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ABSTRACT

The live export and feedlotting industries are the major intensive sheep industries
in Australia. During live shipment, sheep are exposed to prolonged periods of high heat
and humidity, with little relief for several days, while environmental conditions in a
Western Australian sheep feedlot have not yet been assessed. The research described in
this thesis was conducted to determine the physiological responses of sheep to conditions
within the live export and feedlotting industries, with particular focus on that of heat stress.
Merino wethers and Awassi rams developed significant change in physiological
variables when exposed to prolonged periods of high heat and humidity, such as during
long haul, live export voyages to the Northern Hemisphere. Physiological changes such as
increased core temperature, respiratory rate, panting score and associated changes in blood
gas variables were apparent in Merino wethers. However, Awassi rams showed
exceptional ability to maintain homeostasis under the same environmental conditions, with
no significant changes in core temperature and only slight alteration in blood gas variables.
Results from this study indicated that electrolyte supplementation of sheep during live
export would not be warranted because plasma electrolytes did not drastically change and
blood gas variables quickly returned to normal following the heat.
Further studies developed methods to determine the critical wet bulb temperature,
otherwise known as the heat stress threshold (HST) of Merino rams, ram lambs and
wethers exposed to live export conditions. These studies found that ram lambs had a lower
HST than both adult rams and wethers. However, both adult rams and wethers had a
similar HST. Heat stress thresholds determined from these studies have been used in a
model to predict high risk shipments for particular classes of sheep (Stacey 2003).
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This thesis also details the environmental conditions within a Western Australian
summer feedlot and the physiological responses of cross bred ewes and wethers to these
conditions when fed feedlot rations. This study found that temperatures in a typical
Western Australian feedlot in summer increased above 40˚C with low humidity; however,
temperatures generally decreased to be within the sheep’s thermoneutral zone at night.
Both ewes and wethers had significantly increased core temperatures in response to these
conditions, with sheep spending significantly more time in the shade than in the sun during
the day. Both ewes and wethers had increased respiratory rates and panting scores during
an intensive climate room experiment with similar environmental conditions. However,
feed intake did not decrease even when climate room temperatures increased at night and
humidity levels were higher than that found in typical feedlot conditions in Western
Australia.
Work completed within this thesis has led to a greater understanding of the
physiological responses of sheep to prolonged and continuous high heat such as during live
export and to conditions of a typical Western Australian summer feedlot. This research has
set a foundation for further study of management of sheep during live export and
feedlotting.
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CHAPTER 1
Review of literature

1.1

Introduction
The focus of this thesis is heat stress and its role in the major intensive sheep

industries in Australia, namely, live export and feedlotting. The intensive sheep industry is
becoming increasingly important to the Australian agricultural trade. The increasing export
market for prime lamb and the need for specific carcass characteristics have caused a rise
in the feedlotting of lambs in Australia, particularly in Western Australia (Kirby et al.
2003; ABARE 2004). The market demand for Australian live sheep in the Middle East,
although volatile in recent years, still accounts for 15% of the total sheep turnoff in
Australia (ABARE 2004).
There has been little research investigating the responses of sheep to excessive heat
load within the live export and feedlotting industries but it is considered a potentially
major stress. During live shipment, especially to the Middle–East, sheep are exposed to
prolonged periods of high heat and humidity, with little night – time relief. Under typical
weather conditions in Western Australia, sheep in a summer feedlot are exposed to high
day time temperatures, and it is unclear whether they can recover from these high
temperatures at night (www.bom.gov.au/weather/wa). Most of the previous studies have
involved exposing sheep to short term heat load for 1 to 7 hours (Brook and Short 1960;
Klemm 1962; Hales and Webster 1967; Thwaites 1967; Hofmeyr et al. 1969; Ames et al.
1971; Hales 1973a; Maskrey 1974; Hofman and Riegle 1977a; b), and this work does not
take into account the cumulative effects of heat that are a matter of concern in the live
export and feedlotting industries. Much of the previous research on heat stress in sheep
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was conduced over 50 years ago, when limited technology meant that in some cases
physiological measurements could not be as extensive and accurate as possible in recent
years.
Further and more intensive studies examining the response of sheep to heat load
typical of the live export and feedlotting industries are warranted, given the increasing
emphasis on welfare of animals within these industries
This literature review will consider both the live export and feedlotting sheep
industries and will address heat stress as a possible problem within these industries. The
review will examine thermoregulation of sheep and physiological and behavioural
responses of sheep to high heat load.

1.2

Live export of sheep
Australia is the worlds largest live sheep exporter, with 4.2 million sheep live

exported out of Australia in 2005/06 worth A$291 million (Meat and Livestock Australia
2006; ABS 2007).
This intensive sheep industry relies heavily not only on its economic returns but
also on public perception of the trade. Events surrounding the deaths of animals during live
shipment are well publicised in the press. A well-known example is the MV Cormo
Express Voyage No 93, 2003, where sheep were unable to unload at a Middle-Eastern port
due to an alleged higher than accepted number of sheep infected with scabby mouth
(contagious pustuler dermatitis). As a result, the voyage that was supposed to last for 17
days, took 80 days before the sheep were finally accepted by Eritrea and unloaded in
Massawa (Keniry et al. 2003). By this time, death rates had risen from 0.94% upon arrival
in the Middle-East to 9.8% upon arrival at Massawa (Keniry et al. 2003).
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Incidents like these diminish public confidence in the live export trade and threaten
to put a stop to the trade altogether. It is imperative that there is research done on how to
improve this trade in terms of welfare of the animals at all stages of the live export chain.

1.2.1 Live export markets
The most important market for Australian live sheep has been in the Middle–East
with over ten countries accounting for this market. These countries include Saudi Arabia,
Kuwait, Jordan, the United Arab Emirates, Bahrain, Oman, Qatar, Palestine Territories,
Israel and Lebanon (Keniry et al. 2003; Meat and Livestock Australia 2006). A number of
these markets, such as Jordan, developed following the closure of Saudi Arabia in 1989.
Live sheep are imported for slaughter in the Middle-East, as distinct from sheep carcasses,
because of traditions and religious beliefs of people in the region. The custom among most
Middle-Eastern people is to buy sheep live for halal slaughter and consumption on the
same day (Norris et al. 1990a). Within Middle-Eastern markets, exports of sheep tend to
peak around December and January immediately before the Haj festival (Keniry et al.
2003).
The live export industry provides a valuable alternative market for Australia’s
livestock producers and is particularly important to the economies of the sheep growing
areas of Western Australia (Keniry et al. 2003; Meat and Live stock Australia 2006).
Around 50% of Western Australia’s sheep turnoff goes to live export and 80% of sheep
exported live from Australia are from Western Australia (Keniry et al. 2003; Meat and
Live stock Australia 2006). Following the closure of the Saudi Arabian market in late
October 2003, wether prices in Western Australia dropped by A$10 to A$20 per head
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(Keniry et al. 2003). This highlights the significance of the live export trade in providing
market competition with improved returns to producers.
The majority of live sheep exports are shorn Merino wethers that are 3 to 5 years of
age; however, approximately 50% of live sheep exports are lambs (Bailey and Fortune
1992; Hassall and Associates Pty Ltd 2000). Lambs are exported as long as they have been
weaned for at least 14 days before leaving the farm; they must also be over 28kg
(Australian live export standards (ALES) 2003). Over time, there has been increased
demand for younger sheep by countries such as Jordan, Muscat/Oman and Saudi Arabia.
Young sheep generally weigh between 35kg and 45kg, while mature sheep weigh 55kg on
average. Ram lambs account for approximately 10% of the trade (Hassall and Associates
Pty Ltd 2000).
Exotic fat–tail sheep are also becoming increasingly important to the live export
trade. The fat-tail breeds exported from Australia are the Karakul, Awassi, Dorper and
Damara. Predictions are that Australia will be exporting half a million of these fat tail
sheep per year to the Middle-Eastern market by 2010. These sheep will be in addition to
the traditional Merino market (Young et al. 2002). The Middle-Eastern public prefers fat
tail sheep, and the local people are prepared to pay substantially more for these sheep than
for Merinos (Young et al. 2002). Premium fat-tail sheep markets in the Middle-East are
supplied both by domestic production and imports from other countries. However,
domestic production is limited by the environment and economics so the sheep market
must continue to rely on imports (Young et al. 2002).

18

1.2.2 The live export process
The Australian Livestock Export Standards (ALES) are minimum standards set for
export of sheep from Australia and are mandatory requirements with which all exporters
must comply. They ensure that “only healthy animals that meet all animal health and
welfare requirements and export specifications are presented for export and that there is
considerate management with minimum of stress and injury at all stages of the export
process” (ALES 2003). There are six major phases in the export process, which spans from
the farm to the country of destination. The phases involved in the live export process are
discussed in more detail below.

1.2.2.1

Selection and buying phase

Sheep are purchased from farms, sale-yard or feedlots after being inspected, usually
by a stock agent. Accepted sheep must conform to standards outlined in ALES (2003). For
example, sheep that are diseased, exhibit excessive shearing injuries or other physical
defects, or are of poor condition are not accepted. Generally, sheep are not accepted if
wool length is greater than 25 mm or they are less than 10 days off shears unless the
destined feedlot has good protection against the elements (ALES 2003).
Purchasing usually occurs 2 to 3 weeks before the ship’s departure (Norris et al.
1990a). However, sometimes sheep are purchased only days before departure due to
insufficient sheep to fill a consignment or a high rejection rate at the assembly feedlot
(Brennan 1984).
Of sheep being live exported, 22% are sourced in South Australia’s mid-north, west
coast and south east for export out of Adelaide and 21% are sourced from South
Australia’s south and mid and western Victoria for export out of Portland, while 55% are
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sourced from Western Australia’s south and grain belt for export out of Fremantle (Keniry
et al. 2003).

1.2.2.2

Road transport phase

Twenty four hours before departure from the farm, sheep are mustered and yarded.
Sheep are purchased in most cases within 300 to 400 km of the assembly feedlot (Norris
and Kelly 1988). However, transit distance can range anywhere from 2 to 850 km with
time on truck commonly ranging from 5 to 26 hours (Norris et al. 1989b). Upon arrival at
the feedlot, sheep sometimes remain on the trucks overnight before unloading at the feedlot
where drafting may take up to 8 hours (Brennan 1984). Thus, sheep can be off feed during
this phase anywhere between 1 and 60 hours (Brennan 1984; Norris et al. 1989b).

1.2.2.3

Feedlot phase

On arrival at the feedlot sheep were divided and penned according to species, sex,
age, weight, and where possible sheep are retained with other animals of similar origin
(ALES 2003). Animals are divided by running them through a race and drafting or
dividing the animals into the specific groups. Sheep usually spend 5 to 10 days at the
feedlot before shipment (Norris et al. 1990a). According to ALES (2003), it is best practice
for lot-feeding before live shipment to not extend for more than 7 days wherever possible.
However, sufficient time should be allowed for rest after transportation and pre-shipment
preparation that involves sheep being vaccinated, shorn, and drafted and the rams dehorned
(ALES 2003).
The main aim of putting sheep in a feedlot before live export is to minimise the
failure to eat syndrome. Sheep are usually fed hay initially and this is gradually replaced
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over about 5 days with pellets, although some feedlots feed pellets from the day of arrival
(Norris et al. 1990a). The pellets are the same as fed during shipment and consist mostly of
roughage and cereal grain, and in Western Australia lupin seed is often added (Norris et al.
1990a). The pellets usually have a crude protein content of 12% and an acid detergent
fibre content of 28.6% (Bailey and Fortune 1992). The relatively low crude protein and
high fibre content aids in reducing the risk of sheep developing rumen acidosis upon
introduction to the feed. According to ALES (2003) the shipboard ration should not
contain more than 30% wheat, barley or corn, unless the sheep have been adapted to the
ration before export.

1.2.2.4

Transport to ship and loading

Loading takes place over a period of 1 to 4 days depending on the capacity of the
vessel (Norris et al. 1990a). Sheep are inspected before loading, for their suitability to be
exported according to ALES (2003). Unsuitable sheep are not exported. Sheep are penned
on the ship in lines segregated by species, type, and weight and where appropriate, port of
destination (ALES 2003).

1.2.2.5

Shipboard phase

A typical voyage from Australia to the Middle-East is usually around 14 days but
can often extend up to 19 days (Norris and Richards 1989; Richards et al. 1989). Sheep are
housed aboard ships in pens and on most decks there are two tiers (levels) of pens (Norris
et al. 1990a). The minimum pen area per head of sheep varies depending on weight of
sheep and time of year, with larger pen areas needed during the Australian winter months
for shipment into the Middle-Eastern summer (ALES 2003). During this time, shipboard
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wet bulb temperatures are likely to be higher than in the Australian summer months. The
vessels vary in design; most ships usually have both open sided decks relying on natural
ventilation and enclosed decks relying on forced ventilation (Norris et al. 1990a). Wind
speed in open decks depends on prevailing winds and ship speed and direction and
ventilation problems arise when hot, humid ambient conditions and tail winds are
encountered.
Forced ventilation systems must be capable of removing heat, moisture, carbon
dioxide, dust and ammonia gas to provide fresh air (Wathes et al. 1983). Carbon dioxide
concentrations during live shipment result from carbon dioxide emission by livestock and
are directly related to metabolic activity; it is also the gas produced at highest quantity by
decomposing excreta (Stacey 2001). Based on current regulations on stocking rates, air
change and ceiling height, shipboard carbon dioxide concentrations reach approximately
0.26% (Stacey 2001). Carbon dioxide gas is toxic through asphyxiation at levels exceeding
40%. In enclosed housing, the concentration of this gas is rarely high enough to endanger
animal well being; however, it is a useful tracer gas in assessing livestock housing
ventilation (Curtis 1983; Stacey 2001).
Ammonia is a toxic gas frequently encountered at high concentration where
animals are intensively housed. Ammonia is generated in bedding by urease activity
breaking down urine, faeces and bedding material (Costa et al. 2003). Allowable limits of
ammonia vary with jurisdiction but are typically 10 – 50 ppm with 25 ppm being the
common figure (Stacey 2001). Typical concentrations below decks are 15 ppm with
readings commonly reaching 20 – 30 ppm (Stacey 2001). Costa et al. (2003) stated that the
critical atmospheric ammonia concentration for sheep is 25 ppm. An ammonia
concentration greater than 75 ppm affects performance of sheep in terms of reduced feed
intake and body weight gain (Curtis 1983).
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On-board wet bulb temperature averaged between 16.5 and 30.5˚C during 181 live
shipments from Australia to the Middle-East (Norris and Richards 1989), with dry bulb
temperature reaching above 35˚C during live shipment in studies by Bailey and Fortune
(1992). Maximum wet bulb temperature on voyages ranges from 32 to 34˚C, with sheep
having little or no diurnal respite from high temperatures and humidity (MLA 2000a, b
cited in Beatty et al. 2006).
While on the ship, sheep are fed a pelleted diet at least at 2% of body weight, and
3% of body weight for younger sheep (ALES 2003). Dead and moribund sheep are
removed from pens daily and tallied for the ship master’s report before disposal (Hyder
1984).

1.2.2.6

Offloading phase

Sheep are usually offloaded at several ports in the Middle-East and conditions vary
greatly between these ports. Many shipments are unloaded at a single port in the MiddleEast, but large vessels carrying more than 50,000 sheep are usually unloaded at two or
more ports (Norris et al. 1990a). After unloading, the sheep are trucked to nearby feedlots
where they are held until sold for slaughter, mostly within 3 weeks (Norris et al. 1990a).

1.2.3

Causes of death during live shipment
Overall sheep mortalities have declined from 1.34% in 1999 to 0.79% for the year

to September 2003 (Keniry et al. 2003). Much data has been collected on the causes of
death during feedlotting before live export and during shipment (Gardiner and Craig 1970;
Norris et al. 1989a; Norris et al. 1989b; Richards et al. 1989; Richards et al. 1991; Higgs
et al. 1991; Higgs et al. 1993). Table 1.1 displays mortality rates during phases of the live
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export process as documented by Norris et al. (1989a). During assembly lot feeding, the
main cause of death was salmonellosis and miscellaneous diseases acquired on the farm
(Richards et al. 1989). During live shipment, half the deaths were from inanition and 25%
were from salmonellosis (Richards et al. 1989).
In general, heat stroke is not a significant cause of death during live shipping
(Norris and Richards 1989; Richards et al. 1989). However, during extreme hot, humid
conditions, shipboard death rate has increased above average due to death of sheep from
heat stroke (Norris and Norman 2002). In most cases, the wet bulb temperature during
these voyages exceeded 32˚C (Norris et al. 1990a). Prolonged discharge at gulf ports
during the northern hemisphere summer is sometimes associated with high mortality rates
because there is no natural ventilation while the ship is stationary therefore causing
shipboard temperatures to rise (Norris et al. 1990a).
Studies have found that death rates vary depending on time of year, where death
rates in sheep exported from Fremantle and often from Adelaide and Portland have been
consistently higher in the second half of the year than the first half of the year since 1985
(Norris and Richards 1989; Higgs et al. 1991; Norris and Norman 2002). Higgs et al.
(1991) explained that season, and its effect on age and fatness, contributed to mortalities
during shipping. Richards et al. (1989) found that sheep that died from inanition had
greater reserves of body fat than controls and sheep that died from other causes. Higgs et
al. (1991) found that there was a significant correlation between condition score and
shipboard death rates during live shipment, where fat sheep were found to have twice the
risk of death from inanition than other sheep. The reasons for this were studied by Norris et
al. (1989a), Higgs et al. (1991) and Richards et al. (1991) and the findings discussed in
Norris and Norman (2002). It was found that during the first half of the year, sheep are on
dry pasture and are adjusted to using body fat reserves for energy. Therefore, sheep that
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failed to eat in the export process had a better chance of survival. However, sheep in the
second half of the year would be coming off green pasture and are instead adjusted to
laying down fat. Therefore, sheep that fail to eat during the export process are not able to
use body fat reserves for energy and consequently have increased risk of death.
Death rates also differ depending on whether sheep are penned in an open or
enclosed deck. Death rates were higher in sheep penned in an enclosed deck rather than an
open deck in some ships studied (Norris and Richards 1989). Studies have not been done
on why this is the case; however, it could be related to the ventilation on each particular
ship.
Table 1.1 Range of sheep mortality (% of total number of sheep) during phases of the live export process for
five shipments from Western Australia to the Middle - East (Norris et al. 1989a).

