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Abstract

This review discusses the thermal conservative and heat dissipating roles of one of the most sensi-
tive thermoregulatory variables (respiratory rate) with the aim of enhancing its application in
evaluating both cold and heat adaptation. During cold exposure, livestock enhance the economy
of body heat through reduction in respiratory rate with the extent of reduction being greater and
commencing at relatively higher ambient temperature in poorly adapted phenotypes. This is ac-
companied by an increase in tidal volume and alveolar oxygen uptake, but a decrease in partial
pressure of oxygen. On the other hand, heat stress induces increase in respiratory rate to en-
hance evaporative heat loss with the magnitude of such increase being greater and commencing
at relatively lower ambient temperature in phenotypes that are poorly-adapted to heat. This is
accompanied by a decrease in tidal volume and the development of hypocapnia. The increase in
respiratory rate is observed to be greater, moderate and lesser in livestock that are mainly (pigs,
rabbits and poultry), moderately (sheep, goats and Bos faurus) and less (Zebu cattle) dependent on
respiratory evaporative heat loss, respectively. The changes during chronic heat stress may cause
acid-base crisis in all livestock, in addition to reduction in eggshell quality in birds; due to marked
decrease in partial pressure of carbon dioxide and a compensatory increase in elimination of bi-
carbonate. Within and between breed variations in sensitivity of respiratory rhythm to both cold
and heat stress has shown high applicability in identifying phenotypes that are more susceptible
to thermal stress; with some cellular and metabolic changes occurring to protect the animal from
the consequences of hypo- or hyper-thermia. The information in this review may provide basis for
identification of genes that support or suppress thermoregulation and may also be of great use in
animal breeding, genomics and selective thermal stress mitigation to provide maximum protection
and comfort to poorly-adapted phenotypes.
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Experimentally, clinically and on farm, the thermoregulatory variable that can be
measured with accuracy and ease by physical observation without any physiological
recording device in livestock is respiratory rate. This rhythm is controlled by a centre
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in the medulla oblongata and pons of the brainstem. Basically, three centres contrib-
ute to respiratory regulation, of which two (dorsal and ventral respiratory centres)
are found in the medulla and one (pneumotaxic centre) in the pons (Coleman, 2011;
Jerath et al., 2014). The most important centre (dorsal respiratory centre) is mainly
responsible for inspiration, the ventral centre is responsible for both expiration and
inspiration, and the pneumotaxic centre is involved in the control of breathing rate
and pattern (Coleman, 2011). The dorsal respiratory centre is located within the nu-
cleus solitarius where vagal and glossopharyngeal nerve fibres terminate and carry
signals from peripheral chemoreceptors and baroreceptors (including the carotid and
aortic bodies) and several lung receptors (Coleman, 2011; Spyer and Gourine, 2009).
The centres control the rate and depth of respiration through various inputs in the
form of neuronal signals, chemicals and hormones, with the ultimate aim of regulat-
ing the availability of oxygen and carbon dioxide, and supporting thermoregulation,
especially in livestock (Pocock and Richards, 2006; Dzenda et al., 2015; Leite et al.,
2018). Thus, activation of the respiratory centre during thermal stress is an impor-
tant line of homeostatic defence by enhancing thermal conservation and dissipation
during cold and heat stress, respectively. This is of great importance as variation in
thermal environment due to seasonal changes affects all livestock and represents the
largest single stressor in livestock production with significant negative impact on all
aspects of production, including performance, reproduction and immunity (Habibu
et al., 2016; Collier et al., 2017). Currently, the growing global interest is on the
identification of improved methods of heat stress detection in order to enhance its
management (Collier et al., 2017).

