study by Arieli et al. (1980) attempted to evaluate seasonal acclimatisation in White Leghorn 

x Rhode Island cross-bred hens and tested their thermoregulatory function at the lab at Ta 0 °C and 32 

°C in both winter and summer season respectively. The authors indicated that Tb is better regulated in 

summer than in winter acclimatised birds.  

Furthermore, the authors noted that the high Tb at Ta 32 °C in winter acclimatised birds was due to the 

bird’s inability to modify insulation and metabolic rate during short term exposure to high Ta. In 

addition, the authors noted no variations in body weight following acclimatisation. The disparity, 

between the study by Arieli et al. (1980) and previously mentioned studies (Rajkumar et al., 2011) 

concerning body weight in chickens between seasons is in part of the approach or method of assessing 

seasonal acclimatisation in poultry.  

In the study by Arieli et al. (1980), adult birds used ranging between 1.5 to 2.5 years and with a low 

laying percentage, the authors indicated that this approach eliminated the effect of growth and 

interference of egg laying during Tb measurements. It can also be noted that, Arieli et al. (1980) 
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measured seasonal acclimatisation in post-absorptive birds, similar to that adopted in wild birds (Vézina 

et al., 2007; Van de Ven et al., 2013). Restricted feeding in pigeons has been reported to cause shallow 

hypometabolic response (Phillips et al., 1991) and reductions in rectal and foot surface temperatures in 

broiler breeders according to Savory et al. (2006). Although a plethora of studies mainly focus on 

productivity rather than adaptation, it would require therefore, to assess the effects of seasonal 

acclimatisation in hens, to do so, the element of production has to be eliminated more emphasis put on 

their physiological performance, thus a proper procedure or guideline preferably those indicated in 

ornithology and Arieli et al. (1980) would be best suited for seasonal acclimatisation studies.     

2.5.1 Resting metabolic rate   

Birds exhibit seasonal adjustments in body mass and energy which are necessary for survival 

particularly for those birds in harsh environmental conditions (Wu et al., 2014). The rate of energy is 

considered to varying among and within species (Van de Ven et al., 2013), and these variations are 

commonly examined under a comparative measure of metabolic rate called basal metabolic rate (BMR) 

usually when the bird is at rest, post absorptive state, in non-reproductive phase and at temperatures 

within the thermoneutral zone (Bushuev et al., 2018).  

Historically, flexible traits like BMR have led to a notion that those birds inhabiting north temperate 

region provide a more natural experiment for phenotypic flexibility since they are energetically engaged 

to their environment in behaviours such as migration (Liknes & Swanson, 2011). Meanwhile, those 

birds inhabiting tropical climates are considered to have long life span, slow pace of life and resources 

are primarily used for maintenance (Bushuev et al., 2018). As such, the vast majority of studies on the 

seasonal acclimatisation of birds come from north temperate regions indicating that these species 

increase their resting metabolic rate in winter (McKechnie et al., 2015).    

Only recently has studies embarked on assessing the flexibility of traits in birds inhabiting tropical or 

subtropical latitudes and the consensus amongst these studies indicate these species of birds exhibit 

reductions in metabolic rate in winter. For instance, Maddocks & Geiser, (2000) indicated that small 

passerines like the silvereyes Zosterops lateralis showed lower avian BMR in winter (Figure 2.8a 

below) than in summers following acclimatization (Figure 2.8b below).  

Similarly, Smit & McKechnie (2010) found that five species in the Kalahari Desert of Southern Africa 

had large winter declines in BMR. The authors stated that this trend was the result of selection for winter 

energy conservation during chilly and dry seasons. The general consensus on the variations that exists 

between birds inhabiting north temperate latitudes and tropical or subtropical climates in the flexibility 

of metabolic rate amongst ornithology studies is that these variations exist because of selection for cold 

tolerance in seasonally cold environments such as north temperate latitudes. Thus, the upregulation of 

BMR in winter in north temperate latitudes is selection for winter energy conservation, meanwhile, in 
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subtropical habitats which are characterized by moderate, dry winters, results to downregulation of 

BMR (Smit & McKechnie, 2010; McKechnie et al., 2015).    

   

   

      

   

   

 

Figure 2.6 illustration of seasonal fluctuation of metabolic rate, body temperature (Tb) and thermal 

conductance of a small bird passerine Zosterops lateralis at ambient temperature (Ta) 16 °C during 

winter (Figure a) and summer (Figure b) (Maddocks and Geiser, 2000) 
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Although, the adjustment of metabolic rate following seasonal acclimatisation is well established in 

wild birds, it is somewhat limited to small birds and lacking in poultry science. Nevertheless, the study 

by Arieli et al. (1980) is in agreement with the assertion made in ornithology that metabolic rate varies 

with season within a population and habitat. Furthermore, the authors appeared to demonstrate that adult 

White Leghorn x Rhode Island cross-bred hens elevate metabolic rate more in winter than in summer 

without any variations in body weight between seasons.  

Intensive breeding for high productivity at low energy cost, according to Arieli et al. (1980), leads to 

decreased body size, reducing the capacity to modulate energy loss through insulation. Strain 

differences are well known in poultry therefore it is not clear how far this outcome can be reflected in 

other breeds in response to seasonal acclimatisation. There is therefore a need to evaluate seasonal 

acclimatisation and flexibility of metabolic rate in other chicken breeds.   

Despite the importance of RMR for measuring energy expenditure, the rate at which RMR increases 

with decreasing air temperature is influenced by insulation provided by feathers, and thermal 

conductance is an indication of this influence (Mortensen & Blix, 1986). According to Wolf & Walsberg 

(2000), plumage or feathers of bird’s act as an important thermal buffer between the animal and its 

environment by holding back convective and radiative heat flow from an animal’s skin surface to the 

environment. In wild birds, conductance has been reported to be low in winter compared to summer 

season in those birds inhabiting subtropical/tropical climates (Maddocks & Geiser, 2000). Thermal 

conductance of poultry has received very little attention compared to wild birds particularly with 

varying seasons.  

The study by Arieli et al. (1980), is perhaps the only study to have reported thermal conductance in 

poultry following seasonal acclimatisation with findings revealing seasonal differences in conductance 

with somewhat higher conductance in summer than in winter attributed to modified feathering and body 

fat distribution. Concerning strain difference in patterns of plumage in poultry, Ward et al. (2001) found 

no differences in the insulation properties of the plumage of broiler chickens and free-range chickens 

at different environmental conditions but suggested, differences may arise from different regions of the 

body like the pectoral region probably as a result of the living conditions of the birds (e.g cages vs out 

door aviaries). Nevertheless, there is a need to evaluate thermal conductance of poultry following 

acclimatisation since thermogenic response is a form of adaptation, and thus this warrants more 

evaluation to other chicken breeds as well.   
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2.5.2 Total Evaporative Water Loss    

Another physiological response that appears to be influenced by environmental temperature together 

with water availability is total evaporative water loss (TEWL) (Maldonado et al., 2008). TEWL is an 

important component of an animal’s history and is reportedly varying amongst the orders (Tieleman & 

Williams, 2002). The rate of evaporation is influenced by metabolic rate, ambient temperature and 

relative humidity (Gavrilov, 2017). Furthermore, there is some indication that TEWL is strongly 

influenced by acclimatisation but the effort to understand the underlying mechanisms is at best minimal. 

Moreover, the concept of TEWL with varying seasons is missing in poultry science, and as such the 

current available research on TEWL in varying season is performed on small wild birds.  

This fact perhaps is due to the method used to quantify evaporation. Nevertheless, the study by Noakes 

et al. (2016) evaluated TEWL during summer and winter on white-browed sparrow-weaver 

(Plocepasser mahali) at three different sites and found no significant differences between seasons but 

did find variations between sites. The obvious lack of data on the variations of evaporative water loss 

between seasons is troubling not only in poultry but also in wild birds, since evaporative water loss 

represents the adaptation and evolution of an animal.   