1.3

Live export phase

Sheep mortality range (% of total number of sheep)

Trucking to feedlot

0 - 0.03

Feedlotting

0.01 - 0.12

Live shipment

1.53 – 2.72

Feedlotting of sheep
Export of lamb meat by Australia was worth over A$783 million in 2005/06 and

mutton exports were worth A$442 (Meat and Livestock Australia 2006). Collectively this
industry is worth considerably more than the live export of sheep (Meat and Livestock
Australia 2006). Australia is a close second behind New Zealand in world lamb exports
(Meat and Livestock Australia 2006). In 2005/06, 30.5 million sheep and lambs were
slaughtered in Australia. Of the processed product, Australia exported 45% of total lamb
production and 76% of total mutton production (Meat and Livestock Australia 2006). The
export of prime lamb to countries such as the United States has risen, with the proportion
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of lambs exported from Australia to the US rising from around 15% in 1980 to over 27%
in 2006 (Meat and Livestock Australia 2006).
Feedlotting is sometimes used to finish prime lambs before slaughter. Feedlotting
of prime lambs enables a more consistent, year-round supply of lambs that is needed to
make efficient use of processing facilities and give a reliable supply for the high value
export markets (Kirby et al. 2003). A feedlot can be defined as a confined area where no
alternative feed source is available and all nutrients are supplied to the animal. This allows
producers to have strict control over a sheep’s diet (Kirby et al. 2003). Feedlotting of sheep
is more prominent in Western Australia that in other Australian states, with 19% of
Western Australian prime lamb producers identifying feedlotting as their main finishing
method (Connell et al. 2002).
Sheep destined for the prime lamb market differ from those sent for live export. As
mentioned previously, the live export market demands mostly Merino wethers and fat
tailed breeds. However, the prime lamb market is not only comprised of Merino lambs but
also a considerable number of crossbred lambs. The demand by consumers for a heavier
and leaner carcass has caused the trend towards the use of crossbreeds with later maturing
characteristics (Hall and Fogarty 1982; ABARE 2004). In Australia, more than 30% of
Merino ewes were estimated to produce first cross lambs in 2005/ 06 with Merino ewes
most often joined with Dorset, Suffolk or Border Leister rams to produce first cross lambs
(Kirby et al. 2003; ABARE 2006).

1.3.1 Regulation of the industry
Over a number of years there have been development of alliances between
producers, processors and sometimes retailers. This is to enable producers to supply lamb
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meat that fits into tight market specifications of carcass weight, fatness and meat quality
(tenderness, flavour and meat colour). Examples of these alliances include the Prime
Merino Lamb alliance and the Q lamb alliance, both of which operate in Western
Australia. These alliances have codes of practice to ensure production of quality meat from
lambs (http://www.waqlamb.com.au). However, a code of practice has not been developed
that focuses on welfare of sheep in a feedlot environment. There has been a general code of
practice developed for sheep in Australia (Animal Health Committee 2003). This code of
practice does highlight several management practices for a feedlot; however, feedlot
owners are not required to abide by these codes of practice.
The cattle feedlot industry in Australia is more highly developed and there have
been a number of programs created to ensure welfare of cattle in a feedlot environment.
The cattle feedlot industry developed the National Accreditation Scheme in 1995.
Nationally accredited feedlots must comply with the government, RSPCA and industry
approved animal welfare codes of practice (Australian Lot Feeders Association 2002). All
cattle feedlots are required to maintain an animal care statement to ensure compliance with
this code (Australian Lot Feeders Association 2002). This code of practice states that cattle
need to have protection from climatic extremes (Animal Health Committee 2003). In some
areas of Australia, where environmental temperatures are over 30˚C for 750 hours or more
per year, shade and alternative methods of cooling such as water misting are suggested to
be provided (Animal Health Committee 2003).

1.3.2 Diet
The Prime Merino Lamb alliance offers premium prices for lamb carcasses that
meet specifications and they must also be produced according to a code of practice that
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requires them to be fed for at least 14 days on a prescribed feed pellet before delivery
(Briscoe 2000). There are a number of diets fed to sheep in a feedlot. Sheep are fed pellets
with low metabolisable energy during feedlotting before live shipment and during
shipment. Feedlotted lambs destined for the prime lamb market are fed a diet with high
metabolisable energy and protein. The recommendation is for sheep feedlot rations to have
11 – 12 MJ/ kg of metabolisable energy and 14 – 16% crude protein with a minimum of
15% roughage (Seymour 2000). The most common method of feeding is by pellets fed ad
libitum in a self-feeder often with access to ad libitum hay. Other feedlot diets include a
loose total mixed ration fed in open troughs and ad libitum access to loose grain mix (with
minerals) fed in an open trough or self-feeder with ad libitum access to roughage (Kirby et
al. 2003).

1.3.3 Feedlot design
The area available to sheep in a feedlot is generally small so movement is restricted
to minimise energy expenditure. Feedlots can be located indoors or outdoors with the area
allocated per animal varying with the type of feedlot. In a confined indoor feedlot, stocking
rate should range from 0.5 to 2 m2 per lamb (Milton 2001; Animal Health Committee
2003). In an outdoor feedlot, for lambs up to 41 kg the stocking rate should be 1 m2 per
head. Some lot feeders operate all year around, while others are dependent on lamb supply
(Milton 2001). Shade is often supplied in outdoor feedlots in the form of trees or man
made shelter.
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1.4

Heat stress within the intensive sheep industry
Blood and Studdert (1988) defined stress as the sum of the biological reactions to

any adverse stimulus, physical, mental or emotional, internal or external, that tends to
disturb the homeostasis of an organism. Stress can be measured by determining the extent
of a physiologic displacement from the neutral state, and the greater the physiologic
response the nearer the system to collapse (Lee 1965). Stressors are factors that produce
stress (Blood and Studdert 1988). They are environmental factors and husbandry practices
that impinge upon animals and lead to unexplained pathological losses or production drops
(Dantzer and Marmede 1983; Syme 1986; Kilgour and de Langen 1970).
There are many stressors associated with the intensive sheep industry. Such
stressors can be qualitative physical stressors such as heat stress and others are stressors
defined by situation such as handling, new feed, new surroundings and new animals
(Ladewig et al. 1993). All these stressors contribute to reduced production and maybe even
death of these animals. While stress from any cause is generally not the primary cause of
death, it may play a central role in the manifestation of disease and therefore can be a
predisposing factor for death (Brennan 1984).
As described previously, heat stress is of particular concern in the live export and
feedlot industry because of Australia’s hot climate and the route taken by live export ships
to the Middle-East over the equator. There are many ways to define heat stress. Ames et al.
(1971) defined it as exposure of an animal to ambient temperatures above its thermoneutral
zone. Silanikove (2000) defined it as the demand made by the environment for heat
dissipation. Heat stress is also defined as when an animal is under excessive heat load
where a combination of local environmental conditions and animal factors lead to an
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increase in body heat content beyond the animal’s normal physiological range, and its
ability to cope (Sparke et al. 2001).

1.4.1 Heat stress during live export
Richards et al. (1989) and Norris and Richards (1989) found that heat stress was
rarely the primary cause of death in sheep during live export; however, it may be a
contributor to death of sheep by salmonellas and inanition on the ship. Heat stress is
detrimental to general disease resistance (Stevens and Hahn 1977; Curtis 1983), and
therefore long term exposure to hot environments during shipment may result in a greater
risk of disease to sheep. Heat stress of sheep during live shipment, although not recognised
as a primary cause of death, can play an important role during sudden increases in
mortality that occurs during some voyages (Norris and Richards 1989; Stacey 2002).
Voyage reports indicate that wet bulb temperatures during live shipment can often reach
between 30 and 32˚C (MAMIC 2000a; b).
One factor that separates conditions during live shipment from conditions in a
feedlot or grazing system is the lack of diurnal fluctuations in environmental temperature
(Bailey and Fortune 1992; MLA 2000a, b in Beatty et al. 2006). If the temperature drops at
night, animals have sufficient opportunity to lose all the heat gained from the previous day
and make physiological adjustments to handle the next period of heat stress (Scott et al.
1983; Silanikove 2000). However, during live shipment, environmental temperature
remains high throughout the night (Bailey and Fortune 1992; MLA 2000a, b in Beatty et
al. 2006). Prolonged discharge at Gulf ports during the northern hemisphere summer is
sometimes associated with high mortality rates because natural ventilation is non-existent
while the ship is stationary (Norris et al. 1990a). There is a need for further research to
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examine the physiological responses of sheep to prolonged periods of high heat and
humidity as experienced during live export.

1.4.2 Heat stress during feedlotting
Knowledge of the physiological effects of high heat load on feedlotted sheep is
extremely limited. Severity of heat load depends largely on the diurnal fluctuations of the
ambient temperature. If the dry bulb temperature drops at night to below 21˚C for 3 to 6
hours, cattle appear to have sufficient opportunity to lose at night all the heat gained from
the previous day (Igono et al. 1992; Muller et al. 1994a, b). However, it is unknown what
the environmental conditions are in a summer feedlot in Australia and what effect these
conditions have on the feedlotted sheep. Therefore it is unknown if sheep have a sufficient
opportunity at night to recover from high day time temperatures.
Katanning, a wheatbelt town in Western Australia where feedlotting of sheep does
occur, reaches a mean maximum of 30˚C during the summer months (December to
Feburary) (www.bom.gov.au/weather/wa 2005). Previous studies have found that sheep
have increased rectal temperature and decreased feed intake when exposed to these
temperatures (Dixon et al. 1999). However, feedlotting of sheep is distinctive from other
management procedures of sheep and no study has examined the effect of the feedlotting
process under these conditions. Furthermore, many environmental factors affect the
thermoregulation of sheep other than dry bulb temperature. Assessment of these factors is
needed to determine if conditions in a feedlot will cause excessive heat load in sheep.
The effect of excessive heat load on feedlotted cattle has been well explored (Beede
and Collier 1986; Sparke et al. 2001; Mader et al. 2002). High numbers of feedlot cattle
have died in heat waves in Queensland and northern and southern NSW (Douglas et al.
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1991; Entwistle et al. 2000). However, infrequent low-level losses often go unreported.
Therefore, it is reasonable to assume that over time there have been quite significant
unnoticed and/ or unreported periodic losses of cattle within the feedlot industry due to
excessive heat load (Sparke et al. 2001).
Deaths of feedlot cattle have been well publicised in the USA, with one example
being the deaths of more than 4,000 feedlot cattle in response to a heat wave in Rockport,
Missouri (Hahn and Mader 1997; Hahn 1999; Brown –Brandl et al. 2005). During this
heat wave, the thermal heat index was above 84 during the day and above 74 at night for
six consecutive days (Hahn 1999) (See Section 2.7 for explanation of thermal heat index).
Further studies need to be done to determine whether sheep feedlots in Australia do reach
these high temperatures, and the physiological responses of sheep to these conditions.

1.5

Thermoregulation
Sheep are homeotherms and maintain a near constant body temperature over a wide

range of environmental conditions (Thwaites 1985). The mean daytime rectal temperature
of sheep is approximately 39˚C, with a normal range of 37.5˚C to 40.5˚C (Terrill 1968;
Esmay 1978; Mount 1979). However, opinions vary, with Robinson (2002) suggesting that
a sheep’s normal core temperature range is between 38.5˚C and 39.9˚C, while Mokhtar
(1982) stated that Barki fat tailed sheep have a normal range in core temperature of 38.5 to
38.9˚C. Agitation does not usually occur until the rectal temperature reaches 42˚C, with
gasping and staggers around 43˚C (Lee 1950). Death following muscular weakness and incoordination, tremors and convulsions may occur at a body temperature anywhere above
42˚C (Lee 1950).
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An animal attempts to control body temperature by a heat input – output system
where the heat produced from cellular processes or gained from the environment equals
that lost to the environment (Yousef 1985b). If the body takes in more heat than it can
dissipate, the animal’s body temperature will rise until it eventually becomes over heated
and ultimately dies (Yousef 1985b).Within limits, sheep are able to regulate both the
amount of heat produced and the heat lost. In a cold environment, homeotherms may lose
more heat than they would normally produce, and therefore they need to generate heat to
keep warm. In a hot environment, the animal has the added difficulty of trying to dissipate
body heat into an environment that is already hot and in some cases very humid.
The thermoneutral zone is a concept central to the understanding of the
interrelationship between animals and their environment. An animal’s thermoneutral zone
is defined as the range in ambient temperature within which its metabolic rate is at a
minimum, and within which temperature regulation is achieved by non-evaporative
physical processes alone (Bligh and Johnson 1973). These non-evaporative responses
consist of autonomic controls such as peripheral vasomotor tone and behavioural responses
(Yousef 1985b). Within an animal’s thermoneutral zone a healthy animal can make
physical adaptations to maintain normal body temperature with minimal change in
metabolic activity (Stonewell and Bickert 1996).
The lower limit of the thermoneutral zone is termed the lower critical temperature
and the upper limit is termed the upper critical temperature. The definition of lower critical
temperature is the ambient temperature below which the rate of heat production increases
to maintain thermal balance. For an adult sheep fed above maintenance, with 5mm wool,
the estimated lower critical temperature is 18˚C while for a similar sheep fed a
maintenance diet, the estimated lower critical temperature is 25˚C (Blaxter 1967 in Yousef
1985b). The definition of upper critical temperature is less clear. Silanikove (2000) defined

33

it as the point when metabolic rate increases, when evaporative heat loss increases, or
when tissue thermal insulation is minimal. The point when evaporative heat loss increases
is the most commonly used definition because it is the easiest to measure. Silanikove
(2000) defines it as the point at which panting as a form of evaporative heat loss first
occurs. Hahn (1985) stated that the upper critical temperature ranges from 25˚C for a
growing lamb to 31 ˚C for a full fleece ewe, with a shorn ewe having an upper critical
temperature of 29˚C.
Hahn (1976) developed an alternative approach to the use of lower and upper
critical temperatures. He suggested the use of an acceptable temperature range, which is
the average daily temperatures of long-term exposure (concurrent relative humidity less
than 75%) causing nominal losses in production and efficacy of livestock. Within this
range are the temperatures considered for optimal performance. For a shorn ewe, the range
of nominal performance losses was 20 to 27˚C with optimal performance occurring at
ambient temperature from 21˚C - 25˚C (Hahn 1985). For a growing ad libitum fed lamb,
minimal decreases in production occurred between temperatures of 0 to 24˚C with optimal
performance occurring between 8 and 18˚C (Hahn 1985).
The thermoneutral zone, acceptable temperature range, and upper and lower critical
temperatures will vary depending on variations in the animal, including species, breed, age,
level of nutrition, previous state of temperature acclimatisation, physiological state,
insulation by internal body tissue such as fat and external insulation such as coat type and
depth, housing conditions and behavior (Hahn 1985; Yousef 1985b). Discussion of these
factors will be in subsequent sections of this literature review.
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1.5.1 Heat Production and gain
Homeothermy requires that the amount of heat produced or gained from the
environment must equal the heat loss to the environment, as indicated by the equation,
M = ±K ± C ± R ± E
where, M equals the metabolic heat production, K is the heat exchange by conduction, C is
the heat exchange by convection, R is the heat exchange by radiation and E is the heat
exchange by evaporation of sweat or respiratory evaporation (Robertshaw 1985).

1.5.1.1

Heat gain from metabolism

The body produces heat in a substantial amount because of metabolic activity.
Basal metabolic rate is the rate of energy metabolism in animals that are resting, fasting
and under minimal stress. Basal metabolic rate will vary with the size of the animal, age,
sex and reproductive condition, nutritional status, season and breed (Graham et al. 1974;
Yousef 1985d). The basal metabolic rate for sheep ranges from 2.62 to 3.12 W/kg0.75 for
British sheep breeds, 2.78 (+/- 0.09) W/kg0.75 for Awassi sheep and 2.92 (+/- 0.08) W/kg0.75
for German Mutton Merino (Degen and Shkolnik 1978).
Heat production from some organs such as the heart and liver is relatively constant.
However, heat production from other organs is variable depending on what the animal is
doing. Heat is also produced through digestion when an animal has been eating (Robinson
2002). This includes heat set free in the production of digestive juices, alimentary
movements, digestive processes, absorptive processes and any specific dynamic action of
the absorbed nutrients (Lee 1950). Heat production varies with the quantity and nature of
the foodstuff, with diets high in fibre resulting in a higher heat production (Lee 1950).
The heat produced also increases through exercise (Robinson 2002). For example,
in periods of muscular work, skeletal muscle may contribute more than 80% of total heat
from metabolic activity (Andersson and Jόhansson 1993). However, sheep are not very
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active animals, the natural exercise being that of walking for food and water. The
requirement of exercise is even less than normal when sheep are in a confined area such as
on board a livestock vessel or in a feedlot, because there is no need to walk long distances
to find feed or water.
Heat can also be gained through thermo-compensatory heat production (Robinson
2002). Under cold conditions, the metabolic rate increases to maintain thermal balance by
shivering (Lee 1950). In hot conditions, heat production may also increase as the animal
becomes heat stressed. Studies have found that there is an increase in metabolic rate in
response to heat stress (Blaxter et al. 1959; Graham et al. 1959), due to increased panting
(Kibler, 1957), heart rate (Whittow 1965), sweat gland activity (Macfarlane 1964) and the
calorigenic effect of hormones and the Q 10 effect (Whittow and Findley 1968).
After long periods of exposure to elevated environmental temperatures, sheep
increase heat production due to the Q 10 or Van Hoff effect. The increase in heat
production is the result of initiation of physiological processes such as panting and
sweating in an effort to dissipate the heat (Bianca 1968). If the heat created by
physiological processes such as respiration and sweating is more than the heat dissipated
through these mechanisms, body temperature will rise (Bligh 1985).
The Q10 effect accounts for a 23% increase in metabolic rate at an ambient
temperature of 35˚C and a 41% increase in metabolic rate at 45˚C (Ames et al. 1971). This
increase in metabolic rate due to the Q 10 effects overrides the decrease in metabolic rate
associated with decreased thyroid function during heat stress (Ames et al. 1971). Studies
have found that in these conditions thyroid activity may even increase in response to the
increased oxygen usage expected because of the Q 10 effect (Balogh et al. 1952a, b).
Heat production by animals is of particular importance when stocking rates are
high such as during live export. Overall heat production within a stock holding area of a
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vessel will depend on both the heat production per animal and the number of animals held
within each stock holding area. With increasing stocking densities, logically, there would
be greater heat production per unit area (Stacey 2001; 2002). This creates an added heat
load to the animals involved.