Over the years, the cardinal physiological or thermoregulatory variables (core
body and skin temperatures, respiratory, sweating and pulse or heart rates) have been
very reliable in evaluating the adaptive physiology of livestock with several tech-
niques developed to maximise the information that could be obtained from these
variables (Shultz, 1984, Jian et al., 2015; Dalcin et al., 2016; Minka and Ayo, 2016).
Whereas, rectal temperature indicates the direct thermal state of an animal, the other
thermoregulatory variables (skin temperature, respiratory, sweating, pulse and heart
rate) reflect the thermolytic state of the animal (Kabuga, 1992; Jian et al., 2015;
Habibu et al., 2017 a). Respiratory rate has been described as the most sensitive
cardinal physiological variable to heat stress; and also as one of the most useful
animal-based indicators of heat stress in livestock (Berman et al., 1985; Gaughan et
al., 2000; Yaqub et al., 2017), as changes in respiratory rate always precede changes
in other cardinal physiological variables (rectal temperature, sweating and pulse or
heart rate) during heat stress (Jian et al., 2015; Dalcin et al., 2016; Singh et al.,
2016). As such, it was suggested that changes in respiratory rate could be used as an
on-farm animal welfare assessment tool to identify and classify animals into those
that are susceptible or tolerant to heat or cold stress (Habibu et al., 2016; Rout et al.,
2017). Such information could be useful in animal breeding, genomics and other
manipulative techniques aimed at reducing the seasonal change-related mortality in
livestock, and thus, improve productivity. The aim of this review is to discuss the
available information on the role of respiratory rhythmicity in thermoregulation and
the consequences of the rhythm during thermal stress in livestock with the view of



Changes in respiratory rate during thermoregulation in livestock 293

enhancing its application in identification, evaluation and measurement of both heat
and cold stress and in selecting breeds that are more thermo-tolerant.

Ventilation versus thermoregulation

Depending on whether the body is in dire need to maintain blood gases or ther-
moregulate, a change in alveolar ventilation is accomplished by some breathing strat-
egies such as increasing or decreasing respiratory rate, tidal volume and/or respira-
tory dead space (Gagliardi et al., 1997). Within the thermoneutral zone, ventilation is
the main event, while thermoregulation remains quiescent until the respiratory centre
is activated for thermal adjustment during cold or heat stress. During cold, respira-
tory rate and dead space ventilation decrease, while tidal volume increases (Diesel
et al., 1985; Robertshaw, 2006). The expected decrease in alveolar ventilation due
to reduced respiratory rate is checked by decrease in respiratory dead space and in-
crease in tidal volume. During heat exposure, on the other hand, both ‘thermolytic
alveolar normo-ventilation’ and ‘thermolytic alveolar hyper-ventilation’ have been
reported (Gaughan et al., 2000). The most common change in all livestock exposed
to heat stress is ‘thermolytic alveolar normo-ventilation’, in which an increase in
respiratory rate and dead space, but a decrease in tidal volume occurs. Cattle, when
exposed to severe heat stress that is not efficiently combated by respiratory evapora-
tive heat loss (through rapid open mouth panting), may adopt ‘thermolytic alveolar
hyper-ventilation’ where there is a relative decrease in respiratory rate (through deep
open mouth panting), but an increase in tidal volume (Gaughan et al., 2000; Robert-
shaw, 2006).

Thermo-conservative role of respiratory rhythmicity

Adaptation to cold environments plays an important role in the survival of every
animal, including tropical livestock which are poorly adapted to cold and are only
exposed to lower grade of cold stress (10-12°C), especially those inhabiting the
West African region affected by the cold-dry, dust-laden and windy harmattan sea-
son (Habibu et al., 2017 a; Minka and Ayo, 2014). At various degrees, tropical and
sub-tropical livestock are exposed to cold depending on their geographical location.
When livestock are exposed to cold environments, the sympathetic nervous system
is activated causing vasoconstriction to reduce body heat loss. However, the degree
to which the thermal environment can be adjusted internally by vasoconstriction is
limited, and thus, thermogenesis mediated by endocrine signals and other more ef-
ficient mechanisms of reduction in heat loss must be activated to maintain optimal
body temperature (Robertshaw, 2006; Collier et al., 2017).