2.6 Summary of the review   

Chickens play an important role economically to many countries especially in poor resourced 

communities. Normally, chickens raised in communal areas are indigenous chickens, most common 

breeds being the Naked neck, Ovambo, Boschveld chicken, etc. The physiological performance at high 

Ta particularly evaporative cooling of chickens is somewhat under-reported in poultry, nonetheless well 

established in wild birds. Another important phenomenon that is rather missing in poultry science 

however established in ornithology is phenotypic flexibility which involves reversible phenotypic 

adjustments studied under acclimation or acclimatisation. It is important to evaluate the concept of 

acclimatisation in poultry, in particular those that are free ranging since they interact with their 

environment more often than the commercial type chickens and such assessment can help develop 

selection criteria of those breeds that are genetically capable of adapting to climate change scenario.   
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Chapter 3: Materials and Methods   

   

3.1 Ethical Approval 

Ethical clearance was obtained through the Natural & Agricultural Sciences (NAS) Ethics Committee: 

Ethics clearance number (NAS154/2019) and the Research Ethics and Scientific Committee of the 

South African National Biodiversity Institute (SANBI) (NZG/ P19-20).   

3.2 Study site   

The study was carried out at the University of Pretoria Zoology laboratory, Pretoria, South Africa (latitude   

25°44’46'S, longitude 28°11’17'E). The study area receives an average rainfall of 670 mm annually, 

between the months of October and March with average minimum temperatures reported in July being 

15 °C and average maximum temperature reported in January being 30 °C (Kabeya et al., 2017). Frost 

spells occur during some winters (Mengistu et al., 2016).   

3.3 Birds and management    

A total of 19 female Boschveld chickens with a body mass of approximately 1.32±50 kg, were bought 

at Boschveld Free Range Chickens farm in Bela-Bela, Limpopo. Boschveld chickens, a composite cross 

of the Venda, Ovambo and Matabele breeds, are hardy and well-adapted to a variety of environmental 

conditions, reaching sexual maturity at 143 days (Grobbelaar et al., 2010). The birds were housed in 

open-sided housing (outdoor aviaries) with wood shavings on the floor at the University of Pretoria 

Hatfield Experimental Farm. A commercial diet was obtained from the Agricultural research council 

for laying hens and water were provided ad libitum using tube feeders and water fonts.   

3.4 Partitioning of evaporative water loss   

3.4.1 Measurements of gas exchange   

To measure oxygen consumption (VO2), rates of EWL, and carbon dioxide production (V̇CO2), a flow-

through respirometry system (McKechnie and Wolf, 2004) was used. Each bird was placed individually 

in a perspex 31.4 L metabolism chamber with a 3 cm layer of mineral oil at the bottom to prevent 

evaporation from excrement from affecting measurements of evaporative water loss (McKechnie & 

Wolf, 2004). An aluminium footed stand with a plastic garden mesh green surface was placed 10.2 cm 

above the mineral oil to prevent the birds from contact with the oil.    

Separation of evaporative water loss into CEWL and REWL was done using a similar approach to that 

followed by McKechnie & Wolf (2004). Some modifications on the system were done such that the 

dimensions of the lower and upper parts of the chamber were different. The lower part was (50 cm long 

× 30.7 cm high × 20.7 cm wide); while the upper part was made by tilting the front upper part of the 

chamber 10 cm above the surface of the chamber to create a 60° angle to accommodate the head 
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compartment. This was to ensure that the chicken would mimic the normal resting posture during 

measurements. To partition REWL and CEWL, a 7.5 cm diameter hole was drilled at the centre of the 

front-upper sloped section of the chamber, and a clear plastic container (1 L Lock & Lock), dimensions 

of 11.4 cm long × 11.4 wide cm × 13.2 cm high was used as a separate compartment for the head. The 

1 L clear plastic container (which acted as a head compartment) was then secured to the glass chamber 

by placing the lid of the container over the opening made in the glass chamber and opening similar 

dimensions of the opening in the chamber to the lid, the lid was kept intact using 8 (8 × 30 mm Hex 

bolts and nuts) bolted around the lid. Before placing the lid, a 0.25 mm elastic latex sheet 

(Semantodontics Dental Dam, Phoenix, AZ, USA) similar to Minnaar et al. (2014) was placed 

underneath the lid and over the opening of the chamber; and both the lid and elastic latex were bolted 

together to the glass chamber. An opening smaller than the dimensions of the chamber opening was 

made in the latex to allow the head of the chicken to protrude and to provide a snug fit for the neck 

(Wolf & Walsberg, 1996).  

To prevent birds from pulling their necks back during measurements of EWL, a 25 cm oval-shaped 

plastic-coated wire was used as a neck brace.  After placing the chicken inside the metabolism chamber, 

the chamber was then placed inside a darkened temperature-controlled cabinet (Model KMF 720, 

Binder, Tuttlingen, Germany) (Minnaar et al., 2014). The behaviour of the chicken inside the darkened 

temperature-controlled cabinet was observed through a HIKVISION Bullet camera with 3.6 mm lens 

infrared light source connected to a monitor.  Atmospheric air was supplied by a gas generator through 

the chamber using 3 mass flow controllers (model FMA5400/5500, Omega Engineering, Bridgeport, 

NJ). One mass flow controller was used for the head at a flow rate of 3 L min-1 and two mass flow 

controllers at flow rates of 9.03 L min-1 and 5.2 L min-1 respectively connected in parallel.   

Noteworthy, the flow rates of the experiment were adjusted, not regularly, but depending on the bird’s 

behaviour and air temperature. The flowmeters were calibrated against a soap bubble flow meter. The 

flow rate of the baseline channel was split from the experimental channel and controlled using a needle 

valve. Atmospheric air was supplied via a clear thermoplastic tubing. Inlet and outlet of the head 

compartment were made parallel at the base of the plastic container and inlet and outlet of the body 

compartment was placed in similar manner as Whitfield et al. (2015) at the back top and at the bottom 

front of the chamber, respectively. This was done to maximise mixing of air as previously done in other 

studies (Minnaar et al., 2014; Freeman et al., 2020).  

Excurrent air from the head and body compartments as well as baseline channel were subsampled using 

Multiplexer (model MUX3-1,101-18 M, Sable Systems, Las Vegas, NV) set up in a manual mode and 

an SS-3 subsampler (Sable Systems). To measure the carbon dioxide (CO2) and water vapor (H2O), 

subsampled air was pulled through a CO2/ H2O analyser (model LI-840A, LICOR, Lincoln, NE, USA), 
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zeroed using nitrogen gas (Afrox, Johannesburg, South Africa) and CO2 spanned using a calibration gas 

cylinder with 1900 ppm concentration (AFROX, Johannesburg, South Africa). The H2O of the LI-COR 

was spanned using a dewpoint generator (DG-4, Sable Systems, Las Vegas NV) and Oxygen (O2) was 

subsampled using an O2 analyser (FC-10, Sable Systems). All data from the analysers was acquired and 

recorded using Expedata software.   

  

3.4.2 Body Temperature and Air temperature measurements    

Body temperature (Ta) was measured using temperature-sensitive passive integrated transponder (PIT) 

tags (Bio-Thermo 12-mm microchip, Destron Fearing, St. Paul, MN; resolution: 0.1 °C) injected sub- 

cutaneously on the right flank of the birds. Body temperature (Tb) signals from the PIT tag were received 

via a loop antenna that was placed adjacent to the chamber and attached to a receiver and data logger 

system (HPR +, Biomark, Boise ID, USA), thus measurements were captured electronically. Air 

temperature (Ta) in the chamber was measured by inserting a thermistor probe (Sable Systems, Las 

Vegas, NV, USA) sealed using a rubber grommet on the side of the chamber, a lubricant was applied 

around the thermistor probe for ease of movement and to prevent injury during insertion. All data from 

the thermistor probe and PIT tag were recorded using Expedata software. Readings of Ta and Tb were 

checked every 5 minutes.    

3.5 Seasonal acclimatisation   

3.5.1 Measurements of Gas Exchange   

Rates of EWL, oxygen consumption (V̇O2), and carbon dioxide production (V̇CO2) were measured using 

the same approach as earlier described in section 3.4.1 with a slight modification to the metabolism 

chamber. The 7.5 cm diameter×8 cm high opening that was made at the centre of the front-upper part 

of the chamber was sealed by placing a 0.25 mm elastic latex (Semantodontics Dental Dam, Phoenix, 

AZ, USA) over the chamber opening, the lid of a (1 L Lock & Lock) clear plastic container (dimensions 

11.4 cm long × 11.4 wide cm × 13.2 cm high) was then placed and bolted over the latex membrane and 

over the chamber opening using 8 (8 × 30 mm Hex bolts and nuts) bolted around the lid to secure a tight 

seal. As such both lid, Latex was bolted into the chamber.  