1.5.1.2

Heat gain by conduction

The rate of heat flow by conduction is dependent on the area of contact, the thermal
conductivities of the materials involved, the distance the heat needs to flow and the
temperature gradient (Mount 1979). Conductive heat transfer is only a minor source of heat
gain when an animal is standing. This is because most heat transfer takes place to air, and
air is a poor thermal conductor. In addition, conductive heat gain through the feet is minor,
because the area in contact with the feet is small and blood flow to the hooves is poor
(Mount 1979).
Direct conductive heat exchange occurs if an animal is in contact with solid
surfaces at a different temperature to the surface of the animal. When an animal lies down
the conductive heat transfer will be greater than when standing, but this is dependent on
the thermal conductance of a substrate, the temperature gradient and the magnitude of the
area of contact relative to the total surface area of the animal (Robershaw 1985). If air
temperature or temperature of the ground on which the animal is lying is greater than skin
temperature, the animal will gain heat by conduction (Silanikove 2000).
In the hot tropics under shadeless conditions, sheep are more likely to stand rather
than lie down (Macfarlane et al. 1958), thereby minimising conductive heat transfer from
the ground. However, in such conditions, the gradient of air temperature above the ground
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means that sheep (which are at a height of 30 to 70 cm) occupy a hotter microclimate than
that of large animals such as cattle, which are at a height of 70 to 140 cm (Thwaites 1985).

1.5.1.3

Heat gain by convection

Once air temperature is greater than skin temperature there is movement of heat
into the animal until air temperature equals skin temperature when transfer of heat ceases
and sheep will gain heat by convection (Silanikove 2000). The thermal gradient for heat
loss can be altered by changes in skin blood flow causing skin temperature to increase and
the amount of insulation separating the animal from the environment. Discussion of these
factors will be in subsequent sections of the literature review.

1.5.1.4

Heat gain by radiation

Radiation to the natural environment mainly comes directly from the sun and as
thermal radiation from the ground, trees, clouds and the environment. There are many
different wavelengths of radiation; however, ultraviolet radiation, visible light and infared
radiation are most important in affecting thermal physiology (Yousef 1985c). Solar
radiation is an important component of the thermal environment and most intense in
Australia, Middle – East, Africa, United States of America and South America (Thwaites
1985). The horizontal stature of a sheep ensures that there is a large surface area to the
overhead sun (Thwaites 1985). Sheep on pasture on a station located in South Australia
(32˚57’S, 137˚24’E) received solar radiation either directly from the sun, diffuse radiation
from the sky or from reflection off objects, that contributed up to four times more heat than
that from metabolic heat production (Lee 1950; Stafford Smith et al. 1985).
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The behavior of animals in orientating themselves in relation to the sun, and in
adopting various postures, produces a considerable variation in the incident load of solar
radiation (Mount 1979).When sheep are exposed to radiant heat they may seek shade.
Section 1.7.11 of this literature review, further examines the effect of shade on
thermoregulation of sheep.

1.5.2 Heat loss
To regulate body temperature an animal has a variety of temperature sensors at
various locations in the body such as the skin, mucous surfaces of the buccal cavity, and in
regions of the spinal cord (Bligh 1985). The sensors relay information to the
hypothalamus, which then initiates mechanisms to either increase or decrease heat loss or
production (Robinson 2002). When core temperature rises above or falls below a normal
‘set point’, heat loss or heat gaining mechanisms are initiated, respectively (Robinson
2002). Experimental warming of the hypothalamus immediately initiates heat–losing
mechanisms (Robinson 2002).
Exposure of homeotherms to increased heat load, results in heat loss mechanisms
coming into play in a sequential manner. The initial response is vasodilatation, which
increases skin and limb blood flow. The resulting increase in skin temperature increases
the temperature gradient between the skin and the environment, resulting in more heat loss
via radiation and convection. If vasodilatation alone is ineffective in maintaining normal
temperature, evaporative cooling is increased by sweating or panting or both (Robinson
2002). As dry bulb temperature increases from 20 to 30˚C, non - evaporative heat loss
decreases by 0.5 W kg-1 to 0.45 W kg-1 and evaporative heat loss increases by 0.3 W kg-1
to 0.8 W kg-1 (Mount 1979). Evaporative cooling is the only method of heat loss available
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once environmental temperature exceeds skin temperature (Robinson 2002). This sequence
of heat loss mechanisms suggests a sequence in rising energy cost. Vasodilatation requires
little energy while respiratory activity requires the most (Bianca 1968). During high heat
load (30 to 40˚C dry bulb), energy requirements for maintenance increases by 10 – 30%
due to increased heat loss mechanisms needed to shed excess body heat (McDowell 1972).
Figure 1.1 shows the heat loss associated with various heat loss mechanisms with
increasing temperature. If sheep are under excessive heat load and cannot maintain body
temperature using the heat loss mechanisms described above or by decreasing heat
production adequately, body temperature will start to rise (Robinson 2002). This literature
review will discuss mechanisms used by sheep to reduce heat load, their relative
importance, and the repercussions of continual use of these methods for long periods.

Figure 1.1 The partion of heat loss of sheep between sensible heat (the sum of radiation and covective heat
loss), evaporative heat loss from the respiratory passages and skin and from warming of food and drinking
water to body temperature when animals were fed at High ▲, Medium ● and Low ■ feeding rates at various
environmental temperatures (Blaxter 1989).
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1.5.2.1

Heat loss by radiation

All solid objects emit invisible electromagnetic radiation in the infrared range
(Robinson 2002). Heat can be lost to the environment by radiation from the body surface
to a cooler object (Robinson 2002). However, in sheep, a wool layer will impair radiation
from the skin surface. The heat radiated from the skin will warm the adjacent wool fibers,
which then radiate heat back. Because of this, radiation it is unlikely to be a significant
heat loss mechanism for sheep.

1.5.2.2

Heat loss by conduction

Heat can be lost from an animal’s body to the environment by conduction to cooler
surfaces with which the animal is in contact (Robinson 2002). The mechanism is the same
as for the heat gain from a hotter surface explained previously. Except under unusual
circumstances, conduction is not an important form of heat loss for sheep (Mount 1979).

1.5.2.3

Heat loss by convection

Heat can be lost from an animal’s body to the environment by convection as the
surrounding air or water is warmed by the body (Robinson 2002). Because it takes more
heat to warm water than it does to warm an equivalent amount of air, water dwelling
animals lose more heat by convection than do terrestrial animals (Robinson 2002).
Natural convection is the process of warmed air rising from the surface of an
animal, because it is less dense than the cooler air. In forced convection, cooler air is
moved over the skin surface by a breeze or simply because an animal is moving. Forced
convection is more effective as a method of heat loss than natural convection because there
is maintenance of a thermal gradient by the constant renewal of the cooler air. Respiratory
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convection is important in animals such as sheep that rely on panting as a major heat loss
mechanism. There is improvement of respiratory convection by enhanced ventilation of the
upper respiratory tract, the large surface area of the turbinate bones and increased blood
supply to the area (Robertshaw 1985).

1.5.2.4

Heat loss by evaporation

Heat can be lost from an animal’s body to the environment by evaporation of
respiratory secretions, sweat or saliva (Robinson 2002). Loss of water via evaporation in
sheep has been found to increase from 1L/ 24 hours to 2.9 L/ 24 hours as dry bulb
temperature increases from 28 - 38˚C (Blaxter et al. 1959).
Vaporisation of water on the surface leads to cooling of blood flowing in the
immediately underlying tissue (Mount 1979). Evaporative heat loss is the only form of
heat loss available once ambient temperature exceeds skin temperature, due to a reduction
in thermal gradient (Ames et al. 1971; Robinson 2002). The effectiveness of evaporative
heat loss is dependent on the effective evaporative area, the air velocity and the difference
between the equilibrium vapour pressure at the animal’s skin temperature and the
prevailing vapour pressure in the surrounding air (Mount 1979). The vapour pressure
difference is the driving force for vaporisation, and in high humidity vaporisation of
moisture from an animal’s surface is inhibited (Mount 1979). However, increased air
movement improves the effectiveness of evaporative heat loss by replacing vapour-laden
air near the skin surface with drier air, resulting in increased evaporation from the surface
(Ingram and Mount 1975).
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1.6

Measurements of the thermal environment
Temperature, humidity, solar radiation and wind-speed are all important physical

factors affecting productivity of livestock. In sheep, each of these factors has a bearing on
the thermal regulation of an animal; however, their importance does vary depending on
animal characteristics. In particular, fleece length does determine the relative importance
of solar radiation and humidity on heat load, as discussed in Section 1.8.4. Dry bulb
temperature is the primary driving force in heat gain from the environment and is
incorperated with other environmental measurements to develop indicies to describe the
stress imposed by a hot environment.
One of the earliest indicies developed was the wet bulb temperature (Mount 1979;
Yousef 1985a). It is defined as the temperature at which water, by evaporating into moist
air, can bring the air to saturation at the same temperature (Threlkeld 1962). A
psychometric chart gives the relationship between water vapour pressure, dry bulb and wet
bulb air temperatures, the dew point temperature and relative humidity (Mount 1979). The
depression of wet bulb below dry bulb depends on the dry bulb temperature and humidity,
because these control the rate of evaporation from the wet bulb. During live export, the
high relative humidity and dry bulb tempature are of concern to the thermal balance of an
animal. The use of wetbulb temperature allows an incorporation of both of these
environmental factors. Evaporative heat loss from the skin and respiratory accounts for the
majority of heat loss as ambient temperature increases above skin temperature in hot
conditions similar to during live export and in summer conditions in Western Australia.
The wet bulb temperature will then clearly be far more important than dry bulb
temperature in determining the available cooling power from evaporative heat loss due to
it’s incorporation of relative humidity (Stacey 2001).
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The temperature – humidity index (THI) was developed by Thom (1959) and later
adapted for dairy cows by Kibler (1964). It is now widely used in livestock industries, in
particular for cattle feedlots (Sparke et al. 2001). THI enables assessment of the thermal
environment cattle are exposed to under hot conditions where humidity plays a large part
in thermoregulation (Mount 1979). THI weights dry bulb and wet bulb or dew point
temperatures for comparison with animal performance. The equation is:
THI = Dry bulb + 0.36 (Dew point) + 41.2
There are three THI threshold indices available to assess the possible heat load
risks on cattle. The catagories for THI values are as follows, Alert (75 – 78), Danger (79 –
83) and Emergency (equal to or greater than 84) (LCI 1970). The alert phase is typical of
mild heat load effects, especially on cattle vulnerable to excessive heat load, while the
danger phase is typical of strong to severe heat load effects on cattle with death being
unlikely but possible. The emergency phase is typical of severe to extreme heat load
effects on cattle and death is possible in vulnerable cattle that are susceptible to excessive
heat load (Sparke et al. 2001). However, the above THI measurements must be used in
conjunction with observing other environmental factors such as wind speed and solar
radiation. In some cases, THI may be high but because of high wind speed or low solar
radiation, heat load effects are reduced (Sparke et. al. 2001). Similarly, accumulated high
THI without relief from heat load at night will increase the heat load effect. Therefore,
recovery time is important, with the best recovery obtained when THI is below 70 for at
least 6 hours (Sparke et al. 2001). Recently, there have been developments in the THI to
incorporate both windspeed and solar radiation (Eigenberg et al. 2005; Mader et al. 2002).
There has not been development of THI threshold indices for sheep and there has
been little work establishing the physiological response of sheep to particular THI
thresholds. However, one study found that Comisana ewes exposed to a THI of
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approximately 82 (wet bulb temperature of 20.7) had an increased rectal temperature to
40.2˚C (Sevi et al. 2001).
More recently, there was development of a heat load index (HLI) to incorporate dry
bulb temperature, humidity, solar radiation and wind-speed (Gaughan et al. 2002). HLI is
used in cattle feedlots to predict the likelihood of a heat stress events (Katestone
Environmental 2004). The HLI combines black globe temperature with wind speed and
humidity with the equation for HLI differing depending on the black globe temperature
(BGT), where if the BGT is below 25, HLI was calculated using equation (i) shown below
and if BGT is above 25, HLI was calculated using equation (ii) shown below;
(i)

HLI = 10.66 + 0.28RH + 1.3BGT – WS

(ii)

HLI = 8.62 + 0.38RH + 1.55BGT – 0.5WS + exp(-WS + 2.4)

where: RH = relative humidity (%); WS = wind speed (m /s).
If black globe temperature is unknown, it can be determined using the equation below for
inclusion into the HLI equation (Katestone Environmental 2004).
BGT = 1.33Ta – 2.65 √Ta + 3.21 log (SR + 1) + 3.5
where: Ta = dry bulb temperature (˚C); SR = solar radiation (W/ m2).
The HLI is currently being trialed for use as a web operated weather forecasting
system to assist in warning feedlot operators of impending adverse weather conditions that
could lead to excessive heat loads (and potential mortality) for feedlot cattle (Katestone
Environmental 2004). Forecasts for a number of areas in Australia are available at
www.katestone.com.au/mla. Heat load risk can be assessed using HLI thresholds, which
are divided into similar categories as THI thresholds. Alert phase (HLI between 75 and 78)
indicates mild heat load effects especially on vulnerable cattle. Danger phase (HLI
between 79 and 83) indicates strong to severe heat load effects on cattle with death
unlikely but possible. Emergency phase (HLI between 84 and 92) indicates severe to
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extreme heat load effects on cattle with death possible in vulnerable cattle. Crisis phase
(HLI over 92) indicates extreme heat load with death possible even with the use of
strategies to reduce heat load (Katestone Environmental 2004). Gaughan et al. (2002)
found that the number of hours that HLI was above a threshold of 89 was a good indicator
of accumulated heat load in feedlot cattle. The studies also found that if HLI fell below 79
for a number of hours then cattle would be able to recover somewhat from the heat stress.

1.7

Physiological responses to high heat load

1.7.1 Core temperature
Previous studies have found that increased core temperature is the best indicator of
the onset or degree of thermal stress in an animal (Monty et al. 1991; Silanikove 2000).
However, there needs to be consideration of the diurnal nature of core temperature when
used as an indicator of thermal load. There needs to be careful selection of sampling times
for singular or a few daily physiological measures to ensure representative values (Hahn et
al. 1990). It has been widely documented that diurnal mammals such as sheep, have a
higher metabolic rate, body temperature and activity during daylight than during the night
(Bianca 1968; Hunsaker et al. 1977; Mount 1979; Mohr and Krzywanek 1990; Monty et
al. 1991; Piccione et al. 2002; Piccione and Caola 2003). Circadian rhythmicity in rectal
temperature averaged 0.4˚C for fat tailed Karakul sheep when there was diurnal variation
in environmental temperature (Slonim 1966). Other studies have found that diurnal
variation in core temperature of sheep was approximately 1˚C (Eyal 1963; Bligh et al.
1965).
Minimum core temperature occurs early in the morning and the maximum in late
afternoon (Hafez et al. 1956; Bianca 1968). Under elevated ambient conditions, changes in
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body temperature typically lag changes in air temperature by 2 to 6 hours (Hahn et al.
1990; Brown – Brandl et al. 2005).
Studies have found that circadian rhythms in body temperature are influenced by
light intensity (Menaker and Eskin 1968; Piccone and Caola 2003), where constant light
intensity over a 24 hour period caused the particular phase of a rhythm, such as core
temperature, to occur a different time every day (Menaker and Eskin 1968). Circadian
rhythm in body temperature can also be altered by environmental conditions including
adverse temperature and weather events (Nienaber et al. 1999; Piccone and Caola 2003).
Hahn et al. (1990) found that after exposing cattle to high temperatures (30˚C dry bulb) for
12 days there appeared to be a decrease in core temperature set point of 0.4˚C and an
increase in core temperature range of 0.35˚C. Changes in skin temperature have also been
found to alter circadian rhythm in core temperature. Piccone and Caola (2003) found that a
fall in skin temperature because of shearing was associated with an elevation in set point,
leading to a regulated elevation in core temperature. Circadian rhythms in body
temperature are influenced by physical activity and cyclic variations in metabolic level
during the year (Stainer et al. 1984; Da Silva and Minomo 1995); however, not by
different times of feeding (Mohr and Krzywanek 1995).