Changes in respiratory rhythmicity also play a role in thermogenesis and the
economy of body heat in livestock during cold stress. Through stimulation of ther-
moreceptors in the respiratory tract, exposure to low ambient temperature decreases
the frequency of respiratory rhythmicity so as to reduce heat loss to the inhaled cold
air (Diesel et al., 1985; Habibu et al., 2017 a). Even at such reduced frequency, res-
piratory heat loss is largely uncontrolled with the loss being countered by elevations
in both metabolism and respiratory ventilation so as to maintain thermal homeostasis
(Robertshaw, 2006). The reduction in respiratory rate is directly proportional to the
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level of adaptation in most livestock; as sheep and goats that are adapted to cold
show reduction in the magnitude of the decrease in respiratory rate and maintain
higher body temperature, when compared with the poorly adapted sheep and goats
during winter (Srikandakumar et al., 2003; Banerjee et al., 2014). Thus, the use of
respiratory rate to evaluate the adaptation of goats to cold stress using multivariate
analysis resulted in the classification of goats, distinctly into cold-susceptible (res-
piratory rate of < 24 breaths per minute) and cold-tolerant (respiratory rate of > 24
breaths per minute) phenotypes. This is unlike the use of respiratory rate to classify
goats into heat susceptible and tolerant phenotypes. In addition, the cold-tolerant
phenotypes had higher body temperature during the cold-dry season when compared
with the cold-susceptible phenotypes, apparently due to the inability of the latter to
increase circulating thyroid hormone concentrations beyond that of the former (Ha-
bibu et al., 2016). This suggests that among tropical breeds of goat (Red Sokoto and
Sahel), some cold susceptible individuals do have lower respiratory rate and could
easily develop hypothermia. The high respiratory rate in cold-adapted livestock may
explain the higher partial pressure of oxygen observed in cold-adapted sheep com-
pared with the poorly adapted ones, during winter and may also justify the higher
rectal temperature in the former (Srikandakumar et al., 2003).

Unlike the high respiratory rate that causes increase in blood partial pressure of
oxygen due to hyperventilation during heat stress, the low respiratory rate during
cold exposure causes a decrease in partial pressure of oxygen (Srikandakumar et
al., 2003; Sivakumar et al., 2010; Aarif and Aggarwal, 2016). The maintenance of
high blood partial pressure of oxygen in cold-adapted breeds during winter may be
an adaptive measure to increase oxygen availability for shivering and non-shivering
thermogeneses (Srikandakumar et al., 2003). This is in order to increase metabolic
rate and maintain body temperature above that of breeds that are poorly adapted
to cold, especially the heat-adapted tropical livestock. In humans, oxygen intake
has been shown to increase during winter when compared to summer (Nishimura et
al., 2015). Both shivering and non-shivering thermogeneses are adapted by tropical
breeds of livestock to prevent hypothermia in extreme cold conditions (Igono et al.,
1982; Carstens, 1994). Thus, the major challenge of tropical livestock during cold
exposure is to choose between maintaining higher respiratory rate so as to sustain
higher oxygen availability and supplement respiratory heat loss by increasing meta-
bolic heat production or reduce respiratory rate with subsequent decrease in oxygen
availability but with reduction in the compromising effect of ambient temperature.
Future studies need to examine the effects of reduced respiratory rate during cold
stress on cellular respiration and thermogenesis as well as comparatively evaluate
the variation in respiratory heat loss and thermogenic support in the following groups
of livestock: (i) smaller livestock such as rabbits, which naturally have higher respir-
atory rate due to smaller body size (Gagliardi et al., 1997); (ii) livestock that depend
mainly on respiratory rate for thermolysis (e.g. sheep and goats) and (iii) livestock
that depend mainly on sweating for thermolysis (e.g. Zebu cattle). This will undoubt-
edly improve our understanding and management of cold stress in different species
of livestock, especially in heat adapted livestock.
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Thermolytic effect of respiratory rhythmicity during heat stress

As ambient temperature rises beyond the body temperature of mammals, ther-
moregulation is enhanced through cutaneous and respiratory evaporative cooling
(Lara and Rostagn, 2013). With continuous rise in core body temperature due to high
ambient thermal load, small ruminants and poultry, most especially sheep and broiler
chickens, adopt panting to enhance the efficiency of heat dissipation. During panting,
there is a controlled elevation in respiratory rate, but a decrease in tidal volume in
order to increase ventilation of the upper respiratory tract, thus enhancing evapora-
tive heat loss (Ingram and Legge, 1969; Robertshaw, 2006). Most heat exchange
takes place at the nasal epithelial lining with the venous drainage being directed
to a special network of arteries at the base of the brain where counter-current heat
transfer takes place, so as to facilitate selective brain cooling and enhance the mecha-
nism of thermal homeostasis (Du Preez, 2000; Robertshaw, 2006). To invest enough
time and energy in reducing internal heat, heat-stressed animals become engrossed
in increasing respiratory rate or panting, such that feed intake is reduced, causing
reduction in body weight gain or loss of body weight. This ultimately diminishes the
body energy available for reproduction and consequently leads to low productivity
(Sejian et al., 2018).