It is important to mention that, because there was no need for the head compartment during 

measurements, focus was solely on total evaporative water loss (TEWL), metabolic rate, and Tb. 

movement of individuals inside the metabolism chamber was restricted by placing a green plastic garden 

mesh approximate dimensions (20 cm long × 19 cm high × 20 cm wide) at the back of the chamber and 

on top of the aluminium footed stand. The chicken stood 10 cm above the mineral oil. Atmospheric air 

was supplied to the chamber using the same set up as above, however only two parallel connected mass 

flow controllers (model FMA5400/5500, Omega Engineering, Bridgeport, NJ). Air moved at a flow 

rate of 9.56 min-1 and 9.23 L min-1 from each mass flow meter to the chamber respectively. The inlet of 
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the body compartment was positioned at the back top of the chamber and outlet was positioned at the 

bottom front of the chamber. Ex-current air from the metabolism chamber and baseline channel were 

subsampled using the same system analysers section 3.4.1 followed by the same calibration method. 

All data from the metabolism chamber was received and recorded using Expedata software.    

3.5.2 Body Temperature and Air temperature measurements   

Because the same individuals were used also in experiment 2, body temperature and air temperature 

measurements were carried out using the same procedure as section 3.4.2 and data from the metabolism 

chamber was received and recorded using Expedata software.    

3.6 Experimental Protocol   

3.6.1 The partitioning of evaporative water loss    

The partitioning of evaporative water loss experiment was carried out during the summer days from 

(November 2019-February 2020) with average environmental temperatures during this period ranging 

between 28.1  and 29 °C with humidity ranging between 72.3% to 73% (source: South African Weather 

Service). All data was collected when chickens were at rest or appeared calm and post-absorptive or 

when they had been fasted (Cavieres & Sabat, 2008).    

The measurements for EWL, RMR, and Tb were taken over a Ta of 20, 25, 30, 35, 37, 39, 41, and 43 °C 

over a period of  an 1 hour, except at Ta = 41 and 43 °C, where measurements were taken for 30 minutes 

because chickens exhibited signs of hyperthermia. Birds were weighed before experimentation and 

body masses recorded. Experiments began as described by Minnaar et al. (2014), subsampled air was 

drawn from the baseline air channel for 5-10 minutes until stable O2, CO2, and H2O readings were 

obtained. Then air from head compartment was subsampled for 10-15 minutes then followed by the 

body compartment and switching between the two channels when stable readings were obtained.  

Each run ended with a 5-10 minutes baseline reading, a similar approach to Minnaar et al. (2014). In 

cases where O2, CO2, and H2O readings from the head compartment deviated from normal as a result 

of either a tear from the latex membrane caused by the beaks of the chickens during the protrusion of 

the head of the chicken in the initial stages of experimentation or during measurement as a result of 

pulling the head back, such output was deleted and a new membrane used with a proper fit of the neck 

brace and the process restarted again. Behaviour of individuals during experimentation was observed 

using an infrared light source video camera connected to a monitor. Thus, only data of calm individuals 

was included in the analysis. It is worth mentioning, that if individuals exhibited signs of agitation such 

as continuously pulling their head back, standing during measurements and flipping their wings, such 

runs were terminated for the day and the chicken given a resting period of 2 days and this period was 

extended to 3 days at Ta ≥ 35 °C. After a successful run or termination of the run birds were immediately 
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given water and feed. Measurements were obtained from all 19 birds at each Ta, with each bird resting 

for at least 3 to 4 days between runs.   

3.6.2 Seasonal Acclimatisation   

Measurements for seasonal acclimatisation followed similar approach as experiment 1, except that 

maximum Ta birds tolerated during measurements in winter was 35 °C. This is because chickens could 

not take Ta >35 °C in part of them being completely acclimatised to the winter season as such 

measurements were taken over a Ta  of 20, 25, 30, and 35 °C. One bird was measured at a time and the 

sequence of Ta values randomized (Minnaar et al., 2014), while winter experiments were taken from 

June 2020- August 2020 for 3 hours at each Ta value. The average daily maximum and minimum 

temperatures during this period were 21.3 and 5.1 °C with average humidity of 57.9%.  Measurements 

were taken as early as 4:00 am until 6:00 pm and all measurements were taken to post absorptive 

individuals (Freeman et al., 2020). In summer measurements were carried at Ta of 20, 25, 35, 37, 39 

and 40 °C. At Ta ≥ 35 °C, Ta was increased in increments of 5 °C to the desired Ta every 10-15 minutes 

in both seasons. In summer, experiments occurred between (November 2020 and January 2021) average 

daily maximum was 28.46 °C, average daily minimum 16.6 °C and average relative humidity was 

69.13%, meanwhile, in winter experiments occurred between (June 2020 and August 2020) humidity 

was 62.45, daily maximum and minimum were 21.3 and 5.1 °C (source: South African Weather Service, 

2021) after measurements, birds were given water and feed.     

3.7 Statistical analysis   

3.7.1 The partitioning of evaporative water loss   

Carbon dioxide and H2O traces from analysers were corrected for drift and lag using applicable 

algorithms in Expedata as done by other studies (Freeman et al., 2020). To obtain values of oxygen 

consumption (V̇O2), and carbon dioxide production (V̇CO2), REWL (VH2O head), CEWL (VH2O body) and Tb 

in resting or calm individuals, an average of the most stable 5 minute period from CO2 traces at each Ta 

run was obtained using Expedata software a similar approach with the study by (O’Connor et al., 2017). 

In cases where individuals were not calm often depicted by deviation of CO2 from normal that data was 

discarded from the analyses. Furthermore, in cases where the desired Ta in the chamber was not reached 

that data was discarded from the analyses. To calculate excurrent flow rates from the glass metabolism, 

equation 9.3 of Lighton (2008) was used. Furthermore, rates of oxygen consumption (V̇ O2), and carbon 

dioxide production (V̇CO2), REWL (𝑉̇H2O head) and CEWL (𝑉̇H2O body) were calculated using Equations 

9.4, 9.5 and 9.6 of Lighton (2008) as follows:   

  

Equation 9.3   

FRe = FRi (1- (FiO2/100) - (FiCO2/100) - (FiH2O/BR)) / (1-(FeO2/100) - (FeCO2/100) - (FeH20/BR)   
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Where FRe is the excurrent flow rate in (ml min-1); FRi is the incurrent flow rate (ml min-1); Fi O2 is the 

baseline O2 obtained for 5-10 minutes; FiCO2 is the baseline CO2 obtained for 5-10 minutes and FiH2O 

is the baseline water vapour obtained for 5-10 minutes. BR is the barometric pressure in kilopascals 

obtained in the baseline. (FeO2) (ml min-1) is the average excurrent or channel O2 obtained in the most 

stable 5-minute period, (FeCO2) (ml min-1) is the average excurrent or channel CO2 obtained in the most 

stable 5-minute period and (FeH2O) is the excurrent water vapour from the head compartment of the 

metabolic chamber obtained in the most stable 5-minute period.   

   

Equation 9.4   

V̇O2= (FRi (Fi O2/100) - (FRe (FeO2/100)   

Where (V̇O2) is the oxygen consumption in milliliters/minute (ml min-1).   

Equation 9.5   

V̇CO2 = (FRe (FeCO2/ 100)) – (FRi (FiCO2/ 100))   

Equation 9.6   

𝑉 H2O head= ((FRe (FeH2O/ BR)) – (Fri (FiH2O/ BR))) 0.803   

Where (𝑉 H2O head) is the calculated water vapour in milligrams per minute (mg min-1). It is important to 

note, that volume H2O in ml H2O was obtained from the mass flow controller and converted to mg H2O 

by multiplying 0.803 mg per H2O ml water vapour (Lighton 2008).    