1.7.2 Vasodilatation
Many of the metabolic heat sources, such as the liver, heart, and limb muscles, are
remote from the skin, which is a site for heat loss (Robinson 2002). Therefore, it is
necessary to transfer heat between these sites. Body tissues are poor conductors, so heat is
mainly transferred by convection in circulation (Robinson 2002).
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Changes in the volume and distribution of blood flow away from the abdominal
organs and toward the extremities such as ears and lower limbs are well known
thermoregulatory responses to high temperatures in sheep and many other species (Blaxter
et al. 1959; Webster and Johnson 1964). The resultant increase in skin temperature of
sheep leads to large convective and radiative heat losses from the extremities (Blaxter et al.
1959).
The increase in skin blood flow in response to increased ambient temperature is
brought about in two ways. The arterioles of skin vascular beds dilate, resulting in
increased capillary blood flow. In addition, arteriovenous anastomoses (AVA’s) open in
the limbs, ears and muzzle (Robinson 2002). AVA’s are by-pass channels, which join
arteries and veins in both first and second vascular plexuses of the skin (Goodall 1955).
AVA’s play a significant role in increasing total blood flow to the periphery and therefore
play an important role in transport of heat to the outside of the body for dissipation
(Rubsamen and Hales 1985).
Hales et al. (1985) found that dilation of AVA’s results from an increase in core
temperature, in that case from 38 to 42˚C. However, elevation of skin temperature from 36
to 44˚C did not generate any significant increase in AVA flow when core temperature was
0.5˚C below normal. It was concluded that there needed to be elevation in core temperature
for AVA flow to be enhanced. However, once this condition was fulfilled, local skin
temperature exerted a potential influence on AVA dilation. Hales et al. (1985) proposed
that an increase in skin blood flow of sheep in hot environments aims to maintain skin
temperature at approximately 40˚C therefore preventing thermal damage to the skin.
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1.7.3 Sweating
The wool and hair follicles of sheep are arranged in distinct groups and are of two
basic types – primary and secondary follicles (Hofmeyr et al. 1969). Each follicle group
consists of three primary and a variable number of secondary follicles (Hofmeyr et al.
1969; Thwaites 1985). The number of primary follicles per sheep is relatively constant and
is unaffected by breed and age (Hofmeyr et al. 1969). Each primary hair follicle has an
associated apocrine sweat gland, which has a secretary duct, which opens up into the hair
canal just below the skin surface; however, secondary follicles do not posses sweat glands
(Hofmeyr et al. 1969; Robinson 2002).
The sweat glands of sheep discharge synchronously over the body surface once
ambient temperatures reaches 35˚C (Waites and Voglmayr 1962). The sweat glands
discharge at intervals varying from 1 to 4 hours under cool conditions to only 8 to 15
minutes at high ambient temperatures (Bligh 1961; Robertshaw 1966; Hofmeyr et al.
1969). In rams, the sweat glands of the scrotum are considerably larger and more densely
populated than on the general body surface (Waites and Moule 1961). The higher sweating
rate on the scrotum is the organs’ principal means of maintaining the abdominotesticular
temperature gradient at the normal level of 4 to 7˚C (Waites and Voglmayr 1962).
Research has found that the sweating rate of sheep does reach a maximum at
ambient dry bulb temperatures between 38˚C and 40˚C (Ames et al. 1971; Hofmeyr et al.
1969). Sweat glands appear to exhibit fatigue or a reduction in secretary output during the
course of 3 to 12 hours of exposure to these temperatures, but recover overnight in the cool
(Alexander and Williams 1962; Robertshaw 1966; Hofmeyr et al. 1969). Hofmeyr et al.
(1969) found that after 3 hours of exposure to 38˚C, shorn and unshorn sheep reached a
sweating rate maximum of 0.62 and 0.97 g/ kg body weight/ hour respectively. Therefore,
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under conditions of considerable diurnal temperature fluctuations with heat stress for only
a few hours, haired or closely shorn sheep benefit from the initial high rate of surface
evaporation (Ames et al. 1971).
Studies have found metabolic fatigue of the sweat gland is due to a reduction in the
volume of sweat excreted per reaction rather than a change in the reaction intervals
(Hofmeyr et al. 1969). This fatigue does seem to be a likely reason for a reduction in
sweating rate after several hours of exposure to high temperatures; however, there could be
other explanations. These include desensitisation of sweat gland control mechanisms or
decreased demand on the sweat glands due to compensation by other adaptive mechanisms
such as respiration, or a combination of these factors (Hofmeyr et al. 1969). Whatever the
reason, the reduction in sweating rate after prolonged exposure to high heat suggests that
sweating can be quite important over the first few hours of heat stress; however, sweating
plays a secondary role to respiratory evaporative cooling in terms of total heat dissipation
at high environmental temperatures (Thwaites 1985). Mount (1979) stated that as
environmental dry bulb temperature increased from 20 to 30˚C, cutaneous evaporative heat
loss remained at 0.2 W/kg-1, while respiratory evaporative heat loss increased from 0.4 to
0.8 W/kg-1.
The relative contribution of sweating to evaporative heat loss does vary with
species. Sweating in sheep is not as important a heat loss mechanism as it is in cattle, with
only one – eighth of evaporative cooling taking place through sweat gland activity in sheep
(Brook and Short 1960). Sweating in cattle is superior to panting in terms of evaporative
heat loss, with cattle having a higher density of sweat glands, a higher sweat gland volume
and a higher maximum sweat excretion rate than in sheep (MacFarlane 1968b). However,
high humidity reduces the effectiveness of sweating as a method of heat loss in both
species (McLean 1963; Bianca 1968).
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1.7.4 Respiration
The continuous movement of air over the upper respiratory surface leads to
evaporation in a manner similar to the effect of wind on moist skin (Mount 1979). Sheep
rely largely on respiratory evaporative cooling under prolonged periods of high heat, and
have a higher maximum respiratory rate and respiratory evaporation than cattle
(MacFarlane 1968b; Hales and Brown 1974; Thwaites 1985). Hales and Brown (1974)
found that total respiratory heat loss accounted for up to 60% (mean maximum) of total
heat dissipated, although this could be as high as 80% in individual sheep.
Studies have suggested that the metabolic cost of panting in sheep is relatively low
at a wide range of temperatures and relatively inexpensive energetically compared to other
animals (Hofman and Riegle 1977a). However, the net efficiency of heat loss by panting
decreases after a certain point. Above environmental temperatures of 35˚C and a
respiratory rate of 240 breaths / minute, there is no significant increase in respiratory
evaporative heat loss (Ames et al. 1971).
When there is both high heat and humidity, such as can occur during live export to
the Middle-East, studies have shown that the respiratory rate of sheep is higher and second
phase panting begins at a lower dry bulb temperature than when there is high heat but low
humidity (Lee and Robinson 1941; Reik et al.1950; Bligh 1963a). This is because as water
vapour content of the ambient air increases, there is reduced evaporative capacity of air
inspired by the animal. This delays the reestablishment of thermal equilibrium and the
deep body temperature rises (Bligh 1963a; Hales and Brown 1974).
Normal resting respiratory rate for sheep is between 20 and 38 breaths/minute
(Hales and Webster 1967; Macfarlane 1968a; Ames et al. 1971; Mount 1979). However,
the resting respiratory rate of sheep will increase considerably if the animal is excited
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(Hales and Webster 1967). As a sheep responds to increased environmental heat, it will
have an increased respiratory rate and altered depth of respiration, in a response known as
panting. There are two phases of panting in sheep; the first phase is charaterised by rapid
shallow panting, and the second phase, by slower deeper panting (Hales and Webster
1967).
The thermal stimulus for panting has been well explored (Bligh 1959; Waites 1962;
Bligh 1963 a, b; Hofman and Reigle 1977a). An increase in both first and second phase
panting is highly correlated with increasing ambient temperature and humidity rather than
increasing core temperature (Bligh 1963a, b; Ames et al. 1971). Studies have found that
during exposure to high temperatures (35 to 42˚C), a rise in first and second phase panting
in response to a rise in humidity is not caused by an increase in skin temperature or core
temperature. It is instead related to the thermoreceptors located on relatively exposed areas
of the skin such as the scrotum (Waites 1962; Bligh 1963 a, b; Hales and Hutchinson
1971), mammary skin (Phillips and Raghavan 1970) and nasal passage (Bligh 1959).
Studies have found that first and second phase panting began even with rectal temperatures
in the normal range, further supporting the claim that initiation of panting results from
peripheral thermoreceptor function (Bligh 1959; 1963a, Hales and Webster 1967).
Although the stimulus for panting is thought to be via peripheral thermoreceptors,
the onset of first and second phase panting is somewhat correlated with core body
temperature. Hales and Webster (1967) found that first phase panting occurred once core
temperature was 0.5˚C above normal, and that once rectal temperature was 1˚C above
normal sheep were observed to be second phase or open mouth panting. Lee (1950)
reported similar results. However, the change from first phase to second phase panting
does need further investigation. Studies discussed in Thompson (1985) have found that the
change from first to second phase panting does not depend on attainment of a particular
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hypothalamic temperature (Findlay and Hales 1969), it is not brought about through the
activity of chemoreceptors in the carotid body (Hales et al. 1975) or by a fall in arterial
pCO2 (Maskrey et al. 1981), or by buffering of the cerebrospinal fluid against changes in
pH and carbon dioxide content of the blood (Hales et al. 1970).

1.7.4.1

First phase panting

First phase panting is characterised by a rise in respiratory frequency causing a rise
in respiratory volume; however, this is restricted almost entirely to the respiratory dead
space (Hales and Webster 1967). During this phase, tidal volume is reduced (Hales and
Webster 1967). The reduction in tidal volume is important and determines the extent that
extra pulmonary ventilation is confined to dead space of the respiratory passage or extends
to the alveoli (Thompson 1985). First phase panting in the sheep involves mainly shallow
movements that draw air backward and forwards over the large moist surface of the naso –
buccal region. An occasional deep breath meets the animal’s need for gaseous exchange.
The confining of ventilation to the dead space of the respiratory passage during first phase
panting means that severe respiratory alkalosis is unlikely (Hales and Webster 1967;
Thompson 1985).
Increased respiratory rates are typical of first phase panting (Hales and Webster
1967). Merino and Dorset sheep reached a mean respiratory rate of 294 and 272 breaths/
minute respectively, after 1 hour of exposure at 28˚C (Hales and Webster 1967; Hofman
and Reigle 1977b). Similarly, Suffolk ewes exposed to a dry bulb temperature of 45˚C for
90 minutes had a maximum respiratory rate of 240 breaths/ minute (Ames et al. 1971).
However, respiratory rate can vary between sheep, with the respiratory rate in some sheep
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being as high as 350 breaths/ minute without any change in hypothalamic blood supply
(Riek et al. 1950; Bligh 1959; Klemm 1962; Hales and Brown 1974; Mount 1979).

1.7.4.2

Second phase panting

This phase is characterised by deeper, slower respirations with mouth open, and
increased respiratory tidal volume above that during first phase panting and respiratory rate
remains above normal (Hales and Webster 1967; Thompson 1985). The result of this is a
respiratory minute volume that is even greater than during rapid shallow panting, and is not
confined to the respiratory dead space (Thompson 1985). Respiratory volume in the sheep
has the capacity to increase tenfold from thermoneutral values of 3 to 5 l/minute to a
maximum ventilation of 54.8 l/minute (Lee 1950; Hales and Webster 1967). During
second phase panting, alveolar ventilation can increase five times that at thermoneutral
conditions, resulting in severe respiratory alkalosis (Hales and Webster 1967; Thompson
1985). Studies on sheep have found that metabolic heat production is higher during slower
deeper breathing of severe heat stress, than during rapid shallow panting, and represents a
decrease in thermoregulatory efficiency (Hales and Brown 1974; Hofman and Riegle
1977b).
First and second phase panting can be differentiated by several observable
behavioral changes. Second phase panting appears to involve movement of the thorax,
compared to first phase panting which predominantly involves movement of the diaphragm
(Thompson 1985). Measurement of blood flow to the respiratory muscles during second
phase panting has shown increased flow to the intercostal muscles as well as the
diaphragm and the crus muscles, which is consistent with more thoracic effort (Hales
1973b). Other observable symptoms during second phase panting include extension of
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head and tongue protrusion (Hales and Webster 1967). However, studies on sheep have
found that secretion of fluid from the salivary glands and lateral nasal (Steno’s) glands is
limited (Johnson and Peaker 1974), which differs from cattle that have been observed
drooling during severe heat stress in response to increased panting (Beatty 2005; Beatty et
al. 2006). The above observable changes have been used to formulate a panting score used
to evaluate the extent of heat stress on an animal, and is discussed in the following section.

1.7.4.3

Panting score

Silanikove (2000) attempted to quantify the severity of heat stress in livestock
according to respiratory rate (low: 40 -60 breaths/min; medium high: 60 to 80 breaths/min;
high: 80 to 120 breaths/min and severe heat stress but before development of second stage
panting: above 200 breaths/min). However, this does not take into account second phase
panting, that causes alterations in acid base balance and an increase in metabolic heat
production above that during first phase panting (Hales and Webster 1967; Hales and
Brown 1974; Hofman and Riegle 1977b).
Panting score, as a measure of animal performance in regard to heat tolerance, has
been used within the live export and feedlot industry and appears to be the most accessible
and easiest method of evaluating the impact of heat stress, because all it requires is direct
observation of the animal (Sparke et al. 2001; McCarthy 2005). In species that rely heavily
on respiratory cooling, the onset of rapid, shallow respiration or first phase panting is a
good indicator of the onset of thermal stress (Monty et al. 1991); while the onset of second
phase panting indicates severe heat load and risk of respiratory alkalosis (Hales and
Webster 1967). The initiation of first and second phase panting and other observable
changes in behaviour linked to panting have been incorporated into a panting score by Holt
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(2001) for cattle and adapted by Sparke et al. (2001) in Table 1.2. However, differences do
exist between sheep and cattle in terms of the salivary and nasal gland secretion as outlined
in the previous section. A panting score therefore needs to be developed to incorporate
sheep responses.
Table 1.2 A panting score used in the assessment of heat load in cattle (adapted from Sparke et al. 2001).

Panting Score

Character

0

No panting

1

Slight panting, mouth closed

2

Fast panting, occasional open mouth

3

Open mouth and some drooling

4

Open mouth, tongue out and drooling

1.7.5 Acid base disturbances
The respiratory system is important in regulating pCO2, which is vital in acid base
balance. Therefore, changes in respiratory rate and ventilation can influence acid base
balance. During first phase panting, there is little change in alveolar ventilation, while
during second phase panting alveolar ventilation increases significantly (Hales and
Webster 1967; Thompson 1985). This causes elimination of carbon dioxide faster than the
tissues produce it, and so blood pCO2 decreases, altering the balance between carbon
dioxide and bicarbonate, which is important in maintaining normal pH (Robinson 2002).
Studies by Hofman and Reigle (1977b) and Hales and Webster (1967) confirmed that there
were greater changes in blood pCO2 and pH during second phase panting in sheep,
compared to during first phase panting.
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Hales and Webster (1967) estimated venous pCO2 from whole blood using the
Henderson- Hasselbach equation. During second phase panting in this study, venous pCO2
of sheep fell and blood pH increased to what was described as severe respiratory alkalosis
as shown in Table 1.3 (Hales and Webster 1967). Similarly, Hofman and Riegle (1977b)
found that arterial blood pH of sheep increased from a normal 7.48 to 7.59 and arterial
pCO2 decreased from 34.8 to 25.5 mm Hg when exposed to a wet bulb temperature of
28˚C for 120 minutes.
Table 1.3 Changes in various physiological parameters during respiratory response to heat (n = 4) (Hales and
Webster 1967).

Parameter

Normal

Peak of first phase

Peak of second phase

breathing

breathing

Respiratory rate (breaths/ min)

38

294

196

Venous CO2 (mmHg)

37

30

16

Venous pH

7.45

7.55

7.68

There needs to be relative constancy of the body’s pH because deviations outside
the normal range can drastically disrupt cell metabolism and therefore body function
(Robinson 2002). The respiratory system can respond rapidly to maintain normal blood pH
by altering the rate of CO2 removal. The lungs provide an important avenue for
stabilisation of the blood pH, particularly in response to rapid changes in the acid load.
However, under continued heat stress, increased respiratory rate is needed as a heat loss
mechanism and therefore cannot be reduced, and thus other buffering mechanisms are
required. The elimination of HCO3 – from the kidneys can occur in response to low pCO2
and alkalosis, and this helps to normalise the ratio of carbon dioxide to bicarbonate
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(Robinson 2002). The response of the kidneys to respiratory acid base disturbances, in
particular, changes in NH3 and HCO3- production, usually occur over 24 hours (Robinson
2002).
Studies by Hofman and Reigle (1977b) have found a significant decrease in blood
bicarbonate of sheep in response to heat stress, with arterial bicarbonate decreasing from
25.1 to 23 mmol/ L when wet bulb temperatures increased from 20 to 28˚C. The
relationship of pH, bicarbonate and carbonic acid is expressed in the ratio from the
Henderson – Haselbalch equation, HCO3- /0.03*PCO2, where pH is normal (7.4) as long as
the ratio equals 20. Therefore, an increase above 20 indicates respiratory alkalosis.
Excessive loss of HCO3- from an animal’s body can result in metabolic acidosis. In
the case of heat stress, animals may lose HCO3- through renal regulation while heat
stressed; however, if the high heat conditions are suddenly reduced, animals will respond
by decreasing respiratory rate and therefore loss of carbon dioxide, causing an abrupt rise
in pCO2. This scenario results in a mix of acidosis, both respiratory through an increase in
pCO2 and metabolic, due to loss of HCO3-. No study has examined the onset of this
acidosis due to excessive heat load in sheep; however, studies by Beatty et al. (2005) have
found that cattle develop metabolic acidosis when the heat load decreased following
exposure to 15 days of sustained high heat and humidity. Similarly, Schneider et al. (1988)
found that diurnal variation in ambient temperature, where cattle experienced heat stress
during the day and the temperature cooled at night, resulted in respiratory alkalosis in the
cattle during the day, while at night, cattle developed metabolic acidosis.
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1.7.5.1

Determination of acid base disturbances

Acid base balance can be measured using blood gas analysis of arterial or venous
blood. Ideally, blood gas analysis should be performed on arterial blood, because the
arterial values are more indicative of the blood straight from the lungs. However, if the
clinical interest is acid base assessment, venous O2 assessment is not required, therefore
jugular venous blood samples can be used, but it is important to bear in mind that reference
ranges do differ to that of arterial samples (George 1994; Constable 2000).
Arterial blood sampling of large animals such as sheep and cattle is difficult due to
the relatively small lumen of the aurticular artery and the need for careful restraint of the
animal that has sometimes led to abnormalities in blood gas values due to stress (Nagy et
al. 2002; Parker and Fitzpatrick 2006). Due to difficulties of arterial sampling, acid base
status is generally determined from a venous sample (Parker and Fitzpatrick 2006). Studies
have found a good correlation between arterial and venous blood pH and HCO3 of cattle (r
= 0.80 and 0.86 respectively); however, pCO2 of arterial and venous blood was not well
correlated (r = 0.36) (Parker and Fitzpatrick 2006). These results, in part, support the
acceptance of researchers to use venous blood samples in the examination of acid-base
status; however, analysis should be interpreted with caution (Parker and Fitzpatrick 2006).
There are a number of ways to measure acid base balance. Standard bicarbonate is
a common way to measure acid base disturbances. The plasma concentration of HCO3when PCO2 is equal to 40 mm Hg is defined as the standard bicarbonate (Robinson 2002).
Deviations from standard bicarbonate indicate alkalosis or acidosis; however, standard
bicarbonate differs between species and therefore deviations are species specific
(Constable 2000).
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Acid base disturbances can also be determined using the anion gap. The anion gap
determines any differences in the total cation and anion balance (Robinson 2002). The total
cation concentration (the concentration of Na+, K+, Mg2+, Ca2+) should be approximately
equal to the total anion concentration (the concentration of HCO3- and Cl -). Usually, the
total cations exceed the total anions and the difference is called the anion gap. This gap
results from the net negative charge of serum proteins (predominantly albumin), whereas
the remainder reflects the serum concentration of phosphate and strong anions such as
lactate (Constable 2000).