With increase in respiratory rate, heat loss becomes faster, but with the negative
consequences of dehydration. In extreme cases, the dehydration may slow down
thermoregulation and reduce blood supply to the gut and gravid uterus (Habibu et
al., 2018). Although other factors such as morphology of the skin and sweat glands,
and type and conditions of the skin coat may influence the thermoregulatory body
fluid economy of livestock leading to decrease or increase in erythrocyte param-
eters, rthythmicity of respiration appears to have greater impact especially in small
ruminants (Pereira et al., 2008; Jian et al., 2014; Habibu et al., 2018). For instance,
an episode of high respiratory rate in Sahel goats was accompanied by greater re-
duction in plasma volume (indicated by increase in PCV and RBC) when compared
with the Red Sokoto goats that had lower respiratory rate (Habibu et al., 2017 a, b).
This is likely associated with the greater dependence of small ruminants on heat loss
through the respiratory tract than the skin (King, 1983; Silanikove, 2000). Gener-
ally, livestock show variation in their dependency on the means of evaporative heat
loss during extreme heat stress. All livestock, to different extents, depend on the
respiratory tract as means of evaporative heat loss during extreme heat stress; with
pigs, rabbits and birds relying mainly on the respiratory tract for evaporative heat
loss. This is due to the absence of sweat glands in birds and high number of non-
functional sweat glands in pigs and rabbits (Marai et al., 2002; Huynh et al., 2005;
Lara and Rostagn, 2013). This explains the need for high level of panting and poor
tolerance to heat stress in these livestock. In pigs, the panting is not enough to ef-
ficiently dissipate heat and is supported by sensible heat loss through conduction,
convection and radiation (Justino et al., 2014). In Morada Nova sheep that were
more thermally stressed, the efficiency of cutaneous evaporative heat loss decreased,
while that of respiratory evaporative heat loss increased with elevation in ambient
thermal load (Silva et al., 2017; Leite et al., 2018). This was such that sweating rate
progressively decreased with rise in ambient thermal load during the daytime despite
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increase in skin temperature, while respiratory rate progressively increased (Silva et
al., 2017). In goats, however, the efficiency of both cutaneous and respiratory evapo-
rative losses increased with rise in ambient thermal load (Maia et al., 2015). It is,
therefore, logical to infer that livestock that lack sweat gland or those with inherently
less sweating ability and those in which sweating ability reduces as ambient thermal
load increase, tend to pant during heat stress.

The heavy dependence of most livestock (except tropical large ruminants and
other Zebu breeds of cattle) on respiratory evaporative heat loss and the promptness
with which they resort to its use during moderate to severe heat stress explains the
sensitivity of respiratory rate to high temperature-humidity index (Jian et al., 2015;
Dalcin et al., 2016; Rout et al., 2017). In breeds of small ruminants with multiple
coat colour, exposure to high thermal load increased the respiratory rate of goats and
sheep with more pronounced rhythm in red and black coat animals when compared
with others (white or brown coat animals; Srikandakumar et al., 2003; Maia et al.,
2015; Leite et al., 2018). Similarly, age may influence the changes in respiratory
rate during heat stress. Due to thermoregulatory immaturity, weaned ewe-lambs had
an increase in rectal temperature and respiratory rate when compared with older
ewes in the afternoon when heat load increased (Thwaites, 1967; Macias-Cruz et
al., 2018). Hence, the use of variation in respiratory rate to classify goats into heat
stress-susceptible (those with higher respiratory rate) and heat stress-tolerant (those
with lower respiratory rate) phenotypes indicated higher rectal temperature and heat
shock proteins (Rout et al., 2017), but lower triiodothyronine (Habibu et al., 2016)
in heat stress-susceptible than heat stress-tolerant phenotypes. This change suggests
that the population of goats that are more susceptible to heat stress need to evolve
more efficient mechanisms to check cellular damage and reduce metabolic heat pro-
duction in order to alleviate the effect of high body temperature induced by elevated
environment temperature.