𝑉 H2O body= ((FRe (FeH2O/ BR)) – (Fri (FiH2O/ BR))) 0.803   

Obtaining the rate of evaporative water loss via the body (𝑉 H2O body) follows the same equation as 9.6 

with similar calculations. Estimates of resting metabolic rate (RMR) in Watts (W) were obtained from 

V̇ O2 and respiratory exchange ratio (RER) V̇CO2 /V̇O2), V̇O2 was converted to metabolic rate by assuming 

an RER value of 0.71 following a similar approach to Minaar et al. (2014). After all the data were 

recorded, averages were then taken and plotted the data on excel (see chapter 4.1). Noteworthy, 

statistical models were not generated when evaluating (EWL) but expedata software was used to collect 

the data.     
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 3.7.2 Seasonal Acclimatisation   

Carbon dioxide and H2O traces from analysers were corrected for drift and lag using relevant algorithms 

in Expedata (O’Connor et al., 2017). Resting values of oxygen consumption (V̇O2), and carbon dioxide 

production (V̇CO2), EWL (VH2O) and Tb were taken similarly to 3.6.1 (above). Moreover, the same equation 

9.3 above was used to calculate FRe and equations 9.4, 9.5, 9.6 of Lighton (2008), to get the rates of oxygen 

consumption (V̇O2), and carbon dioxide production (V̇CO2) and EWL (𝑉̇H2O). Estimated rates of RMR (W) 

were calculated using RER of 0.71 and V̇ CO2. Calculated rates of evaporative heat loss (EHL) (W) were 

obtained by converting rates of EWL assuming a latent heat of vaporization of water of 2.406 J mg−1 a 

similar approach to Freeman et al. (2020).  

Data were analysed in R, using general linear mixed models. For each response variable, Ta was included 

as a continuous predictor and season as a categorical predictor. Identity of individuals was also included 

as a random effect to account for repeated measures. Then the ANOVA was run on each model to generate 

F ratios and P values.  Data was significant at (P < 0.05), values are presented as means ±SD.   
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Chapter 4: Results   

   

4.1 Partitioning of evaporative water loss   

   

4.1.1 Body Temperature   

Body temperature (Tb), of Boschveld chickens increased with increasing air temperature (Ta) between 

20 and 35 °C, however, there was a sudden decrease in Tb at Ta≈ 37 °C of 42.18±1.19 °C and Tb 

continued to decrease to the following Ta 39 °C mean Tb =41.96 ± 0.67 °C. At Ta > 39 °C, Tb increased 

with increasing Ta to a maximum of 42.12 ± 0.33 °C (Figure 4.1). At Ta ≥ 35 °C, chickens began panting 

and gular fluttering with their wings open.    

4.1.2 Resting metabolic rate   

Between 10 and 25 °C, RMR followed the expected endothermic pattern of decreasing with increasing 

Ta (Figure 4.2). RMR varied throughout the experimental Ta range, and at Ta 35 °C, RMR was at a 

minimum of 4.58 ± 1.67 W at Ta.   

4.1.3 Evaporative water loss   

Both REWL and CEWL were low with a slightly elevated REWL at Ta 25 and 30 °C, however, between 

Ta≈ 35 and 41 °C there was a rapid increase in CEWL and a steady decline in REWL between Ta ≈35 

and ≈ 39 °C (Figure 4.3). For instance, the rate of CEWL at Ta 35 °C was 49.21±19.48 mg min-1 and at 

Ta 41 °C were 83.80 ± 40.26 mg min-1 respectively. On the other hand, the rate of REWL at Ta ≈ 35 °C 

was 36.57±20.91 mg min-1 and at Ta ≈39 °C was 25.90±8.92 mg min-1. It is important to mention that 

between 37 and 39 °C the rate of CEWL was almost equal and furthermore it appeared that at Ta ~ 41 

°C CEWL became stable and began to decrease at maximum Ta ~ 42 °C, at the same time REWL 

increased. Between Ta 41 and 43 °C CEWL decreased by a factor of 1.56 and REWL increased by a 

factor of 14.16. Rates of CEWL were greater than those of REWL at all Ta values except at Ta 25 and 

30 °C the fractional contribution of REWL to TEWL ranged from 58.43 ± 8.96% (Ta≈25 °C) to 54.95 

± 14.58% (Ta ~ 30 °C) (insert graph). At Ta ~ 43 °C, however, CEWL accounted for the majority of 

evaporative heat loss, namely, 58.56 ± 13.06% of TEWL (Figure 4.4). TEWL increased with increasing 

Ta at Ta> 25 °C and between Ta 35 and 39 °C TEWL was approximately equal, with mean TEWL 5.15± 

1.83 mg min-1 (Ta 35 °C), 5.19 ± 0.81 mg min-1 (Ta ≈ 37 °C) and 4.93±1.55 mg min-1 (Ta ≈ 39 °C). At 

maximum Ta≈ 43 °C TEWL was 8.33±2.48 mg min-1. 
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Figure 4.1 Body temperature (Tb) of Boschveld chickens over a range of air temperatures (Ta), 

maintained in outdoor enclosures in Pretoria, South Africa.  

   

  

Figure 4.2 Resting metabolic rate (RMR) of Boschveld chickens over a range of air temperatures (Ta) 

maintained, in outdoor enclosures in Pretoria, South Africa.  
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Figure 4.3 Respiratory evaporative water loss (REWL) and cutaneous evaporative water loss (CEWL) in Boschveld chickens over a range of air temperatures 

(Ta), maintained in outdoor enclosures in Pretoria, South Africa.    
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Figure 4.4 Total evaporative water loss (TEWL) in Boschveld chickens over a range air temperature 

(Ta), maintained in outdoor enclosures in Pretoria, South Africa.   

4.2 Seasonal acclimatization   

4.2.1 Body mass   

Seasonally, there were significant differences in body mass (Mb) of Boschveld chickens (P˂ 0.0001). 

During summer, birds had lower body mass (1948.14 ± 257.03 g) compared to those in winter (2101.57 

± 268.00 g).   

4.2.2 Body temperature   

Body temperature (Tb) of Boschveld chickens did not vary significantly between seasons (P> 0.05), 

with winter Tb of birds (40.12 ± 1.44 °C) being similar to summer Tb (40.38 ± 1.22 °C). Seasonal 

comparison of Tb was possible only at Ta ≤ 35 °C. During winter, chickens became very agitated in 

metabolic chambers at Ta = 40 °C, precluding measurements. However, in summer they remained calm 

at 40 °C with an average Tb (41.66 ± 0.55 °C) (Figure 4.5). Relationships between Tb and Ta were similar 

in both seasons, with Tb increasing with Ta from 38.96 ± 1.41 °C at Ta ~ 22 °C to 41.5 ± 0.68 °C at Ta 

~35 °C in winter and from 39.43 ± 0.91 °C at Ta~22 °C to 41.66 ± 0.55 °C at Ta ≈ 40 °C in summer-

acclimatized birds (Figure 4.5).    

4.2.3 Resting metabolic rate    

Resting metabolic rate in birds established in winter RMR (3.94 ± 1.42 W) was significantly lower (P= 

0.0001) than the summer RMR (5.54 ± 2.25 W). Measurements of seasonal RMR were done only at Ta 

≤ 35 °C. Typical endothermic pattern of RMR decreasing with increasing Ta in summer was observed 

below the thermoneutral zone; maximum RMR in summer were observed at Ta ~20 °C (6.82 ± 2.09 W) 
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and minimum RMR was observed at Ta ≈ 25 °C (5.27 ± 1.97 W). Minimum RMR in winter was observed 

at Ta = 30 °C (3.51 ± 1.39 W), whereas maximum RMR was observed at Ta = 20 °C (4.62 ± 1.15 W) 

(Figure 4.6).   

4.2.4 Thermal conductance   

Thermal conductance of Boschveld chickens varied significantly between seasons (F1:115 =47.68, P˂ 

0001) with average thermal conductance being high in summer than in winter (0.54 ± 0.28 W °C-1) (0.36 

± 0.17 W °C-1, n= 19) (Figure 4.7). Conductance increased with temperature in summer.   

4.2.5 Total evaporative water loss   

Total evaporative water loss of chicken showed no significant differences between seasons (P>0.05). 

Total evaporative water loss increased with increasing temperature in both seasons but birds showed 

slightly higher evaporative heat loss in summer. Some individuals showed higher TEWL in winter than 

others, for instance at Ta between 30 °C and 35 °C (Figure 4.8).   