1.7.6 Hormonal changes
The thyroid gland is important for metabolic regulation and one of the primary
determinants of basal metabolism (Collins and Weiner 1968). Certain physical stress
factors tend to inhibit the secretion of the thyroid gland. In particular, exposure of sheep to
extremely hot environments results in a decrease in thyroid secretion rate and the thyroid
gland activity is depressed (Hoersch et al. 1961; Collins and Weiner 1968; Hafez 1968b).
Studies have found that exposing sheep and cattle to a dry bulb temperature of 32˚C and
35˚C respectively, depressed thyroid activity from that at thermoneutral temperatures
(Collins and Weiner 1968). The concentration of thyroxin (T4) and tri-iodo-thyronine (T3)
declines under heat stress conditions by up to 25% in cattle (Magdub et al. 1982; Beede
and Collier 1986). However, studies have found that exposure to high heat load needs to
be for at least 3 days before there is a significant decrease in thyroid activity (Yousef and
Johnson 1965).
The decrease in thyroid activity in hot conditions plays a role in maintaining
thermal balance by bringing about a decrease in metabolic rate and therefore heat output
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(Blincoe and Brody 1955; Collins and Weiner 1968). Studies in sheep have found that
reduced feed intake was not the primary causal factor in decreased thyroid function during
acclimation to heat (Valtorta et al. 1982 in Yousef and Johnson 1985a). These studies
found that high ambient temperatures seem to have a direct influence on decreasing thyroid
activity, and this effect is initiated at the hypothalamic level. However, thyroid status does
influence digesta retention time in sheep, where a decrease in thyroid hormone prolongs
retention time of digesta and therefore increase digestibility (Weston 1977). Further studies
are needed to explore the action of thyroid hormone during heat stress.
Leptin is produced by adiposities and its concentration is influenced by the animal's
nutritional status (Daniel et. al. 2002). Plasma leptin concentration is highly correlated
with body fat mass, with leptin concentration lower in thin than in fat sheep (Kumar et al.
1998; Blache et al. 2000; Ehrhardt et al. 2000; Marie et al. 2001; Daniel et al. 2002).
Plasma leptin is also influenced by fasted and fed conditions; with plasma leptin
concentrations decreased during short and long term feed restrictions (Delavaud et al.
2000; Marie et al. 2001; Daniel et al. 2002). Leptin acts on the central nervous system to
regulate feed intake, with centrally administered leptin found to cause a substantial
decrease in the feed intake of sheep (Henry et al. 1999).
Glucocorticoids are important in the regulation of all aspects of metabolism. The
release of glucocorticoids, in particular cortisol, is the most prominent response of an
animal to stressful situations. Reid and Mills (1962) and Fell et al. (1985) found that there
was a significant increase in plasma cortisol concentration in sheep in response to stressful
situations such as transport. The secretion of cortisol also stimulates physiological
adjustments that help an animal tolerate stress caused by a hot environment (Christison and
Johnson 1972). Under severe heat stress (dry bulb temperature of 42˚C) causing deep body
temperature to rise by 2.4˚C, it was found that blood to the adrenal glands increased; this
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possibly reflects increased metabolic activity of the gland to increase output of
catecholamine’s and/or corticosteroids under such conditions (Hales 1973a). However, the
initial rise in cortisol concentrations in response to heat load may be the result of a stress
reaction, which is not specific to heat exposure (Christison and Johnson 1972). Studies on
cattle have found that although plasma cortisol increases during short term exposure to
heat, long term exposure to heat causes a decrease in cortisol turnover rate and plasma
concentrations (Yousef 1979). Yousef and Johnson (1967) suggested that the decreased
plasma concentrations of glucocorticoids that occur during heat acclimation are a
beneficial regulatory mechanism for reducing the animal’s heat production. Further
investigation does need to be done to determine the mechanisms by which cortisol is
involved during excessive heat load in sheep (Yousef and Johnson 1985a).

1.7.7 Immune response
Excessive exposure to solar radiation has caused an increase in leucocytes and
neutrophiles in some studies (Tietz 1983). Morrow – Tesch et al. (1996) found a marked
decrease in white blood cell numbers and a decrease and expansion of circulating γδT –
lymphocytes of cattle when they were exposed to 3 days at 32˚C dry bulb. This suggests
that there may be differences in the animal’s resistance to environmental pathogens
following heat stress. However, findings do vary, with studies by Monty et al. (1991)
finding that white blood cell and neutrophil counts of sheep were maintained within the
normal range during exposure of sheep to high solar radiation and dry bulb temperatures
ranging daily between 36.4˚C and 23.5˚C during a 5 month period.
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1.7.8 Blood flow, cardiac out put and heart rate
As discussed previously (Section 1.7.2), blood flow to the superficial body tissues
is significantly enhanced when dry bulb temperature increases (Rubsamen and Hales
1985). Redistribution of blood flow has been observed in sheep that had a rise in deep core
body temperature of less than 0.5˚C. Blood flow to the skin, tongue, nasal region and
respiratory muscles increased, while blood flow to the non-respiratory muscles and most
abdominal organs such as the large intestine decreased (Hales 1973a). Acclimatisation to
heat can also change blood flow in the body of sheep. Acclimatisation (indicated by lower
rate of increase in rectal temperature during daily heat exposure) was observed in pregnant
sheep, over a 3 week period of daily heat exposure (Alexander et al. 1987). The result of
this acclimatisation was a progressive increase in blood flow to extremity skin and
decrease in blood flow to adipose tissue and gut. The decreased blood supply to skeletal
muscle and gut could be a causal factor in the lower body growth rate, poorer appetite, and
less efficient use of feedstuffs seen in non-adapted livestock in hot environments
(Alexander et al. 1987).
The marked increase in peripheral blood flow during heat stress requires
compensatory actions to avoid a fall in arterial blood pressure that results from the
breakdown of cardiovascular homeostasis during heat stress (Rubsamen and Hales 1985).
In order to compensate for the increasing peripheral blood flow the body can increase
cardiac output and/or redistribute blood flow between the different body regions according
to thermoregulatory requirements. The most obvious effect of heat stress on cardiovascular
function is an increase in heart rate. This has been shown in the ox (Whittow 1968b), in
cattle (Monty et al. 1991) and in sheep (Bianca 1968; Hales 1973a). However, in other
studies, there was no increase in heart rate of sheep in response to increased heat stress
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even though there was a significant decrease in blood pressure (Hofman and Riegle
1977b).

1.7.9 Feed Intake
Several studies have found that sheep have reduced feed intake in response to heat
stress (Lee 1950; Terrill 1968; Mount 1979; Dixon et al. 1999). The reduction in feed
intake can be an adaptive response to a hot environment, where reduced feed intake
decreases the heat generated from ruminal fermentation and body metabolism, and
therefore aids in maintaining thermoneutrality (McDowell 1985; Monty et al. 1991).
Behavioural responses of sheep, such as higher feed intake at night compared to during the
day, allow the animal to decrease the heat production associated with feed intake when
exposed to high heat load during the day (Macfarlane et al. 1958).
Reduced feed intake in response to heat load may be a direct negative effect of
elevated temperatures on the appetite center of the hypothalamus (Baile and Forbes 1974).
In response to increased ambient temperature, physiological changes in the digestive
system due to alterations in the circulatory system of sheep also play a role in decreasing
feed intake (Hales 1973a; Christopherson 1985). In particularly, there is reduced blood
flow to tissues of the ruminant digestive tract, including the rumen, small intestine and
large intestine, resulting in reduced digestive function, reduced ruminal activity and
motility, and a reduction in thyroid secretion (Hales 1973a; Englehardt and Hales 1977;
Christopherson 1985). The reduced gut motility and rumination in ruminants during heat
stress results in reduced rates of passage and slower nutrient absorption and therefore
uptake from the gut, leading to increased gut fill and probably depressing appetite
(Christopherson 1985; McDowell 1985). Baile and Forbes (1974) suggested that the
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presence of end products of digestion in the lumen of the gut played a role in determining
satiety. This suggests that decreased gastrointestinal blood flow may contribute to
suppression of appetite in hot environments (Baile and Forbes 1974).
Reduced feed intake due to heat load will inevitably lead to decreased weight gain
or in some cases weight loss. Growth of sheep is extremely important within a feedlot.
Decreased growth rate has resulted from exposure of lambs to high temperatures when fed
a pelleted diet (Table 1.4) (Schanbacher et al. 1982).

Table 1.4 Final weight and caracass weight of lambs fed a pelleted diet for 14 weeks at daytime temperatures
of 5, 18 and 31˚C

Environmental dry bulb temperature
Parameter

5˚C

18˚C

31˚C

Final weight (kg)

53

48

42

Carcass weight (kg)

28

25

21

1.7.9.1

Heat increment associated with feeding levels and type of feed

Ingestion of food leads to an increase in heat production, with metabolic heat
associated with feed intake influenced by a range of factors, including amount, type and
quality of food ingested (Bianca 1968; Sparke et al. 2001). In short term climate chamber
tests, high feed intake or a high plane of nutrition are well known to increase heat
production and therefore be detrimental to heat tolerance, as indicated by a reduced ability
to maintain normal body temperature, a higher respiratory rate and a lower upper limit of
environmental temperature than sheep on a lower plane of nutrition (Clark and Quin 1947;
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Robinson and Lee 1947; Riek et al. 1950; Terrill 1968; Mount 1979). Studies by Blaxter et
al. (1959) and Graham et al. (1959) found that at an ambient temperature of 38.5˚C, the
severity of respiratory stress was greatest at the highest feeding level (1.8 kg/ day) of grass
pellets (12.9% crude protein) compared to the low (0.6 kg/ day) and medium (1.2 kg/ day)
feeding levels. It was also found that upper critical temperature was lower for sheep fed at
the highest feeding level (24 - 27˚C) followed by sheep fed at a medium feeding level
(33˚C), with sheep fed at the lowest feeding level having the highest upper critical
temperature (39 to 40˚C). Above these upper critical temperatures, heat production and
rectal temperature was increased (Graham et al. 1959). However, sheep fed well below
maintenance have impaired heat-regulating mechanisms, with sheep on a medium plane of
nutrition being most tolerant of high environmental temperature (Terrill 1968). Figure 1.2
shows the heat production of sheep associated with different feeding rates at various
environmental temperatures and Table 1.5 describes the heat increment associated with
digestion at different feeding levels.
The type of diet fed has been found to impact on the level of heat load associated
with digestion, with diet digestibility positively correlated with feed intake during hot
conditions (Beede and Collier 1986). Kennedy et al. (1982) found that high temperature
had no influence on digestibility of a rapidly fermented, all concentrate diet in wethers.
Yet, high roughage diets, which tend to be fermented slowly, appear to be more susceptible
to influence by temperature induced changes in motility and the rate of passage of digesta
(Christopherson and Kennedy 1983).
Therefore, diets high in roughage result in a greater reduction in feed intake than
concentrate diets low in roughage (Bhattacharya and Hussain 1974; Beede and Collier
1986; Muna and Abdelatif 1992; Sparke et al. 2001). This may be due to roughage feeding
causing higher heat production due to the heat of digestion than low roughage diets;
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however, digestion of roughage is not as fast as grain based diets and therefore animals
cannot consume the same weight of roughage as they can grains (Sparke et al. 2001).
Therefore, any heat production in animals fed roughage is probably spread over a longer
period compared to those fed a grain diet (Sparke et al. 2001).
Excess crude protein in feed contributes to reduced efficiency of energy utilisation,
potentially adding to the body heat load of livestock (West 1999). An excess of degradable
dietary protein is undesirable. Nitrogen in excess of requirements must be metabolised and
excreted as urea, requiring energy, so contributing to body heat (West 1999). Proteins as
part of feed have the highest associated heat increment, followed by carbohydrates, with
dietary fat having the lowest heat increment (Sparke et al. 2001).

Figure 1.3 The effects of giving different feeding levels on the rate of heat production of a closely shorn
sheep kept at different environmental temperatures (Blaxter 1989)
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Table 1.5 Components of heat increment in ruminants fed below or above maintenance on 2 different diets
(Blaxter 1989)

Components of heat increment (J/J)
Diet

Increment above
or below
maintenance

Cost of
eating

Fermentation
heat

Nutrient
metabolism

Total

Roughage

Below
Above
Below

0.07
0.07
0.01

0.13
0.13
0.08

0.16
0.53
0.12

0.36
0.73
0.21

Above

0.01

0.08

0.44

0.53

Grain

1.7.10

Water metabolism
Water metabolism is a function of water intake and water loss. Water is provided

by drinking water, water in food, and through metabolic water. Water is lost via urination,
defecation, and evaporation from the skin and respiratory tract (Yousef and Johnson
1985b; Silanikove 1992). The importance of each avenue of water intake or water loss is
influenced by many factors in addition to ambient temperature. Among these is animal
species, where cattle have been found to have a higher water turnover in proportion to
body size than sheep and renal and feacal water loss form a greater part of the water
turnover in cattle than in sheep (Shirley 1985). Water metabolism is also related to quantity
and quality of food consumed, with a positive correlation between feed intake and water
consumption (Shirley 1985). Water intake also increases as the dry matter of feed
increases, with water intake higher on diets high in protein or fibre than diets high in
moisture content (Terrill 1968). Sheep may also drink more when fed a pelleted diet
(Terrill 1968).
During heat stress, water intake is important for maintaining body fluid
homeostasis and may increase because of deficits in either intracellular or extracellular
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volume (McKinley and Johnson 2004). The normal daily water intake by sheep averages 3
to 4L but can vary up to 10L (Terrill 1968). When sheep are exposed to increased ambient
temperature, water intake increases (Macfarlane et al. 1958; Blaxter et al. 1959;
Macfarlane and Howard 1970; Wilson 1974; Shirley 1985). Macfarlane et al. (1958) found
that Merino sheep exposed to hot dry summer conditions drank twelve times more water
than in winter. However, when sheep are exposed to higher temperatures (above 38˚C dry
bulb), they ingest much more water than is required for intermediate metabolism and
evaporation, allowing plasma and extracellular volume to increase (Blaxter et al. 1959;
Silanikove 1987). Macfarlane (1956) found that young sheep stored 28% more
extracellular water in summer than in winter. This could be interpreted as a pre - adaption
to heat stress and water deprivation, as the expended fluid pools will buffer increase in
body temperature and resist dehydration longer (Blaxter et al. 1959; Silanikove 2000).
Silanikove (1987) found that non - pregnant and non - lactating ewes had markedly
increased water intakes during heat stress, to the point of over hydration (Adballa et al.
1993). This response allows animals to buffer themselves against short periods of water
deprivation and therefore may be regarded as anticipatory drinking (Silanikove 1987).
Blaxter et al. (1959) suggested that sheep might also attempt to keep cool at high
temperatures by ingesting water; however, the overall efficiency of this process is low
because the gradient between water temperature and body temperature is small.
The need for water generally increases with increasing ambient temperature due to
increased water loss from the animal via evaporation through sweating and via the
respiratory tract. The loss of water from an animal results in a reduction in interstitial and
plasma volume and changes in osmotic pressure (Macfarlane 1968a). These changes are
sensed by volume receptors and osmoreceptors, resulting in action through hormones and
the kidneys to increase water intake or limit fluid loss from the animal (Macfarlane 1968a
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Fitzsimons 1979; Zerbe and Robertson 1983; McKinley et al. 2004; McKinley and
Johnson 2004).

Macfarlane et al. (1966) found that sheep exposed to dry bulb

temperatures between 36 and 38˚C and high solar radiation, had significantly increased
respiratory rates, water turnover and extracellullar water but no change in total body water
2 days following shearing (Table 1.6).

Table 1.6 Respiratory rate and water distribution of Merino wethers exposed to high temperatures before and
after shearing (Macfarlane et al. 1966).