On the other hand, the use of respiratory rate to detect susceptibility or tolerance
to heat stress in Zebu cattle is applicable, but may not be as sensitive as in small
ruminants due to the former’s greater dependence on sweating as a means of critical
evaporative heat loss (King, 1983; Jian et al., 2015). In Zebu cattle, about 84% of
body heat is lost by evaporation, of which 65% is by sweating and 35% by panting
(McLean and Calvert, 1972; de Souza et al., 2018). The classification of Zebu breed
of cattle (Nellore) according to their capacity to dissipate body heat as ‘efficient’ or
‘inefficient’ showed that sweating was the thermoregulatory parameter, particularly
responsible for the lower rectal temperature in the Nellore cows that were efficient
in heat dissipation, while respiratory rate did not significantly vary between the
groups of cattle that were ‘efficient’ and those that were ‘inefficient’ in heat dissipa-
tion (Hooper et al., 2018). Thus, suggesting that sweating, but not respiratory rate
gives an edge in heat tolerance of Zebu cattle. During heat stress, there is increase
in respiratory rate and sweating rate in both Bos indicus and Bos taurus. In Bos
taurus, however, cutaneous evaporative heat loss becomes less efficient as ambient
heat load continue to increase. This is because the mechanism of sweating is limited
and attains a plateau with rise in ambient heat load due to morphometric features
that do not support continuous production of sweat for evaporative heat loss (Jian et
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al., 2014; 2015). Both Bos indicus and Bos taurus have apocrine sweat glands with
the same perimeter (Carvalho et al., 1995; Collier et al., 2008). However, the glands
of Bos taurus are less baggy-shaped, have lower density and are poorly active (Nay
and Heyman, 1956; Jian et al., 2014; de Souza et al., 2018). Thus, Holstein Friesian
cattle and their crossbreeds with higher genetic factions usually resort to the use of
respiratory evaporative heat loss heavily and promptly like small ruminants during
heat stress (Jian et al., 2015). Therefore, variation in respiratory rate of these breeds
may be applicable in the identification of phenotypes that are susceptible or tolerant
to heat stress. However, another challenge with the use of respiratory rate to identify
phenotypes that are susceptible or tolerant to heat stress is the decrease in respiratory
rate in cattle exposed to heat stress (Ingram and Legge, 1969; Gaughan et al., 2000),
due mainly to a change from rapid, shallow open-mouth panting to deep slow close-
mouth panting (Gaughan et al., 2000; Beatty et al., 2006).

Of all the thermoregulatory variables, the upper critical or inflection point tem-
perature/temperature-humidity index (THI) of respiratory rate is usually the first
to be reached during exposure to high ambient temperature so as to activate the
mechanisms of heat loss through respiratory evaporative heat loss and convection
(Gaughan et al., 2000; Huynh et al., 2005; Dalcin et al., 2016). The effect of the
upper critical limit of ambient heat load on respiratory rate is reached at intervals
that vary with the species of livestock exposed to heat stress. This is because the
heat-induced change in respiratory rate lags behind increase in ambient heat load
and, thus, livestock, especially cattle, should be exposed long enough for respiratory
thermoregulation to be activated before the variation in respiratory rate could be used
to identify adapted phenotypes (Gaughan et al., 2000).

Effect of heat stress-induced increase in respiratory rate on acid-base ba-
lance

The dual functions of the respiratory system in controlling both blood gas tension
and thermoregulation is expected to represent a potential homeostatic conflict dur-
ing heat stress due to the role of hypocapnia in suppressing respiratory rhythm and
that of hyperthermia in stimulating respiratory rhythm (Entin et al., 2005). However,
increase in body temperature has been shown to be the most important factor control-
ling respiratory rate during heat stress as the expected suppressive effect of hypocap-
nia is “turned oft” (Entin et al., 2005; Robertshaw, 2006). Thus, high respiratory rate
is maintained during heat stress in spite of hypocapnia.