4.2.6 Evaporative heat loss/ Metabolic heat production   

Overall, evaporative cooling efficiency (i.e., EHL/MHP) was significantly affected by season 

(P˂0.001). The ratio of EHL/MHP was especially high in winter (0.90 ± 0.65) and low in summer (0.75 

± 0.47). In both seasons EHL/MHP increased with increasing Ta and reached a maximum of 1.32 ± 0.83 

in winter and a maximum 0.75 ± 0.18 at Ta = 35 °C respectively. Seasonal comparison of EHL/MHP 

between winter and summer were only possible at Ta ≤ 35 °C because during winter, EHL/MHP of 

Boschveld chickens reached a plateau at Ta ~ 35 °C suggesting the maximum evaporative capacity for 

heat dissipation had been reached.   
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Figure 4.5 Body temperature (Tb) of seasonally-acclimatised Boschveld chickens.  

 

   

  

Figure 4.6 Resting metabolic rate (RMR) of seasonally-acclimatised Boschveld chickens.  
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Figure 4.7 Thermal conductance of Boschveld chickens as a function of air temperature (Ta) following 

acclimatisation.   

 

 

Figure 4.8 Total evaporative water loss of Boschveld chickens following acclimatisation in chickens 

kept in outdoor aviaries.  
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Chapter 5: Discussion   

   

5.1 Partitioning of evaporative water loss   

The results of this study do not support the hypothesis in experiment 1 that REWL represents the major 

avenue of heat dissipation in Boschveld chickens at Ta approaching or exceeding normothermic Tb. 

Instead CEWL accounts for 58.56 - 66.34 % of evaporative heat dissipation at Ta ≥ 39 °C.      

5.1.1 Body Temperature   

The positive relationship between Tb and Ta at 20 ≥Ta ≥ 35 °C in the current study appears to be a 

common occurrence amongst birds (Figure 4.1) and has been found in broilers and other indigenous 

genotypes (Aengwanech, 2007; Yahav et al., 1998), as well as in wild birds (Tieleman & Williams, 

1999; O’Connor et al., 2017). According to Nilsson et al. (2016), birds allow Tb to increase with Ta in 

an effort to offset the costs of thermoregulation with Tb increasing to 5 °C above normothermic levels 

during acute heat exposure.  

 In the current study, Tb appeared to reach its peak at Ta ≈ 35 °C, Tb=42.31 °C± 0.57; however, the cause 

of this plateau is unclear and not easy to compare with other poultry studies. A plethora of poultry 

studies have evaluated Tb thermoregulation within two temperature set points ranging between 20-38 

°C (Lin et al., 2005; Soleimani et al., 2011; Aengwanich, 2007; Ribeiro et al., 2020). The Tb at Ta ≈ 35 

°C in the current study is higher than Tb observed in Red Jungle Fowl (Tb= 41.62 °C), indigenous village 

fowl (Tb= 41.91 °C) however lower than in broiler chicken (Tb= 43.65 °C) at Ta= 36 °C according to the 

study by Soleimani et al. (2011).  

This somewhat suggests a more efficient thermoregulation of Tb by Red Jungle Fowl and indigenous 

village fowl compared to the Boschveld chicken and does indicate variations that exists amongst the 

breeds in patterns of thermoregulation (Soleimani et al., 2011). On the other hand, Tb=42.31 °C at Ta ≈ 

35 °C in the current study is similar to Tb (42.3 °C) at Ta =35 °C observed in Naked neck chickens 

(Yahav et al., 1998).   

However, Tb = 41.96 °C of Boschveld chickens at Ta ≈ 39 °C is notably lower than Tb of Naked neck 

chickens at Ta 35 °C. Although this evidence suggests efficient thermoregulation of Tb by Boschveld 

chickens at higher Ta this is not entirely conclusive since Yahav et al. (1998) only evaluated 

thermoregulation in Naked neck chickens between two Ta set points i.e., 15 and 35°C.  

Evidence suggests that the Naked neck (Na) gene reduces feather mass which in turn improves heat 

dissipation and high tolerance at high Ta (Singh et al., 2001), however, the extent of the physiological 

performance of these birds at Ta > 35 °C is unknown. Of course, it is possible that the thermoregulatory 
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efficiency of Naked necks extends well above Ta 35 °C, perhaps a comparative study on 

thermoregulation and heat dissipation of Boschveld chickens and Naked necks is warranted, 

Nevertheless, the differences between the two birds in patterns of thermoregulation could have not only 

been as a result of genetics but also method employed.    

In the current study, Tb was measured using temperature-sensitive passive integrated transponder (PIT) 

tags injected subcutaneously on the right flank of the birds. This method is considered non-invasive and 

has been used in a numerous study in avian thermoregulation (Minnaar et al., 2014; Oswald et al., 2018; 

Noakes & Mckechnie, 2020). Moreover, relative humidity was maintained at 15%, considering that it 

has a significant influence on rectal temperature at relatively high temperatures of 35°C, but not at 30 

°C in four week-old broiler chickens (Lin et al., 2005). However, the authors concluded that the effects 

of humidity on chickens can be affected by ambient temperature and age of the animal. In the current 

study, at 20≥Ta ≤ 39 °C, Tb measurements were carried out for 1 hour, meanwhile at Ta > 39 °C, Tb 

measurements were carried out for 30 minutes, because chickens began exhibiting signs of hyperthermia 

which were panting, guller fluttering, pale comb, wattle, diarrhoea and wings outstretched. This is in 

contradiction to what Marder (1973) observed in adult Bedouin hens (Gallus domesticus), who  reported 

the ability of Bedouin fowl to regulate Tb at high environmental Ta ranging between 38 and 45 °C; even 

during long term exposure birds were able to mainatin Tb well below the critical range. This is possibly 

the only study that has evaluated thermoregulation of chickens at Ta exceeding 40 °C, showing Bedouin 

fowl to be heat tolerant than the Boschveld chicken used in this study.  

5.1.2 Resting metabolic rate   

Information on the relationship between metabolic rate and Ta in domestic fowl is only limited to a 

handful of studies, although it well studied in wild bird species. Our current understanding of RMR in 

chickens is largely based on broiler chickens (Meltzer, 1983; Meltzer et al., 1982) rather than indigenous 

chickens and as such potentially providing a biased perspective. Genetic modification for rapid growth 

coupled with unrestricted food supply is thought to be linked to unusually high metabolic rates and has 

made chickens more vulnerable to environmental stressors and the cost of growth in commercial 

chickens (Tickle & Codd, 2019; Song & King, 2015; Nawaz et al., 2021).  

Marder (1973) evaluated thermoregulation of Bedouin fowl to high Ta ranging between 25 and 50 °C 

and found metabolic rates were 2.41 and 2.24 cal/g-1 h-1 at 30 and 40 °C, respectively. This metabolic 

rate is notably lower than RMR observed in Boschveld chickens at Ta ≈ 30 °C= 5.52 W and Ta≈ 40 

°C=4.68 W in the current study (Figure 4.2). According to Marder (1973), the low metabolic rates 

observed in Bedouin hens are due to them being acclimatized to their natural environment and as well 

as acclimated to a variety of high Ta. The exposure of the hens to repeated stress increased their response 
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to high Ta (Marder, 1973) a pattern that has been seen and documented in female Thai indigenous 

chicken by Aengwanech (2007).     

The slight increase in RMR at Ta ~ 42 °C suggests that Boschveld chickens experienced somewhat 

metabolic costs during hyperthermia and that if temperature keeps rising as a result of global warming, 

these birds would suffer from heat exhaustion (Nawaz et al., 2021). Those birds such as desert 

passerines that rely on panting have increased EWL at the cost of high metabolic rates using respiratory 

muscles (McKechnie et al., 2017; Smith et al., 2017; Talbot et al., 2018). At Ta ≥ 35 °C, Boschveld 

chickens were panting and gular fluttering between Ta ~ 39 and Ta ~ 41 °C. 

However, there was no discernible increase in RMR, a pattern associated with gular fluttering or CEWL 

as means of heat dissipation (O’Connor et al., 2017); previously reported in desert doves, elf owl, 

western screech owl and pigeons (McKechnie et al., 2017; Smith et al., 2017; Talbot et al., 2018) as 

well as previously in Bedouin fowl by Marder, (1973). This is because gular fluttering has a low energy 

cost (Campbell, 2014), which aids in inhibiting endogenous heat production, allowing for more coherent 

evaporative cooling (O’Connor et al., 2017).    