Respiratory rate

Water turnover

Total body

Extracellular

(breaths/ minute)

volume

water (ml/kg)

space (ml/kg)

(ml/kg/24hr)
Before shearing

137

81.5

686

63

After shearing

178

159

670

74

Besides an increase in water intake, there are a range of compensatory responses
that are engaged when depletion of either intra or extracellular compartments occurs.
These responses include a reduction in renal blood flow and glomerular filtration,
vasopressin secretion, stimulation of the rennin –angiotensin-aldosterone system and ADH
activity, sympathetic activation and reduced renal solute and water excretion. All of these
responses minimise changes in body fluid volume and composition (Collins and Weiner
1968).
Sheep are especially well adapted to produce concentrated urine (Macfarlane et al.
1956; Whittow 1968a). Macfarlane et al. (1956) reported a 31% and 67% decreases in
urine volumes from winter to summer in a 2 year study of Merino sheep. During summer,
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the release of antidiuretic substances takes place in sheep at a standard heat stimulus of
40˚C (Macfarlane et al. 1956). However, antidiuretic substances were not released when
exposing winter acclimatised sheep to this temperature (Macfarlane et al. 1956).
The ability of sheep to produce highly concentrated urine enables sheep to have a
high tolerance to hot, dry conditions with limited water availability (Mount 1979). Sheep
are able to reduce the amount of water lost from their body by concentrating their urine to
an extremely high degree. This is related to the loops of Henle in the kidney. For example,
cattle have mainly short loops which are associated with less water reabsorption and less
concentrated urine, while sheep have mainly long loops which are associated with more
water reabsorption and more concentrated urine (Macfarlane 1968b). Therefore Merino
sheep are able to reach a urine concentration of 3.5 to 3.8 osmoles/ litre compared with 2.6
osmoles/ litre for cattle when they are dehydrated (Macfarlane 1968b).
If the amount of water eliminated from the body exceeds water intake, the animal
enters a state of dehydration (Whittow 1968a). Blood volume is reduced while many of the
blood constituents show an increase due to hemoconcentration. Water loss from the blood
during dehydration leads to an increase in total solids and therefore in specific gravity.
Erythrocyte number, haemoglobin concentration and plasma protein concentration of blood
increase (Macfarlane 1956). There is also an increase in blood urea and total non protein
nitrogen in the blood (Macfarlane et al. 1958). As blood plasma becomes more
concentrated through water loss, the inorganic salts such as sodium and potassium are
excreted in the urine in such amounts as to maintain an approximately normal
concentration in the plasma. The incidence of dehydration of sheep within a feedlot and
during live export has not been well explored; however, studies by Richards et al. (1989)
found that only 1.8% of total sheep deaths during live shipment were caused by
dehydration. Water is available ad libitum during live shipment and feedlotting and
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stocking rates are such that sheep should not be impeded from accessing watering points
(Animal Health Committee 2003; ALES 2003).

1.7.11

Seeking shade
A number of studies have shown the beneficial effects of providing shade or shelter

to sheep in order to decrease the heat gain by solar radiation. Studies have found shaded
sheep are more productive and have less severe physiological responses to heat load than
unshaded sheep (Bond and Kelly 1955; Mosse and Ross 1964; Terrill 1968; Brown 1971;
Silanikove 1987). Silanikove (1987) found that in summer Mediterranean conditions,
unshaded sheep had a respiration rate that was 56% higher than that of sheltered sheep due
to the effect of direct solar radiation.
A well designed shade structure reduces total heat load by 30 to 50% and the
incidence of decreased feed intake due to heat load is reduced if shade is provided (Bond
and Kelly 1955; Terril 1968). Studies by Mosse and Ross (1964) have found that shaded
lambs self-fed a concentrate ration in a feedlot had approximately 12% greater live weight
gains and were 15% more efficient in feed conversion than unshaded lambs when exposed
to daily temperatures of 16.7˚C during spring and 25.5˚C in summer. Unshaded lambs also
drank 20% more water than the shaded lambs (Mosse and Ross 1964).
Although the above studies have found physiological benefits of shading animals,
the use of available shade has been found to vary from sheep to sheep. Johnson (1987)
found that in two flocks of sheep some individuals repeatedly spent time in the sun while
others shaded. Furthermore, several authors have also questioned the benefit of shade,
noting that other heat sources apart from direct solar radiation may be involved (Ingram
and Dauncey 1985; Johnson 1991). Studies have noted that a simple iron shelter is of little
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benefit to sheep in hot environments, because the hot iron sheeting will impose a long
wave radiation load on the sheltering animals (Ingram and Dauncey 1985; Johnson 1991).
Studies by Johnson (1991) found that unshaded and shaded animals all maintained similar
body temperatures and respiratory rates, despite the possible advantages of shading. It was
suggested that wool length might have played a role because a wool length greater than
20mm substantially slows radiative gain. Furthermore, the behavior of shaded and
unshaded sheep at rest is often different. Because shaded sheep generally stand, they have
a metabolic rate up to 26% greater than unshaded sheep, which generally lie down
(Johnson 1991). However, this behaviour is not always the case as Macfarlane et al. (1958)
reported that unshaded sheep in the hot tropics generally stand.

1.8
1.8.1

Factors modifying the responses of sheep
Adaptation and Acclimatisation
Adaptation and acclimatisation have different meanings, although they are often

considered the same. Acclimatisation is a physiological adjustment occurring within the
lifetime of an organism, which reduces the strain caused by exposure to climatic stressors
(Hafez 1968b; Yousef 1985a). Adaptation is a characteristic in an animal that favours
survival by reducing physiological strain produced by a stressful component of the
environment. An adaptation can be biological (morphological, anatomical, physiological,
biochemical or behavioural) or a genetic characteristic (heritable or through natural
selection) which favours survival in a specific environment (Hafez 1968a).
Sheep not adapted or acclimatised to a particular environment are less able to react
appropriately to hot environments than sheep that are. As a rule, sheep generally respond
more dramatically to high heat conditions in winter than in summer (Wodzicka 1960;
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Maskrey 1974). Wodzicka (1960) found that rectal temperatures of sheep increased less
when a standard heat stress was applied in summer than in winter. Similarly, Maskrey
(1974) found that when exposing sheep to a temperature of 42 ˚C, the onset of panting was
slower and rectal temperature was higher in winter acclimatised sheep than summer
acclimatised sheep. It was concluded that the delay in the onset of thermal tachypnoe of
winter acclimatised sheep resulted in longer exposure of sheep to high temperatures with
minimal respiratory cooling, causing the heat content and hence rectal temperature to
increase.
There have been higher death rates of winter acclimatised sheep than summer
acclimatised sheep during live shipment (Norris and Norman 2002). Studies have found
this is related to inappetance (Norris et al. 1990b; Higgs et al. 1991; Richards et al. 1991).
However, studies have not investigated the effect of high heat load on feed intake of winter
acclimatised sheep shipped into the Middle Eastern summer. Studies need to be done to
investigate whether heat load in this case would contribute to inappetance of sheep during
this time.
It is clear that sheep are often able to acclimatise to hot conditions, although they
will take some time to do it. Thwaites (1969) cited in Thwaites (1985) found that when
sheep are continuously exposed to hot conditions (40.5˚C dry bulb), the rectal temperature
and respiratory rates of sheep reach peak values after 3 to 5 hours and then gradually
decline over the following 5 to 10 days to reach a plateau level. Sheep that are well
acclimatised to hot environments or well adapted desert breeds such as the Merino and fat
tail generally maintain appetite under heat stress, at levels close to maintenance or
moderate growth (Silanikove 1992). They have an ability to maintain plasma volume and
electrolyte constituents within a narrow range, by efficiently utilising their large water
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reservoir in the rumen and are able to maintain thermostability in spite of heat stress,
thereby enabling appetite to be maintained (Silanikove 1992).
Adaptation of sheep to high temperatures can vary between individuals that are
otherwise physiologically similar. In hot environments, some sheep are able to maintain
relatively normal body temperatures, whereas others are not. This phenomenon is
repeatable over consecutive days and over subsequent years (Crabb et al. 1995). This
difference is most likely related to the efficiency of heat loss from the body, and possibly
associated with an adaptive response to regional blood flow (Crabb et al. 1995).

1.8.2 Breed
Fat tailed sheep vary from Merino sheep because they have a coarse wool or hairy
pelage and are adapted to hot, dry climates such as in the Middle-East. Studies have found
that fat tailed sheep such as the Awassi have lower respiratory rates than Merino sheep at
comparable humidity and temperature (Eyal 1963; MacFarlane 1968a).
According to Tapil’skii (1959), Merino rams both under a canopy and exposed to
sunlight had a respiratory rate 25 to 40 breaths/ minute higher than fat tailed rams. These
findings were similar to those by Roslyakov and Vasenko (1953) on comparing Kazahh
Arkhar Merino and fat tailed sheep. Shafie and Abdelghany (1978) reported that the
subtropical fat tailed breed, Rahmani, was adapted for more efficient heat loss through the
respiratory system due to greater dead space than were Merino sheep. The lower
respiratory rate of the Awassi compared to the Merino sheep could be due to them having
more efficient turbinate cooling, higher rates of sweating, less heat gain and lower
metabolic rates (MacFarlane 1968a).
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Solar radiation can penetrate the Awassi coat to a higher degree than a thicker and
more tightly packed Merino coat, resulting in a higher skin temperature for the Awassi
sheep (Mount 1979). However, the Awassi sheep have little subcutaneous fat, which
allows heat to be easily conducted from the core to the air, and its coat is loose and open
allowing a large part of the absorbed radiant energy to be lost by convection (Degen and
Shkolnik 1978; Mount 1979). In addition, Awassi sheep have larger ears than the Merino,
which assist in convective heat loss (Degen and Shkolnik 1978). It has been found that the
vascular supply to the ear contains arteriovenous anastomoses that would allow increased
quantities of blood to be shunted rapidly through the ear. It is thought that animals with
larger ears are typical of hot environments (Gates 1968). The capacity for increased blood
flow by vasodilation is highest in parts that have high surface/volume ratio, such as ears,
legs and tongue. These parts usually have less hair cover than the trunk so heat is easily
dissipated (Bianca 1968). In desert breeds such as the Awassi sheep, the large ears and
long legs would aid in heat loss from these extremities.
It is probable that evaporative heat loss via sweating is superior in the Awassi
sheep compared to the Merino sheep. Research has found that sweating of Karakul sheep
(a fat tailed breed) in the hot period of the year is quite intense (Slonim 1966). The loose
hair coat of fat tailed sheep is of particular benefit in an atmosphere of high humidity. It is
thought that the sparser wool cover of fat tailed sheep promotes good evaporation of sweat
(Slonim 1966; Macfarlane 1968a). On the other hand, the Merino fleece will retain
moisture in a hot, humid atmosphere, hindering the rate of evaporation of sweat from an
animal (Klemm 1962). Klemm (1962) found that although the Merino fleece is effective in
hot dry climates as an efficient insulator, in hot –humid climates the hygroscopic –
endothermic nature of the wool interferes with the vaporisation of moisture from the skin.
Interference in vaporisation increases with the increasing length of the fleece.
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Comparison of the Awassi to the German mutton Merino (GMM) found that
Awassi sheep had a lower basal metabolic rate than GMM, which was maintained for a
longer period as the environmental temperature rose (Degen and Shkolnik 1978).
Thyroxine concentrations for Blackbelly (tropical hair breed sheep) were lower than
Dorset sheep when exposed to high ambient temperatures suggesting that the Blackbelly
sheep had a lower metabolic heat production that the Dorset sheep (Ross et al. 1985).
There is general agreement that Merino sheep are more heat tolerant than the
European breeds (Miller and Monge 1946; Thwaites 1985; Johnson 1971). European sheep
breeds are adapted to temperate regions and have compact bodies, short legs, necks, and
small ears to limit the area available for heat loss from extremities and a thick coat for cold
protection (Gates 1968). Studies by Johnson (1971) found that Welsh mountain and Soay
sheep had a higher rectal temperature than Merino sheep at a dry bulb temperature of 45˚C.
The respiratory rate of European sheep breeds is also higher than Merino sheep at
comparable temperatures and humidity (Macfarlane 1968b).

1.8.3

Age and Sex
Studies have found that rams react more dramatically to hot conditions in terms of

body temperature and respiratory rate than do ewes (Hafez et al. 1956). It has been
speculated that rams generally have a higher metabolic rate than ewes or wethers, and ewes
generally have a higher metabolic rate than wethers (Lee 1950). However, no study has
been found that compares metabolic rate between sexes. Under hot conditions in the field,
rams are often observed to separate themselves from the flock and rest in any shade that is
available, and remain close to watering points during the heat of the day when ewes are out
grazing (Symington 1960; Thwaites 1985). Rams have also been found to walk shorter
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distances than ewes under hot conditions (Lynch et al. 1992). Death rates of rams during
live shipment are higher than wethers and ewes (Norris and Norman 2002). However, it is
unknown why this is the case. The lower heat tolerance of rams than other classes of sheep
may be a contributing cause to higher death rates; however, further research needs to be
done to investigate this.
The age of an animal also influences its level of heat tolerance. Newborn lambs are
much less tolerant to hot conditions than their mothers, and it is believed that sheep do not
gain full adult heat tolerance until about 1 year of age (Thwaites 1967). A growing lamb
also has a lower upper critical temperature (25˚C) than a shorn ewe (29˚C) (Hahn 1985),
and has been found to have a higher maximum respiratory rate than adult sheep (Bianca
1968). Symington (1960) found that mature rams were less adversely affected by high air
temperature than young rams.
The lower heat tolerance of lambs than adult sheep could be related to lambs
having a higher basal metabolic rate than adult sheep. Studies have found that resting heat
production per unit body weight of sheep declines exponentially with increasing age
(Blaxter 1962; Graham et al. 1974; Mount 1979). Blaxter (1962) reported that basal
metabolic rate/Wm fell by 3% per annum in sheep of 1 to 6 years. The change in heat
production with age is related to many factors, including puberty, weaning, changes in
growth rate and stabilization of the neuroendocrine – homeothermic system (Brody 1945).

1.8.4

The fleece
In the case of live shipment of sheep through equatorial regions, where high

humidity is common, the preference is to have sheep shorn in the preceding 8 to 10 weeks.
This gives a wool length of around 25 mm at the time of shipment; however, sheep can be
shipped with over 25 mm of wool but need to be given 10% more pen area than those with

78

less wool (ALES 2003). A closely shorn sheep is better able to adapt to hot, humid
environments with no radiant heat, typical of conditions during live export (Klemm 1962).
Wool is hygroscopic-endothermic in nature, and a thick fleece interferes with evaporative
water loss from the skin (Thwaites 1985). Experiments by Hofman and Riegle (1977b)
found that when sheep were exposed to 40˚C and 40% humidity, unshorn sheep had a
thermoneutral zone that was approximately 5 to 8˚C lower than the shorn sheep. Unshorn
sheep do not adapt and travel as well during live export and discharge in a less
cosmetically attractive state than shorn sheep (ALES 2003). The additional space required
for unshorn sheep is also normally cost prohibitive.
In Western Australian, humidity is generally low and solar radiation has much
more of an impact on the thermo-tolerance of sheep. High tolerance of sheep to hot/ dry
conditions results from their highly insulating fleece that prevents free air movement and
thus resists the inward convection of heat due to solar radiation (Macfarlane et al. 1958,
1966, 1968a; Mount 1979). Wool tip temperature of sheep standing in the Australian sun
can reach 87˚C; however, there is a gradient of 40 to 50˚C between the fleece surface and
the skin temperature in the sun (Gates 1968; Macfarlane 1968a). A wool length greater
than 20mm provides useful insulation against radiant heat load (Macfarlane 1968a).
However, the optimum fleece length in terms of protection from radiation is 40mm
(Thwaites 1985).
The ability for a Merino to guard against solar radiation with its thick fleece is
greatly reduced after shearing, resulting in an increase in the absorption of heat (Mount
1979; Johnson 1991). Macfarlane et al. (1958) found that shorn Merino sheep (wool length
of 8mm) in hot, dry conditions exposed to radiant heat had more than double the
respiratory rate of their unshorn counterparts (wool length of 40mm). Shorn sheep also
have a higher water turnover than unshorn sheep when exposed to hot conditions, due to
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increased evaporative cooling of shorn sheep (Macfarlane et al. 1966). In hot, dry heat
without solar radiation, Hofman and Riegle (1977b) found that there was no difference
between unshorn and shorn sheep in terms of respiratory frequency or blood gas values.
However, within that study it was found that unshorn sheep experienced a downshift in set
point of thermoregulation that resulted in a lower threshold for panting.

1.9

General Aims
Excessive heat load on sheep within live export and feedlotting has not been well

explored. The aim of this thesis is to determine the physiological responses of sheep to
increased heat load within the major intensive sheep industries within Australia, in
particular, under conditions similar to those during live export to the Middle-East and in
feedlotting during a Western Australian summer. The thesis will examine the responses of
sheep to high heat load depending on the breed, age, sex and condition score of animals.
The type of heat load in terms of solar radiation, humidity and night time relief from heat
load will depend on the intensive industry being examined; being either feedlotting or live
shipment. These particular types of heat load in combination with feeding regimes and
other management factors typical of these industries have not previously been examined to
determine their effects on the physiology and behaviour of sheep. Therefore the aims of
this thesis are:
To determine the physiological responses of sheep to environmental conditions typical of
live export.
To determine the heat stress threshold of different classes of sheep to environmental
conditions typical of live export.
To determine the environmental conditions in a Western Australian summer feedlot and
the physiological responses of feedlot sheep to those conditions.
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CHAPTER 2
General Materials and Methods

The general materials and methods used in studies conducted as part of this thesis are
described in this chapter. Specific methods used in particular experiments are described in
the relevant chapters. All experimental work was approved by the Murdoch University
Animal Ethics Committee.