Animals with small body size and relatively higher heat production and absorp-
tion usually pant more than they sweat. For instance, most breeds of sheep and goats
pant more than they sweat, while most breeds of cattle and camels sweat more than
they pant (King, 1983). Although sheep may experience very fast open-mouth pant-
ing during heat stress, the extent of the increase in core temperature and reduction
in blood carbon dioxide tension is less in sheep compared to cattle. This observation
may indicate a different degree of dead space ventilation in sheep, where very rapid
shallow panting does not result in blowing off of carbon dioxide to the extent to
which it occurs in cattle (Barnes et al., 2004). The ease with which high respiratory
rate reduces blood carbon dioxide tension in cattle may contribute to the reasons
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they prefer evaporative heat loss through sweating than panting. Even among small
ruminants, the thermoregulatory efficiency of panting is higher in sheep, which have
been shown to rely more on panting for evaporative cooling than goats (King, 1983).
Through respiratory evaporative water loss mainly, sheep can more efficiently mini-
mise the increase in body temperature during heat stress compared to goats, which
rely more on cutaneous evaporative water loss (Rahardja et al., 2011). Due to a num-
ber of reasons which have been outlined by King (1983), panting seems to be a more
efficient method of evaporative cooling than sweating. Firstly, though both methods
rely on heat loss via latent heat of evaporation from the body core (Silanikove, 2000;
Luz et al., 2016), sweating can also utilise the energy of solar radiation on the skin,
thus minimising the amount of heat loss by the body during heat stress. Secondly,
panting also provides its own airflow (which is different from the prevailing environ-
mental conditions) over moist surfaces, thus facilitating evaporation. Thirdly, there is
no loss of salt and electrolytes in panting, as in sweating; except if there is dripping
of saliva out of the mouth (King, 1983). Finally, panting may help to cool the brain
even when the body temperature is rising. By cooling the nasal and oral passages, the
blood that flows into the venous sinus, bathing the carotid plexus is cooled, thus the
blood supply to the brain is cooled (Taylor and Lyman, 1972).

(C: General Thermoneutral zone)
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Figure 1. Dynamics of respiratory rate with changes in temperature-humidity index (THI). At the lower
critical THI (Arieli et al., 1980), ‘A’ represents the decrease in respiratory rate of livestock that are highly
adapted to cold stress as they can maintain normal range of respiratory rate (‘C’) at low THI when com-
pared with livestock in line ‘B’ which are poorly adapted to cold stress. At the upper critical THI (Huynh
et al., 2005), ‘D’ represents the increase in respiratory rate of livestock that are poorly adapted to heat
stress or depend mainly on respiratory evaporative heat loss (e.g., pigs, rabbits and poultry) during heat
stress. While the second increase in respiratory rate (‘E’) denotes livestock that are moderately adapted
to heat stress or depend more on respiratory than cutaneous evaporative heat loss (e.g., sheep, goats
and Holstein-Friesian cattle) during heat stress. The terminal increase in respiratory rate (‘F’) denotes
livestock that are highly adapted to heat stress or depend more on cutaneous than respiratory evaporative
heat loss (Zebu cattle) during heat stress
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Figure 2. Physiological changes and renal adjustments in acid-base balance in livestock during heat
stress

The disadvantages of panting include a risk of respiratory alkalosis due to the
decrease in partial pressure of carbon dioxide in the blood (Figure 2), and increased
activity of the respiratory muscles, which may add to the excess heat load (Aarif and
Aggarwal, 2016; Luz et al., 2016). However, the unique property of the respiratory
system enables it to own a natural rhythm that could mitigate this risk (King, 1983).
Heat stress-induced hyperventilation is responsible for the increase in blood pH due
to decrease in partial pressure of carbon dioxide, total carbon dioxide (TCO,), con-
centration of bicarbonate, base excess in blood (BEb) and extracellular fluid (BEecf)
in goats (Hamzaoui et al., 2013), sheep, cattle (Barnes et al., 2004), buffaloes (Aarif
and Aggarwal, 2016), pigs (Cottrell et al., 2017) and ducks (Park and Kim, 2016;
Park and Park, 2017) with the magnitude of the change being less in the heat-adapted
Bos indicus and Awassi sheep (Barnes et al., 2004). This finding indicates that the
heat-adapted sheep and cattle were able to compensate for the tendency towards
respiratory alkalosis and minimise the increase in blood pH (Figure 2). The decrease
in concentration of bicarbonate has been shown to result from a compensatory renal
response that increases the excretion of bicarbonate to maintain the standard ratio
of plasma bicarbonate to PCO, (20:1; Masero and Siegel, 1977, Aarif and Aggar-
wal, 2016). Unlike in Awassi and Merino sheep, the rapid increase in blood carbon
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dioxide tension after cessation of heat stress in Bos taurus and Bos indicus was not
matched by an increase in blood bicarbonate concentrations, leading to acidosis,
with a resultant reduction in blood and urine pH (Beatty et al., 2006). Thus, it was
hypothesised that post-exposure to heat stress, the changes in the body’s buffering
capacity may further compromise the health status of cattle by predisposing them to
alteration in acid-base balance, such as feed-related metabolic acidosis (Barnes et al.,
2004). In sheep exposed to different seasons of the year, the elevation in respiratory
rate during heat stress caused a decrease in partial pressure of carbon dioxide, which
was accompanied by increase in blood pH during the hot season in comparison with
the cold season. This may be due to weak renal compensation as an increase in con-
centration of bicarbonate was recorded during the hot season in comparison with the
cold season (Srikandakumar et al., 2003). Heat stress-induced respiratory alkalosis
in birds may reduce blood bicarbonate and carbonic acid, thereby, lowering the avail-
ability of carbonate required for eggshell formation (Taylor, 1970). This, in conjunc-
tion with reduction in the production of calcium-binding protein (calbindin) in the
intestine and eggshell gland, is mainly responsible for the degradation in eggshell
quality during heat stress (Marder and Arad, 1989; Ebeid et al., 2012).