5.1.3 Evaporative water loss   

The high CEWL at Ta ≈ 20 °C and elevated REWL between 25 and 30 °C in the current study are 

somewhat similar observations to those reported by Richards (1976) in Babcock 390 hybrid chickens. 

The author noted a lower REWL at Ta≤ 20 °C but a relative importance in REWL with increasing Ta. 

In the current study, the relative importance of REWL seem to be restricted between 25 and 30 °C that 

contributed about 58 and 54% of TEWL, respectively, nonetheless, Boschveld chickens showed a much 

a higher rate of evaporation via the skin at Ta ≥ 35 (Figure 4.3). Although these birds had similar body 

weight (1.1-2.4 kg) like Babcock 390 hybrid (mean 2.04 kg), it is not clear what caused differences in 

heat dissipation at Ta approaching Tb aside from the fact that there could be seasonal, genetics and 

experimental variations that exists between the two studies.  

Notably, Richards (1976) performed the experiments of partitioning evaporative water loss during the 

winter season meanwhile in the current study experiments were done during the summer season, 

however the extent and effect of season on heat dissipation of domestic fowls is lacking in poultry 

science as such our assumptions are not conclusive. Nevertheless, CEWL in doves has been observed 

to be higher in those birds acclimated at high Ta than those in cool environments (McKechnie & Wolf, 

2004). Furthermore, in the current study, relative humidity was kept at 15% over Ta ranging between 

20 - 43 °C, consequently, the use of CEWL coupled with gular fluttering appears to be an effective 

mechanism for dissipating heat at high Ta and low humidity, allowing for large increases in EWL with 

small or negligible increases in RMR and has been observed in heatacclimated Rock Pigeons (Columba 

livia) (O’Connor et al., 2017).   
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Respiratory evaporative water losses (REWL) have been associated with panting leading to dehydration 

in many heat-stressed birds. Since REWL is a linear function of respiratory frequency (Menuam & 

Richards, 1975), ventilation parameters such respiratory frequency can change within the TNZ (Withers 

& Williams, 1990). 

As such, the sudden decline in REWL between Ta ≈35 and ≈ 39 °C in this study is not surprising because 

chickens less thermally tolerant than Boschveld chickens, like the Babcock 390 hybrid (Richards, 1975) 

would have a significant increase in evaporative water loss at Ta> 35 °C (Withers & Williams, 1990) 

and birds like Monk Parrot (Myiopsitta monachus) have been observed to pant and use lingual flutter to 

elevate heat dissipation at Ta> 35 °C (Weathers et al., 1978; Withers & Williams, 1990). 

According to Richards (1975), overt panting in domestic fowls was observed between Ta 27-30 °C, 

nonetheless, in the current study, panting was observed at Ta> 33 °C but it appeared that within the TNZ 

that ranged between 35 and 39 °C (Figure 4.3), REWL does not seem to be the primary avenue of heat 

dissipation in Boschveld chickens suggesting a higher thermal tolerance than that observed in broiler 

and layer type chickens.   

Although the current study is the first to demonstrated a substantial role in CEWL at Ta approaching 

normothermic Tb of chickens, it has on the other hand, been reported to account for more than 40% or 

exceeding 50% of the TEWL in Spinifex Pigeon (Geophaps plumifera) at 35 °C ≤Ta ≥ 45 °C by Withers 

and Williams (1990). Furthermore, the contribution of REWL compared to CEWL to the total rates of 

EWL during thermoregulation in wild birds have been reported to vary amongst orders (McKechnie & 

Wolf, 2004; Wolf & Walsberg, 1996). For instance, rates of REWL also have been estimated to 

represent more than 60% of TEWL in passerines; Verdins (Auriparus flaviceps) exposed to temperature 

exceeding 40 °C by Wolf & Walsberg (1996) with less than 15% contribution from CEWL.  

The relationship between TEWL and Ta followed the same pattern of increasing with increasing Ta 

between Ta 25 and 35 °C, then at 35 ≥Ta≤ 39 °C TEWL appeared to have reached an equilibrium, 

however at Ta>39 °C, there was a marked increase in TEWL by 4-fold (Figure 4.4). At Ta above 39 °C, 

CEWL accounted for 50% - 66% of the TEWL (insert graph). Based on the current observations, it 

appears that CEWL represents an important factor in maintaining thermoregulation in Boschveld 

chickens under hot ambient conditions, as well as for water conservation (McKechnie & Wolf, 2004).    

    

5.2 Seasonal acclimatization   

The results of this study do not support the hypothesis that RMR is upregulated in winter, instead 

chickens showed a much higher upregulation of RMR in summer than in winter.   
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5.2.1 Body mass   

Poultry tolerate a wide range of environmental temperatures such as 18-24 °C, which is the 

thermoneutral zone of chickens (Rajkumar et al., 2011). Temperature-associated environmental 

challenges, especially adverse environmental condition (hot and cold climate) affect poultry productive 

performance in both intensive and extensive production systems (Garcês et al., 2001; Giloh et al., 2012; 

Iyasere et al., 2017; Osti et al., 2017). Although there are numerous stressors with similar outcomes that 

poultry may exhibit (Belda et al., 2015), changing environmental temperatures directly affects their 

physiology and welfare with detrimental effects on productivity (Iyasere et al., 2017). It is reported that 

weight gain and feed intake in birds are optimal under thermoneutral zone (May & Lott, 2001), however 

vary among breeds and age groups. So therefore in certain geographical areas, the interaction of genetics 

and environment may impact on the overall performance traits (Okere, 2014).   

This study reveals that, during winter, Boschveld chickens increase their average body mass (Mb) 

compared to summer. These outcomes are in contrast to those reported by Rajkumar et al. (2011) in 

naked-neck chickens fed maize-soybean meal ad libitum, suggesting that there could be genetic 

differences between these two breeds. For instance, when evaluating the performance of naked-neck 

and normal chicken under winter and summer temperatures, the nakedneck was found to be heavier 

than the normal chicken in summer, whereas they were similar in weight in winter (Rajkumar et al. 

(2011). The authors attributed this increase to the (Na) gene of the Naked neck, which under high 

temperatures reduces feather cover up to 40%, and as such reduces stress by having better heat 

dissipation because of increased surface area which ultimately increases growth performance.    

It is worth noting that, genetics and environment do play a role on the overall performance of the 

chicken, however it seems other factors such as plumage (Noubandiguim et al., 2021), and the type of 

feed provided also play a role on the overall weight a chicken can have. Nevertheless, high body mass 

of birds during winter has previously been reported in chickens when comparing seasonal differences. 

For instance, when investigating seasonal effects on the growth performance of 3060 broiler chickens 

reared in an open-house system, Osti et al. (2017) found that these birds had a higher body weight in 

winter than in summer. 

Furthermore, when comparing climate variations, the authors found, those that were grown in tropical 

and subtropical latitudes had a significantly higher Mb than those reared in the temperate zone. It should 

be mentioned that, although these results are somewhat similar to the current study, most of the available 

data on chickens concerning Mb is largely based on feed effects, feed intake, growth performance, in 

simple terms commercial rather than ecological (Osti et al., 2017). This study was not based on the 

effect of feed, nonetheless, body mass data were obtained when birds were likely post-absorptive, and 

feed fed to chickens was maintenance feed. A similar approach was made also by Arieli et al. (1979) in 

seasonally acclimatised White Leghorn x Rhode Island cross-bred hens but the authors observed no 
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variations in body mass between seasons in  hens. Although this might also suggest genetic differences 

between the two breeds, it does need a further evaluation since other factors such as geographical region 

might play a role in the body mass of birds. At low air temperatures, birds increase their body 

temperature mainly via increasing feed intake to elevate heat production, with some studies reporting 

up to 4% increase in feed consumption when temperatures decrease from 20 to 12 °C (May & Lott, 

2001). Osti et al. (2017), found that energy intake was higher at temperatures below 18 °C accompanied 

by increases in weight and fat deposits and lower at temperatures above 26 °C. Similarly, in wild birds, 

increases in body mass during winter are largely attributed to fat stores following winter acclimatisation 

as these fat stores act as energy reserves needed to regulate body temperature when food is available in 

inadequate amounts and also increase insulation against energy loss (Maddocks & Geiser, 2000).   