2.1

Experimental Rooms
The two climate controlled rooms (CCR) used in studies within this thesis were

located at Murdoch University Veterinary School (Figure 2.1 and 2.2). Within this thesis
these rooms will be referred to as Rooms 1 and 2. Each room had the capacity to
individually pen nine sheep. Each pen had an area of 0.88m2. The animals could not take
feed or water from their neighbours but had room to turn around and lie down. Studies
conducted in the CCR required sheep to be individually penned in order to monitor
individual feed and water intakes and ensure that handling of animals resulted in minimum
stress to the animal and therefore avoiding inaccurate results. Staff safety was also an
issue, with individual penning of the animal decreasing the safety risk to staff members
when handling the animals.
The rooms were climate controlled using supply air fans, humidifiers (Carel SpA
SD333P0415, Italy) and electric duct heaters (Email Grimwood PPN 400T240) capable of
maintaining air temperature and moisture content as high as 60˚C and 40g of moisture per
kg of dry air. The two supply air fans were set to deliver 300 l/s at 150 Pa. The air flow
rates in the rooms were 15 air changes per hour exhaust rate or 210 l/s. The two steam
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humidifiers had a steam capacity modulation range of 10 kg/hr to 33 kg/hr. The system
was controlled by independent electronic temperature and absolute moisture controls, with
one sensor in each room providing feedback control. The rooms were designed to provide
a degree of control accuracy in the order of ± 1K temperature and ± 10% relative humidity.
The temperature and absolute humidity could be adjusted manually via a control pad
mounted on the front of the control panel.
A mezzanine level was situated above the pens, which was occupied by 2 x 20L
plastic reservoir buckets, which were used to top up drinking water buckets in the pens
below. Researchers could also monitor animals from above. The walls of the CCR were
double brick and a heavy duty insulation panel was fixed in front of the exit door in each
room so heat loss to the outside environment was minimal. The mean radiant temperature
was equal to air temperature, there were no windows and the average surrounding surface
temperature was equal to the average air temperature. Air flow direction was from the hot
air inlet to the exhaust fan that was situated on the ceiling on the opposite side of the room.
A further six sheep could be individually penned in a room that was not climate
controlled and therefore was kept at prevailing environmental temperatures during the
studies. Each pen had an area of 1.44 m2. Within this thesis, this room will be referred to as
Room 3. Sawdust bedding was provided in Rooms 1 and 2. Fresh bedding was put down at
least every 7 days during the studies or when excessive moisture built up in the bedding.
Changing of bedding minimised ammonia concentration in the rooms. An exhaust fan
minimised odour in Room 3 and sheep pens had a mesh base that was elevated above the
ground (Figure 2.3).
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Temperature
logger

Feed and water

Hot air inlet
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Figure 2.1 Layout of pens within climate rooms (not to scale)

Figure 2.2 Sheep in individual pens inside climate controlled room
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Figure 2.3 Sheep individually penned in Room 3

2.2

Measurements

Animal measurements unique to a single study within this thesis are discussed in the
relevant thesis chapter. This section details measurements taken on sheep in more than one
study within this thesis.

2.2.1 Physiological measurements
Rectal temperature was taken using an electronic digital thermometer (GEON
Corp, Taiwan). This thermometer was stated by the manufacturer to have an accuracy of ±
0.1˚C at rectal temperatures between 35.5˚C and 42˚C. Respiratory rate was measured by
counting the number of breaths over a 15 second period and then the figure was converted
to breaths per minute. Panting score was determined at the time that respiratory rate was
measured using the scale shown in Table 2.1.
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Table 2.1. A panting score used in the assessment of heat load in sheep adapted from McCarthy (2005)

Panting Score

Description

1

Slight panting

2

Fast panting and open grin

3

Open mouth panting

4

Open mouth panting, tongue out

2.2.2 Feed and water
Feed was available to sheep in a 2L bucket (Figure 2.2), with feed times and feed
amounts differing between studies. Feed residues were removed and weighed daily, before
the morning feed, to determine daily feed intake. Feed was analysed for composition by
Feedtest®, Agriculture Victoria, Mount Napier Road, Private Bag 105, Hamilton VIC.
3300 (See Appendix 1).
The feed prescribed for each study was fed for a period before each study began (as
described in each experimental chapter), while sheep were held in group pens in the
Murdoch University animal barn. Feed troughs were allocated to allow for three sheep per
trough in those pens. Sheep were fed at 2.5% of body weight and the regime for
introducing the diet is described in Table 2.2.
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Table 2.2 Introduction of the pelleted diet fed in studies described in Chapters 3, 4 and 6

Day

Pellet (% fed of total)

Chaff (% fed of total)

1

20

80

2

40

60

3

60

40

4

80

20

5

100

0

Water was available ad libitum in 3.5L buckets. Buckets were topped up
throughout the day with water that was stored in the rooms to ensure it was similar to room
temperature. Water was also topped up throughout the night during the hottest periods to
ensure no animal ran out of water. Water was changed daily and residues were collected
and weighed before the morning feed to determine water intake. Water intake was
calculated by subtracting the weighed residue from the total amount of water given for the
past 24 hours. Water was changed and volume recorded if the animal had defecated in the
bucket. Individual daily water intakes were converted to daily intake as percent of starting
body weight by dividing daily intake by start body weight and multiplying by 100.
Individual feed intakes were converted to daily intake as a percent of feed available by
dividing daily intake by the total daily feed available and multiplying by 100.

2.2.3 Blood sampling
Venous blood was taken by venipuncture of the jugular vein using an 18 gauge
needle with a 20 ml syringe and a 5ml heparinised syringe for blood gas analysis (Figure
2.4). Heparinised syringes were coated with a thin film of heparin by flushing heparin in
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and out of the syringe (David Bull laboratories, Victoria, Australia). All air was then
removed from the blood gas syringes and they were capped.
Blood was transferred from each 20 ml syringe immediately after collection into a
9ml lithium heparin vacuette® container (Greiner Bio-one; Austria). The samples were then
centrifuged (Sigma 204, Germany) for 15 minutes at 3000 rpm. The plasma was then
transferred into 3ml tubes and frozen at -20˚C within 2 hours of collection for analysis
later. Depending on the study, blood samples were analysed for blood gas (pH, pCO2, aBE
and HCO3-) and thyroid and leptin hormones. Electrolyte and haematological variables
were measured in the Chapter 3 study and methods are described within that chapter.

Figure 2.4 Blood sampling

2.2.3.1

Blood gas analysis

Each heparinised blood sample was recapped and immediately placed on ice after
collection, then all samples were analysed together within 30 minutes of collection. Blood
gases were determined using a blood gas analyser (Radiometer Pacific ABL 5 Blood gas
system, Copenhagen, Denmark), housed in the Murdoch University Veterinary Hospital
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Clinical Pathology Laboratory (on site). The blood gas system used in this study measured
pH, pCO2 and pO2. From these variables it calculated aBE, HCO3- and tCO2.

2.2.3.2

Hormone Assays

2.2.3.2.1

Leptin

Plasma leptin was measured using a specific radioimmunoassay based on recombinant
bovine leptin and an antiserum raised in an emu (Dromaius novaehollanandiae) (Blache et
al. 2000). This assay took place over 6 days at the University of Western Australian,
Division of Animal Science.

2.2.3.2.2

Thyroid hormones

Plasma concentrations of triiodothyronine (T3) and thyroxine (T4) were measured using a
non – extraction assay as modified in the University of Western Australia, Department of
Animal Science laboratory and described by Blache (2001) and Zhang (2005).

2.2.4 Monitoring of core temperature
Core temperature of sheep was monitored using both telemeters and loggers (See
Appendix 2 and 3 for telemeter and logger details respectively). Telemeters enabled real
time monitoring of core temperature by transmitting the internal core temperature via
signals received on a radio receiver tuned to the appropriate frequency (AR8000, A.O.R.,
Japan) and pulse period (which was proportional to temperature). The signal was logged
by dedicated software running on a computer interfaced with the receiver. The software ran
continuously, scanned each frequency sequentially, measured the time taken to receive 30
pulses from the telemeter (to millisecond resolution), converted the pulse period to
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temperature using individual calibration coefficients determined before implantation, and
stored temperature data to disk in real time. Accuracy of the telemeters was 0.1˚C.
Recorded radio telemetry data was scanned for spurious data, which were removed
manually. Data were then smoothed (using a binomial smoothing procedure) and 30
minute averages calculated for all analyses performed.
Core temperature data from the loggers could be downloaded on removal of the
device from the animal. They had an accuracy of one sampling step of the logger (0.04˚C).
The scan interval of the loggers was set for 5 to 15 minutes, depending on the study
(Appendix 2). Data was downloaded using Boxcar Pro software (Onset Computer Corp,
Massachusetts, USA) and 30 minute averages were calculated for all analyses performed.
Both loggers and telemeters were water proofed before surgical implantation into
the sheep. This process involved wrapping the logger or telemeter in plastic cling wrap
(The Glad Products Company, USA) and gas tape and then dipping in an inert wax at 60oC
(Sasolwax EXP987, Sasolburg, South Africa) approximately five times until they were
smooth and waterproof. Non-absorbable synthetic suture material (0.4mm, Vetafil
Bengen®, Germany) was secured under the wax with approximately 30cm protruding from
the wax to enable the logger/ telemeter to be secured to the abdominal cavity. The loggers
and telemeters were calibrated against a high accuracy certified quartz thermometer (Quat
100, Heraeus, Hanau, Germany) in an insulated water bath over a range of 39 to 42˚C.

2.2.4.1

Surgical Procedure for implantation of core temperature monitors

One to two weeks before the experiment commenced, sheep were surgically
implanted with the temperature sensing loggers and telemeters into the right side of the
abdominal cavity. The loggers and telemeters were immersed in 0.5% chlorhexidine
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alcoholic solution for 20 hours before surgery. Sheep were held off feed, but allowed
water, for 15 hours before surgery and then weighed. These fasted weights were used to
determine dose rates.
The sheep were sedated with xylazine (Xylazil-20®, Troy laboratories, Australia)
given intramuscularly (0.1 mg/kg), or as an epidural injection (0.01 mg/kg) made up to 1
mL with lignocaine hydrochloride (Lignocaine 20®, Troy laboratories, Australia). The
epidural injection was administered into the lumbosacral space, identified by moving the
tail up and down. The injection site was clipped and surgically prepared by scrubbing with
Betadine scrub and wiping with ethanol. A 20-gauge 1-inch needle was inserted into the
epidural space between the last lumbar and first sacral vertebrae, and the placement was
considered correct if the mixture could be injected without pressure. Both methods gave
adequate sedation after 10 to 20 minutes.
Paravertebral blocks were then performed on the right side of the sheep, at lumbar
vertebrae one, two and four. The area was clipped and prepared with Betadine scrub and
ethanol, and 5 ml lignocaine hydrochloride was injected above each transverse process and
5 to 10 ml injected below, to anaesthetise the lumbar nerves innervating the surgical site in
the right paralumbar fossa. The remainder of the surgical site was then clipped and
prepared.
Surgical implantation of the telemeters and loggers was performed as a sterile
procedure through an incision high in the right paralumbar fossa. The telemeters and/or
loggers were sutured to the inside wall of the abdomen with the attached non-absorbable
suture material, and then the incision site was sutured closed.
All sheep received an intramuscular injection of long acting oxytetracycline
(1ml/10 kg Alamycin LA, 300 mg/ml, Norbrook laboratories, Australia) for broad
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spectrum antibiotic cover and flunixin meglumine (2.2 mg/ kg Flunixil®, 50 mg/ml, Troy
laboratories, Australia) for analgesia, at the time of surgery.
The sheep were monitored carefully for recovery from the sedation, and then
penned in groups with access to hay and water. Sheep were given access to pelleted feed
six hours after surgery. Daily monitoring post surgery included measuring rectal
temperature, rumen motility, and assessment of the surgical site for any signs of
inflammation or infection. Sheep were given an intramuscular injection of long acting
oxytetracycline (1ml/10 kg Alamycin® LA, 200 mg/ml) again at 2 and 4 days after surgery
if they had a continually high rectal temperature. During the CCR studies, rectal
temperatures taken daily gave an indication of if infections were present, as did continual
observation of wound site.
Removal of the temperature sensors was performed in a similar way, with animals
sedated, and sterile surgical technique used to retrieve the sensors from the abdominal
cavity. The site was sutured closed and antibiotic cover, analgesia, and monitoring
conducted as before.

2.2.5 Monitoring of ambient conditions
Carbon dioxide, dry bulb temperature and relative humidity were measured using a
hand held Testo 445 VAC measuring instrument (Testo Australia, Victoria, Australia).
Wet bulb and dry bulb temperature was measured using a precision sling psychrometer
(Brannan, UK). Ammonia concentration in the rooms was monitored using a Neotox Mk5
ammonia meter (Nutech Australia, Western Australia). T-tec dataloggers (Temperature
technology, South Australia) were suspended at a midpoint in Rooms 1, 2 and 3 at a height
of approximately 2 meters for the duration of the experiment. The data loggers made
continuous recordings of dry bulb temperature and humidity throughout the study with an
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accuracy of ± 0.2˚C dry bulb and ± 0.2% relative humidity. Wet bulb temperature (˚C) was
calculated from dry bulb temperature and relative humidity (Hemp 1989).
Thermal heat index (THI) was calculated using the equation developed by Thom (1959):
THI = dry bulb temperature + 0.36 (dew point) + 41.2
The catagories used for the THI values are as follows, Alert (75 – 78), Danger (79 –
83) and Emergency (equal to or greater than 84) (LCI 1970). Accumulated recovery THI
hours below particular thresholds were calculated as in Hahn et al. (1999) using the THI
thresholds of 74, 72 and 70. Accumulated THI hours above particular thresholds were also
calculated as in Hahn et al. (1999) using the THI thresholds 73, 79, 84. Accumulated THI
was calculated for each of these thresholds using the equation below, developed by Hahn
et al. (1999) and explained by Sparke et al. (2001).
Accumulated THI = sum of (THI threshold (E.g. 74) – actual THI)
Heat load index (HLI) was calculated using black globe temperature as calculated
in equation (i). The equation for HLI differed depending on the black globe temperature
(BGT), where if the BGT was below 25, HLI was calculated using equation (ii) and if
BGT was above 25, HLI was calculated using equation (iii). Equations were sourced from
Gaughan et al. (2002) and are shown below;
(i)

BGT = 1.33Ta – 2.65 √Ta + 3.21 log(SR + 1) + 3.5

(ii)

HLI = 10.66 + 0.28RH + 1.3BGT – WS

(iii)

HLI = 8.62 + 0.38RH + 1.55BGT – 0.5WS + exp(-WS + 2.4)

where: Ta = dry bulb temperature (˚C); SR = solar radiation (W/ m2); RH = relative
humidity (%); WS = wind speed (m /s)

92

2.2.6 Live weight
Animals were fasted for 15 hours before being weighed but had access to water.
Animals were weighed before the experiment on the day of entering the experimental
rooms and after the experiment on the day after leaving the experimental rooms. Live
weight was determined using Eziweigh 1 scales (Tru – test, New Zealand).

2.3

Statistical analysis
A 5% level of significance was used throughout. Statistical analysis in this thesis

was carried out using SPSS 12.0.1 for Windows.

2.3.1 Change

in

physiological

variables

with

increased

ambient

temperature
The period before exposure to increased environmental temperature was termed the
pre-heat period. During this pre-heat period, measurements were made of physiological
variables and these were compared to subsequent days when sheep were exposed to
increased environmental temperature. The number of measurements taken during the pre –
heat period and the length of time of the pre-heat period depended on the physiological
variable and the particular study, and these are detailed within the relevant sections of each
experimental chapter. The pre-heat period for core temperature extended from when all
sheep had recovered from the surgery (2 to 3 days following surgery) until the CCR rooms
were first turned on and environmental temperature increased. The pre – heat measurement
of all other physiological variables took place while sheep where in the CCR or Room 3,
before the CCR was turned on. Blood and urine variables were measured on one day
during the pre-heat period and compared to subsequent blood and urine samples taken at
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the same time of day to avoid circadian influence. Pre – heat measurement of respiratory
rate, panting score and rectal temperature took place three times daily over at least 2 days,
depending on the study, to account for circadian rhythms. Pre – heat measurement of feed
and water intake was for at least 2 days, depending on the study.
Pre - heat values for each sheep were determined by averaging all measurements of
the particular physiological parameter during the pre – heat period. A two-way ANOVA,
with animal and day as fixed factors and mean daily measurement as the dependant
variable, tested for an overall change over days from that during pre - heat. When the
overall effect of days was significant, the Dunnett t-test compared the mean daily
measurement of each day with the pre – heat value. The main hypothesis was accepted if
measurements significantly differed from that of the pre – heat value (p< 0.05). The
Dunnett t-test alleviated inflated probabilities of type 1 errors when examining which days
were significantly different to those days at thermoneutral temperatures.
The same statistical analysis determined any change in physiological variables of
sheep kept at prevailing environmental temperature for the entirety of the study. Initial
physiological measurements were determined at the same times as pre – heat
measurements on sheep in the CCR and these initial physiological measurements were
compared to physiological measurements on subsequent days of the study in the same way
as described in the previous paragraph.

2.3.2 Difference in physiological variables at pre – heat compared to that
following heat exposure
The change in physiological variables from pre - heat measurements (measurement
1) to measurements immediately before leaving the CCR or immediately after leaving the
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CCR (measurement 2) was determined using a one-sample t –test. Measurement 1 was
subtracted from measurement 2 for each sheep. A one-sample t –test was then performed
for each class of sheep to determine if the difference between measurements 1 and 2 was
significantly different from zero.
The same statistical analysis determined change in physiological variables of sheep
kept at prevailing environmental temperature in Room 3. Initial physiological
measurements (measurement 1) was determined at the same times as pre – heat
measurements were made on sheep in the CCR and these initial physiological
measurements were compared to physiological measurements immediately before or after
sheep being removed from Room 3.