The duration and magnitude of heat exposure may influence the changes in acid-
base balance in mammals. Unlike chronic heat stress (induced by seasonal/diurnal
heat stress) which causes respiratory alkalosis in livestock, acute heat stress/stroke
have been shown to cause both respiratory alkalosis and metabolic acidosis in goats,
dog heat stroke model and humans, with metabolic acidosis predominating, particu-
larly when the duration of the acute heat exposure is prolonged (Magazanik et al.,
1980; Bouchama and De Vol, 2001; Temizel et al., 2009). During such exposure,
metabolic acidosis caused by lactic acid may be observed at a certain body tem-
perature threshold (Magazanik et al., 1980) with the risk of multiple organ failure
associated with neurological morbidity and mortality (Bouchama and De Vol, 2001).
In Saanen goat kids accidentally exposed to heat stroke, rectal temperature rose to
a mean value of 41.8°C (41.4-42.1°C) and circulating lactate markedly increased,
with death in the kids that had higher circulating lactate concentration (Temizel et al.,
2009). Clues have been proposed with respect to the cause of increase in production
of lactic acid during acute heat stress, including: anaerobic metabolism due to hyper-
thermia-induced sudden reduction in oxygen uptake (Magazanik et al., 1980); and
starvation of skeletal muscles due to heat-induced dehydration as a result of redirec-
tion of blood flow to visceral organs (Temizel et al., 2009; Kraut and Madias, 2014).

Conclusion

As seasons change, respiration is adjusted to equilibrate ventilation and ther-
moregulation through decrease in respiratory rate, but increase in tidal volume dur-
ing cold exposure and increase in respiratory rate, but decrease in tidal volume dur-
ing heat exposure. These changes ensure that thermoregulation is adjusted to reduce
heat loss during cold exposure and enhance heat loss during heat exposure; while,
ventilation is adjusted using tidal volume. In most livestock, greater magnitude of
reduction in respiratory rate during cold exposure is suggestive of poor adaptation to
cold stress, while higher magnitude of increase in respiratory rate during exposure
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to high environmental temperature is suggestive of poor adaptation to heat stress.
Thus, changes in respiratory rate can be adopted in identifying livestock phenotypes
that are poorly or highly adapted to thermal stress. The main negative consequenc-
es of changes in respiratory rate are dehydration and respiratory alkalosis. Chronic
heat stress, which is the common form of heat stress tropical livestock have to con-
tend with, may cause respiratory alkalosis. Expectedly, this acid-base challenge is
checked by renal compensatory loss of bicarbonate ions, with greater magnitude
in highly adapted livestock. On the other hand, exposure to acute heat stress/stroke
may cause both respiratory alkalosis and metabolic acidosis with metabolic acido-
sis caused by increased production of lactic acid predominating, particularly when
the duration of the acute heat exposure is prolonged. Thus, management of acute
heat stress should be geared towards reducing the accumulated systemic lactate
levels.
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