5.2.2 Body temperature   

The body temperature (Tb) of meat-type chickens lies between 40.6 and 41.4 °C at Ta  21-24 °C normally 

referred to as the comfort zone (Christensen et al., 2012; Shakeri et al., 2020). Also, layer chickens 

thermal comfort zone has been reported to be 21 °C at six weeks of age (Pereira & Nääs, 2008). 

However, when Ta lies between 26–35 °C, birds can use evaporative cooling (Shakeri et al., 2020) to 

limit body temperature increases by 1 to 2 °C but this can be maintained for an extended period before 

body temperature reaches the heat tolerance limit of the bird (Ruuskanen et al., 2021). The 

thermoneutral zone (TNZ) found in this study lies between Ta = 20-25 °C and chickens had an average 

Tb of 39.5 °C (Figure 4.5).  

The results obtained in the current study are somewhat similar to Tb of laying hens reported by Ribeiro 

et al. (2020). The authors observed cloacal Tb using a digital thermometer to lie between 39.4–39.9 °C, 

however, the TNZ in which the authors found homeostasis was 25.9 to 29.9 °C for air dry-bulb 

temperature which is quite higher than was observed in the current study. This is not surprising 

considering that the upper critical temperature limit differs depending on genetics, age and diet and has 

earlier been suggested to range between 29–32 °C for layer chickens (Pereira & Nääs, 2008). 

Furthermore, these differences are not only due to genetic stocks but also geographical regions in which 

these trials were carried out according to Pereira & Nääs (2008).       

This study demonstrates that Tb of boschveld chickens does not vary between summer (40.38 ± 1.22 

°C) and winter (40.12 ± 1.44 °C). However, these outcomes are in contradiction with the study by Arieli 

et al. (1979) who found that, Tb is better regulated in summer than in winter acclimatised hens. The 

authors also noted Tb to be high at higher Ta in winter than in summer as a result of the bird’s inability 

to modify insulation and metabolic rate during short term exposure to high Ta but no discernible 

increases in Tb in both seasons were observed in the current study.  
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In addition, Tb of Boschveld chickens obtained in the current study are lower than those reported by 

Abioja et al. (2020). The authors reported an average rectal Tb of 41.5 °C of hens in three chicken 

genotypes (Transylvanian naked neck (TNN) FUNAAB-α and Nigerian indigenous chicken breed) 

during the dry period under humid tropical conditions.   

There are couple of reasons for such instances, such as the method of experimentation, in which in the 

current study, Tb measurements were taken when birds were post-absorptive. Fasting causes shallow 

hypometabolic responses in pigeons (Phillips & Berger, 1991), adult laying hens, and reductions in 

rectal and foot-surface temperatures in broiler breeders (Savory et al., 2006; Christensen et al., 2012). 

Notably, Abioja et al. (2020) did not indicate whether birds were post-absorptive or not during 

measurements. Another possible reason is the method in which Tb measurements were taken, which can 

potentially cause a rise in body temperature through stress induced hyperthermia which is common in 

many species and is evident when core body temperature increases by 0.5 °C and a decrease in surface 

temperature by 1.5 °C within 10 to 15 min of the onset of an acute stressor (Edgar et al., 2013). In the 

past, Tb has typically been measured using various methods considered either invasive or non-invasive. 

For instance, the use of digital thermometers has limitations, though less invasive (Chen & White, 2006) 

and used to measure an animal's rectal temperature (Abioja et al., 2020). They can lead to stress-induced 

hyperthermia (Dallmann et al., 2006) because the animal must be restrained and held (Torrao et al., 

2011). Meanwhile, the use of surgically implanted radio-telemetry data loggers and telemetry devices 

are considered reliable but invasive (Iyasere et al., 2017). This is because, to use data logger’s invasive 

surgery has to be used which could bring about risk of infection and coupled with the healing process 

of the animal brings about welfare concerns of the animal (Flecknell and Waterman-Pearson, 2000).  

In the current study, Tb was measured using temperature-sensitive passive integrated transponder (PIT) 

tags (BioThermo 12-mm microchip, Destron Fearing, St. Paul, MN; resolution: 0.1 oC) injected 

subcutaneously on the right flank of the birds, a method considered non-invasive and has been used in 

a numerous study of avian thermoregulation (Minnaar et al., 2014; Oswald et al., 2018; Noakes & 

Mckechnie, 2020).    

5.2.3 Resting metabolic rate    

Summer and winter variations in avian metabolic rate and environmental condition correlates thereof 

have been well studied in wild bird species (Thompson et al., 2015) compared to poultry. Furthermore, 

it can be understood, resting metabolic rate in chickens is largely based on broilers rather than 

indigenous chickens, potentially providing a biased perspective as the metabolic rate of broilers is 

comparatively higher in other galliform species (Tickle & Codd, 2019). In addition, selection for rapid 

growth coupled with unrestricted food supply is thought to be linked to unusually high resting metabolic 

rate (RMR) and the cost of growth in commercial chickens (Tickle & Codd, 2019). 
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The study by Arieli et al. (1979) is perhaps the only study that has indicated variations in metabolic rate 

in White Leghorn x Rhode Island cross-bred hens with birds showing higher metabolic rates in winter 

than in summer without any variations in body weight between the two seasons. These results are in 

contradiction with the current study, wherein Boschveld chickens showed reduced RMR in winter than 

in summer, a similar pattern observed in several small passerines from subtropical latitudes (Maddocks 

& Geiser, 2000; Bush et al., 2008; Smit & Mckechnie, 2010).  

Moreover, variations exist in patterns of body mass following acclimatisation. In the current study, 

summer metabolic measurements were taken during the laying season of chickens, however, to avoid 

misinterpretation or error with data collection all individuals that were reproductively active (i.e., egg 

laying) during experimentation were excluded and rested for the day and as such, the accuracy of the 

data can be guaranteed. A similar approach was followed by Arieli et al. (1979) using birds that were 

less reproductive, with variations in metabolic rate most likely from intensive breeding for high 

productivity at low energy cost resulting in decreased body size so as to reduce the capacity to modulate 

energy loss by insulation.  

Indigenous chickens such as the Boschveld breed, are low-input chickens typically kept under a free-

range production system that are left to scavenge for food (scraps and insects) compared to the broiler 

type (Badubi et al., 2006; Dessie et al., 2011), feed resources vary depending on season (Mtileni et al., 

2009). The current study, demonstrates that winter season was not cold enough to cause chickens to 

have high energy demands for maintenance. As such, the reduced RMR following acclimatisation in 

chickens is most likely to conserve energy during the winter period which is common in Afrotropical 

birds (Bush et al., 2008). Although the functional significance of lower RMR during winter is still 

unknown in poultry, this study does conform to the assertion made by Smit and McKechnie (2010) that, 

increases in metabolic rate such as Summit metabolism (Msum) during winter due to cold tolerance is not 

necessary for those birds inhabiting subtropical latitudes. In addition, the birds study (Boschveld 

chicken) experienced similar winter daytime temperatures (20 °C) to those observed by Smit and 

McKechnie (2010).  

   

Smit and McKechnie (2010), noted that mild winters combined with low caloric requirements and 

inactive reproductive behaviour can possibly reduce basal metabolic rate (BMR) in birds compared to 

those subjected to long extremely cold weather such as those inhabiting north temperate regions. 

Furthermore, afrotropical birds exhibit low RMR in winter than in summer as a way of conserving 

energy (Bush et al., 2008). In the current study, RMR at Ta of 40 °C in summer birds is not higher than 

RMR at Ta of 35 °C (Figure 4.6). Furthermore, in the current study relative humidity during metabolic 

measurements was kept at ~15% which is low, it has been demonstrated before to have a significant 

effect on RMR by van Dyk et al. (2019). These authors found increases in humidity increased the rates 

of RMR of white browed sparrow-weaver (Plocepasser mahali) with increasing Ta. 
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However, the effects of humidity on RMR have been suggested to vary considerably among avian taxa  

(van Dyk et al., 2019) such as those reported by Powers (1992) for Anna’s hummingbird (Calypte anna).  

In the current study panting was observed at Ta> 33 °C, and as Ta increased, gular fluttering was also 

observed, which is quite common to heat stressed chickens (Campbell, 2014).   

5.2.4 Thermal conductance   

Resting metabolic rate is an important parameter of measuring energy expenditure, however, the rate at 

which RMR increases with decreasing air temperature is affected by insulation provided by feathers 

and thermal conductance is a sign of this influence (Mortensen & Blix, 1986). In the current study, 

thermal conductance of Boschveld chickens differed significantly (P< 0.05) between seasons, with 

winter-acclimatised birds having lower conductance than summer-acclimatised birds. Similarly, Arieli 

et al. (1979), found seasonal differences in conductance with somewhat higher conductance in summer 

than in winter which they attributed it to modified feathering and body fat distribution.  

In the current study, birds were observed to be featherless in the pectoral area, nonetheless, it is unknown 

to what extent these observations had to the outcomes of this study in patterns of conductance. 

Maddocks and Geiser (2000) stated that, decreases in conductance are presumably caused by increases 

in feather insulation of winter acclimatized birds. Plumage or feathers of bird’s act as an important 

thermal buffer between the animal and its environment by holding back convective and radiative heat 

flow from an animal’s skin surface to the environment (Wolf & Walsberg, 2000).  

Ward et al. (2001), found no differences in the insulation properties of the plumage of broiler chickens 

and free-range chickens at different environmental conditions but suggested that differences may arise 

from different regions of the body like the pectoral region and these differences may be as a result of 

the living conditions of the birds (e.g cages vs out door aviaries). However, it is important to note that, 

birds used by Ward et al. (2001) were a breed different from that used in the current study, it is unknown 

if any quantitative studies on the genetic differences on the thermal insulation properties of plumage in 

chickens have been conducted so far, but can be argued that, the use of the same breed housed under 

different living conditions may provide a biased perspective.  

Nevertheless, during cold stress, chickens can decrease heat loss from featherless areas by behavioural 

thermoregulation such as cover bare areas with the surrounding feathers or sit in clusters or on their legs 

for warmth (Wathes & Clark, 1981; Mitchell, 1985; Ward et al., 2001). Although free-range chickens 

may be exposed to low temperatures coupled with high wind speed, behaviours such as selection for 

warm microclimates can help reduce heat loss during cold and wet days which can ultimately contribute 

to heat conservation than plumage insulation (Ward et al., 2001).   
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5.2.5 Total Evaporative water loss   

Data in this study revealed that total evaporative water loss (TEWL) was not significantly (P<0.05) 

different between seasons.  According to Gavrilov & Gavrilov (2019), TEWL is greatly influenced by 

acclimatisation and natural selection. However, the lack of obvious differences in the current study in 

heat dissipation between summer and winter (Figure 4.8) is not entirely clear but it might suggest that 

they are able to acclimate well in warm climates. Notably, comparative analysis in the current study 

between both seasons were only possible at Ta ≈ 35 °C, it is possible at Ta above 35 these birds would 

need to rely greatly on evaporative cooling to maintain homeostasis (Song & Beissinger, 2020) and this 

can be noted with the increased RMR in summer compared to winter (Figure 4.6).  

In the current study, a relatively low humidity 15% was maintained in both seasons, although the effects 

of humidity were not well studied on the EWL of chickens.  Much of the available data has largely 

based on production effects (e.g live weight, feed conversion ratio etc.) (Weaver & Meijerhof, 1991; 

Purswell et al., 2012; Xiong et al., 2017). On the other hand, data on other species of birds suggests that 

humidity has strong effects on EWL of birds experiencing high Ta depending on the taxa (Powers, 1992; 

Gerson et al., 2014). Nevertheless, seasonal heat balance is significantly influenced by predictable 

changes in metabolic heat production.   

5.2.6 Evaporative heat loss / metabolic heat production   

The ratio of EHL/MHP is often used to quantify maximum evaporative cooling capacity of individuals 

when Ta ˃Tb (O’Connor et al., 2017). According to O’Connor et al. (2017), high ratios of EHL/MHP 

suggest more evaporative cooling efficiency commonly seen in those species birds that either gular 

flutter or predominantly use CEWL as a mechanism for heat dissipation. According to O’Connor et al. 

(2017), there are differences in the efficiency of evaporative heat dissipation between taxa. In the present 

study, Boschveld chickens had EHL/MHP ratios ranging from 0.57 at thermoneutral zones to higher 

values of 1.32 at Ta ~ 35 °C in winter and at Ta 40 °C in summer.  

 

Although, these values somewhat conform with those of O’Connor et al. (2017), EHL/MHP values 

greater than 1 were observed at Ta ~ 35 °C in winter which is lower than Tb and this was in part of the 

chickens being completely acclimatized in winter and thus could not handle Ta above 35 °C. However, 

values of EHL/MHP greater than 1.0 were observed in summer when Ta approached Tb at the test level 

40 °C. Nevertheless, results in this study are in contradiction with those observed by Noakes et al. 

(2016), who found sparrow-weavers in two different sites (Polokwane and Frankfort) to have maximum 

EHL/MHP values higher in summer than in winter, that ranged from 1- 2.31 at Ta≥ 40 °C. 

 

The high EHL/MHP in summer might have been because birds were tested at Ta≥ 40 °C and as such the 

authors observed high TEWL and low RMR.  In the current study, the low EHL/MHP in summer is 
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most likely due to Ta not being high enough to exceed Tb. Furthermore, the high RMR in summer 

drastically reduced the value of EHL/MHP. Arguably, had Ta equalled or exceeded 40 °C, the ratio of 

EHL/MHP would have been higher in summer than winter as such the low RMR at Ta of 40 °C (Figure 

4.6) and gradual increase of TEWL with increasing Ta (Figure 4.8) is an indication of this fact.    

 

5.3 Limitations   

This study demonstrates that Boschveld chickens, a composite cross of the Venda, Ovambo and 

Matabele breeds; are an adaptable breed of chickens. This study was conducted only on female 

Boschveld chickens it is not clear whether sex has any influence on heat dissipation or seasonal 

acclimatisation. Furthermore, with limited research conducted on thermoregulatory abilities of non-

commercial chicken breeds, coupled with the sample size of 19 birds, the current results are not 

sufficient to conclude that the Boschveld has superior adaptive traits than other like breeds (e.g. Naked 

neck).. Nonetheless, these results do affirm their hardiness compared to the commercial chicken hybrids, 

such as broiler and layer genotypes. This research in part addresses the importance of indigenous breeds 

concerning climate change scenario. For instance, the lack of an increase in RMR at Ta = 40 °C coupled 

with low humidity 15% suggests evaporative cooling is quite efficient in these birds and they have a 

better chance of coping with higher temperatures in future if sufficient water is available. This study 

does raise questions on the effects of humidity on evaporative cooling of indigenous chickens. It has 

been suggested that, high Tb is correlated to high relative humidity and impairs evaporative cooling in 

commercial chicken hybrids (Lin et al., 2005). Notably, there is a paucity of studies quantifying the 

interaction of evaporative cooling and relative humidity in chicken’s particularly indigenous chickens 

at high Ta, considering genetic differences amongst the stocks these interactions are most likely to differ.    
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Chapter 6: Conclusion and recommendation   

   

The data in this study suggests that cutaneous evaporative water loss (CEWL) represents an important 

avenue of heat dissipation in Boschveld chickens and as such is suitable for extensive farming system. 

There was no evidence found in this study to support the initial hypothesis that RMR is elevated in 

winter compared to summer. The reduced RMR in summer at Ta≈ 40 °C suggest a much higher heat 

tolerance for these chickens. The ratio of EHL/MHP in the current study was measured at Ta≤ 40 °C, 

maximum evaporative cooling efficiency would have been possible had the chickens been tested at Ta 

greater than 40 °C. There is an inherent need to further evaluate importance of heat dissipation in poultry 

between seasons to establish phenotypic flexibility and the RMR of indigenous chickens because the 

current available data is not enough to conclude the metabolic heat production of these chickens at high 

Ta. As such, a quantitative analysis of the evaporative cooling efficiency of free-range chickens at Ta> 

40 °C is needed to further understand the results of this study.   
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