2.3.3 Change in core temperature
Measurement of core body temperature (CBT) within this study took into account
its diurnal variability by recording core temperature at frequent intervals throughout the
day (5 to 15 minute intervals). Daily mean, minimum and maximum core temperatures
were statistically analysed to account for daily diurnal range in core temperatures. In this
thesis, three different heat stress thresholds (HST) were determined, HST 1, 2 and 3.
Definitions for the HST are as follows,
HST 1: The daily mean wet bulb temperature on the day that daily mean CBT first
significantly increased above pre-heat values.
HST 2: The daily mean wet bulb temperature on the day that daily mean CBT first
significantly increased 0.5˚C above pre-heat values.
HST 3: The daily mean wet bulb temperature on the day that daily mean CBT first
significantly increased 1˚C above pre-heat values.
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Heat stress thresholds 1, 2 and 3 were also determined for daily minimum and
maximum CBT.
The significant elevation of CBT was determined using Method 1 and Method 2, as
outlined below. The major difference between these methods was that Method 1 analysed
HST by grouping sheep together resulting in one significance level for the entire group for
each HST. This did not allow examination of between animal variations and therefore a
second method was devised, being Method 2. This method analysed each sheep
individually, so that the HST for each sheep could be determined before the group HST
was determined.

2.3.3.1

Method 1

This method is similar to that described in Section 2.3.1. The ‘pre - heat’ mean,
minimum and maximum core temperature and daily mean, minimum and maximum core
temperature under heat exposure were calculated for each sheep. A two-way ANOVA,
with animal and day as fixed factors and mean, minimum or maximum core temperature as
the dependant variable, tested for an overall change over days from that at pre - heat. A
Dunnett t-test compared the mean, minimum and maximum core temperature of each day
with the pre - heat mean, minimum and maximum core temperature respectively. Heat
stress threshold 2 and 3 were determined in the same way; however, 0.5 and 1 was added
to the pre - heat values to determine when core temperature was above HST 2 and 3
respectively as described above.

96

2.3.3.2

Method 2

Pre-heat core temperature was determined by averaging the daily mean, minimum
and maximum core temperature of sheep during pre-heat. The daily mean, minimum and
maximum core temperature for each sheep was then calculated while they were exposed to
increasing wet bulb temperature. The day on which the mean, minimum or maximum core
temperature was above the 5% confidence interval of the pre-heat core temperature was
established as the day on which core temperature of each sheep reached heat stress
threshold 1 (HST 1). HST 2 and 3 was determined by adding 0.5 and 1 respectively, to the
pre - heat mean, minimum and maximum core temperature and using the same method
above to determine when core temperature was above each HST.
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CHAPTER 3
Physiological responses of sheep to environmental conditions
similar to live export from Australia to the Middle – East

3.1

Introduction
The live export trade is an important part of the sheep industry in Australia, with

approximately 4.2 million sheep exported live from Australia in 2005/06 (Meat and
Livestock Australia 2006). Sheep for live export are sourced from all parts of Australia,
but mostly from the southern regions of Western Australia and are transported live, via
ship, generally to the Middle-East (Meat and Livestock Australia 2006). The majority of
live sheep exports are Merino wethers; however, exotic fat tail sheep are also becoming
increasingly important to the live export trade (Young et al. 2002). Awassi rams make up a
considerable part of fat tail exports and are the most established of the fat tailed breeds in
Australia (Young et al. 2002).
The welfare of sheep during live shipment has been under scrutiny for some time
following a number of high death-rate shipments (Keniry et al. 2003). However, continued
improvement in the housing, feeding and ventilation for sheep during live shipment has
helped mortality rates decrease from 4% in the 1970s to 1.5% in recent years (Norris and
Norman 2002). Now that mortality rates are being reduced, further emphasis can be placed
on production parameters and comfort of the animals so that they reach their destination in
the optimum condition, with minimum distress. Of particular interest are the physiological
changes of sheep resulting from the hot, humid conditions the animals encounter in
equatorial regions during live shipment. Wet bulb temperature on board the ships
commonly reaches 30˚C with little diurnal relief from these high temperatures at night
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(Norris and Richards 1989). There are also high numbers of animals per unit area
compared with farm conditions, with minimum pen area per head ranging from 0.26 m2 to
0.66 m2 depending on weight and time of year (ALES 2003). With increased stocking
densities there is a greater heat production per unit area, adding to the heat load an animal
is exposed too (Hahn 1985; Schrama et al. 1996; Stacey 2002). With prolonged exposure
to such conditions, the animals’ physiological systems to maintain homeostasis are
challenged.
A good understanding of the physiological mechanisms of how sheep respond to
sustained periods of high temperature and humidity is required in order to find out how to
reduce the physiological stress of an animal during live shipment. There has been
research undertaken many years ago on heat stress and excessive heat load of Merino
sheep (Lee 1950; Macfarlane et al. 1958; Macfarlane et al. 1966; Hales and Webster
1967; Hales 1973a) and to a lesser degree, fat tailed sheep (Roslyakov and Vasenko
1953; Tapil’skii 1959; Bhattacharya and Uwayjan 1975; Degen and Shkolnik 1978).
Physiological responses of sheep to high temperatures include increased respiratory rate
(Hales and Webster 1967; Thwaites 1985), increased core temperature (Klemm 1962;
Hales and Webster 1967; Thwaites 1985; Hales 1973b), increased water intake
(Macfarlane et al. 1956) decreased feed intake (Dixon et al. 1999) and respiratory
alkalosis (Hales and Webster 1967). Collectively, these changes present a considerable
challenge to the animal and therefore a welfare concern.
However, little is known of the physiological changes in sheep subject to
prolonged periods of excessive heat load with no diurnal relief, as can occur in the live
export industry. Of significance, in this context, is the contribution of the high humidity
experienced on board ships in equatorial regions, compared to conditions experienced by
animals on land, where conditions are generally less humid, and there is the contribution
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of air movement to cooling. Much of the work referenced above has been performed at
relatively low humidity.
This experiment aims to determine the physiological changes of Merino wethers
and Awassi rams when exposed to prolonged periods of high heat and humidity similar to
that experienced during live export. These two specific classes of sheep were chosen, as
they are the two major breeds of sheep that are shipped to the Middle- East. Merino’s are
most commonly shipped as wethers; while, Awassi’s are most commonly shipped as rams
(Norrsi and Norman 2002; Young et al. 2002). Determination of physiological changes of
sheep to these conditions will indicate if alternative methods of management are needed;
in particular, the need for electrolyte supplementation of sheep during shipment, as has
been suggested by industry. The hypothesis tested in this study is that both Merino and
Awassi sheep sourced from southern Western Australia exposed to prolonged heat and
humidity will develop measurable changes in physiological variables such as increased
core temperature, respiratory rate, and acid base imbalances, resulting in respiratory
alkalosis and electrolyte imbalances.
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3.2

Materials and Methods
A detailed description of methodology was provided in Chapter 2 of this thesis.

This section builds on that chapter, describing methodology unique to this study.

3.2.1 Animals
Twenty Merino wethers and eight Awassi rams were sourced from southern
Western Australia. These classes of sheep are typical of those live exported from Australia
to the Middle-East. From these sheep, twelve Merino wethers (Group A) and six Awassi
rams were selected to go into the climate controlled rooms (CCR) (Room 1 and 2) and a
further six Merino wethers (Group B) were kept in a room held at prevailing
environmental temperatures (Room 3). Sheep were selected based on temperament and live
weight. Rejected sheep had the highest weight deviations from the mean or exceptionally
nervous or aggressive temperament. Fleece length was within the guidelines recommended
for live export (ALES 2003). Merino wethers had a wool length of 15mm, while Awassi
rams are shipped unshorn and therefore in this experiment, had an unshorn wool/ hair
length of 90mm.
The experiment was conducted during March and April with the sheep therefore
being summer acclimatised. Sheep were familiarised with human contact for 2 weeks
while in a paddock environment by running them through a race daily. They were then
moved into group pens in a barn and handled frequently for a further 2 weeks where they
were also familiarised with pelleted feed (the same type fed in the experiment). The regime
for introducing the pelleted diet is described in detail in the General Material and Methods
(Section 2.2.2).
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Table 3.1 Description of Experimental Animals

Sheep

Sex

Number of
sheep

Age
(years)

Average weight
(kg ± sem)

Body Condition
Score (1-5)

Merino
(Group A)

Wether

12

3

53.4 ± 1.87

3

Awassi

Ram

6

2

53.4 ± 2.34

2

Merino
(Group B)

Wether

6

3

53.3 ± 1.58

3

3.2.2 Experimental rooms
Three Awassi and six Merino sheep were individually penned in each of the two
CCR (Rooms 1 and 2). Assignment to pens was strategic so that there were equal numbers
of Awassi and Merino sheep in each room. The Awassi rams were penned so that they
could clearly see at least one of the other Awassi rams and within these constraints,
individual assignment to pens was random. The further six Merino wethers (Group B)
were individually penned in a room kept at prevailing environmental temperature (Room
3). These rooms are described in detail in the General Materials and Methods (Section 2.1).
Dry bulb temperature and moisture content of the air in Rooms 1 and 2 were
changed over a period of 14 days to mimic a typical long haul ship voyage from Western
Australia to the Middle-East, as described in voyage reports (MAMIC 2000a; b). The wet
bulb temperature was held relatively constant over the 24 hour period, to mimic the lack of
diurnal variation in environmental temperatures experienced by animals transported in
equatorial regions. The aim was to gradually increase room temperatures and hold the
sheep at a maximum of 30 to 32˚C wet bulb for 5 days. Rooms were then to be cooled to
prevailing environmental temperatures for 1 day followed by a second, 2 day heat period
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with similar temperatures to that of the first heat period. The rooms were then gradually
cooled down again to prevailing environmental temperatures. The two heat periods were to
mimic changes in ambient temperature during the voyage, where sheep may be exposed to
high temperatures for a few days followed by a respite from these temperatures before
ambient temperatures increase again. Heat periods were aimed to cause clinical heat stress
without death. The heaters and humidifiers for the rooms were turned on at 0800 hours and
new room conditions set at 0800 hours on any given day.

3.2.3

Measurements
Measurements were taken of pulse and respiratory rate (RR), rectal, core

temperature and blood and urine variables. These measurements are described in detail in
Chapter 2.

3.2.3.1

Physiological measurements

Rectal temperature was taken twice daily, at 0700 and 1600 hours. Respiratory rate
was measured three times daily at 0700, 1200 and 1600 hours. Pulse rate was taken at 0700
hours daily, via the femoral artery by palpation over fifteen seconds and then the figure
converted to pulses per minute.

3.2.3.2

Feed and water

Sheep were fed commercial export pellets (Milnes shipper pellets; see Appendix 1
for feed test). Pellets were fed at maintenance (2.25% of live weight, as fed), in individual
buckets, divided into two equal feeds per day at 0700 and 1200 hours. Water was available
ad libitum and was topped up as described in Section 2.2.2. Both feed and water intakes
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were measured in this study using methods described in General Materials and Methods
(Section 2.2.2).

3.2.3.3

Core Temperature

Eight days before entering the CCR, Awassi and Merino sheep were surgically
implanted with telemeters and/ or loggers for determination of core temperature (See
Section 2.2.4 for surgical details). Core temperature measurement began 3 days following
the surgery (d -5), with pre-heat core temperature determined while sheep were exposed to
prevailing environmental temperatures before entering the CCR (d -5 to -0) and while in
the CCR (d 1 to 2). This gave a total of 8 days exposure to the prevailing environmental
temperatures to determine the pre-heat core temperature of the sheep.
In eleven of the eighteen sheep in the CCR, a telemeter was inserted as well as a
logger (see Appendix 2 and 3 for logger and telemeter details respectively). The remaining
thirteen sheep had only a logger inserted. Selection of sheep to be implanted with
telemeters was strategic, with three Merino wethers from each CCR, two Awassi rams in
Room 1 and three Awassi rams in Room 2 implanted with the telemeters. Implantation of
telemeters enabled a real time indication of how sheep in each room were coping with the
increasing ambient temperature, but only eleven telemeters were available for this
experiment.
Merino wethers in Room 3 were not implanted with core temperature loggers or
telemeters. Measurement of rectal temperature was deemed sufficient as it was highly
unlikely that sheep would be experiencing heat load during exposure to prevailing
environmental conditions.
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3.2.3.4

Blood sampling

Blood samples were collected as described in Section 2.2.3. Blood samples were analysed
for:
-

Blood gas (pH, pCO2, aBE, HCO3-). See Section 2.2.3.1 for analysis

-

Haematological profile, plasma protein and packed cell volume

-

Electrolytes (sodium, potassium, chloride, calcium and magnesium), urea and
creatinine

Table 3.2 Schedule of blood collection for analysis of blood variables

Blood sample analysis
Day of study

Time of blood

Blood gas,

Haematological

Plasma protein

collection (hours)

electrolytes, urea

profile

and packed

and creatinine
2

cell volume

0600 and

X

1600

X

3

1600

X

X

4

1600

X

X

5

1600

X

X

6

1600

X

X

X

8

1600

X

X

X

10

0600 and

X

1600

X

12

1600

X

X

X

14

0600 and

X

1600

X

X

17

1600

X

X

26

1600

X

X

105

X

X

X

3.2.3.4.1

Electrolytes

Plasma samples were obtained from each sheep as described in Section 2.2.3. In a
batch, plasma samples were analysed for urea, creatinine and blood electrolytes sodium,
potassium, magnesium, calcium and chloride by Vet Path Laboratory Services Pty Ltd
(Belmont, Western Australia). Plasma concentrations of Na, K and Cl were measured
using a diluted ion selective electrode method on an Olympus AU400 Automated
Chemistry Analyser (Olympus Analysers, Tokyo, Japan). Urea, creatinine, Mg and Ca
concentrations in plasma were measured using respective liquid reagents (Integrated
Sciences, Melbourne, Australia) on an Olympus AU400 Automated Chemistry analyser
(Olympus Analysers, Tokyo, Japan).

3.2.3.4.2

Haematology

Blood was also transferred from each 20 ml syringe immediately after collection
into 2ml EDTA tubes (Sarstedt Australia, Technology Park, South Australia) which were
refrigerated before analysis of haematological variables, plasma protein and packed cell
volume. Analysis was done within 24 hours of collection.
Haematological variables were measured using a Roche Cobas Minos Haematology
machine (RAB 012 A Ind.A) housed in the Murdoch University Veterinary Hospital
Clinical Pathology Laboratory (on site). The complete blood count included a white blood
cell (WCC) and red blood cell count (RBC), platelets (PLT), and haemoglobin (Hb).
Packed cell volume (PCV) and total plasma protein was assessed using a Microhaematocrit
centrifuge (Clements Medical Equipment, Australia) and a Micro Haematocrit reader
(Clements Medical Equipment, Australia).
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3.2.3.5

Urine sampling

Urine was collected during the study at 1600 hours on the days that blood was
collected. Urine was collected into a 75 ml sterile urine pot (Sarstedt Australia Technology
Park, SA) attached to a urine harness (Figure 3.1). If the urine appeared grossly dirty it was
spun down in a centrifuge and decanted before analysis. Urine pH and specific gravity was
measured within 1 hour of collection. Specific gravity was measured using a Leica 10436
veterinary refractometer (Leiza, Buffalo, New York). Urine pH was measured using an
ISFET pH meter KS723 (Shindengen Electriz MfG. Co., Ltd). Urine was separated into
three aliquots, and frozen plain. Electrolyte concentrations (Na, K, Cl, Ca and Mg) were
analysed using the frozen urine samples in the same way as plasma samples (Section
3.2.3.5)

Figure 3.1 Urine Harness

3.2.3.6

Room Conditions

Carbon dioxide and ammonia concentration, dry bulb temperature and relative
humidity were measured three times daily at 0700, 1300 and 1600 hours, and temperature
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and humidity of all rooms were logged throughout at 10 minute intervals. See Chapter 2
for details on measuring equipment.

3.2.3.7

Live weight

Before measurement of live weight, sheep were held off feed for 15 hours but had
access to water. Sheep were weighed immediately before allocation to individual pens
within the experimental rooms (d 1). Live weights were again measured on the day
following removal of the sheep from the experimental rooms (d 18). Details of how sheep
were weighed are described in Chapter 2.

3.2.4

Statistical analyses
The statistical test used to determine significant change in rectal temperature,

respiratory rate, heart rate, blood gas, electrolyte and haematological variables, urine
variables, and feed and water intakes from that at pre-heat conditions, from d 3 to 17 and d
26 is described in the General Materials and Methods (Section 2.3.1). Pre – heat
measurements took place on d 1 and 2 for statistical tests on rectal temperature, respiratory
rate, heart rate, and feed and water intakes. For statistical tests on blood and urine
variables, pre – heat measurements were determined on d 2. Blood pre-heat measurements
at 0600 and 1600 hours were compared to subsequent blood samples taken at the same
times of day during the study.
Weight change of sheep from d 1 to d 18 of the study was determined using the
statistical test described in the General Materials and Methods (Section 2.3.2). Direct
comparison between Awassi and Merino sheep was not done in this study. However,
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weight change was compared between the Merino groups. This was done using a two –
sample t – test.
Pre – heat measurement of core temperature took place from d -5 to 2 of the study.
A significant increase or decrease in core temperature from pre – heat and a 0.5 and 1˚C
increase above that at pre-heat conditions was determined from d 3 to 24 of the study,
using Method 1 as described in General Materials and Methods (Section 2.3.3.1).
Comparison between core temperature range at pre-heat (d -5 to 2) to that following the
removal of sheep from the CCR (d 18 to 24) was done by averaging the daily core
temperature range (12am to 11.30pm) of the sheep during pre-heat (d -5 to 2). Analysis
described in Section 2.3.1 compared range at pre – heat to each successive day following
removal of sheep from experimental rooms (d 18 to 24).
The same analysis was done when comparing the pre-heat range in core
temperature to the range in core temperature while sheep were in the CCR; however, core
temperature range was determined between 0900 and 0700 hours the following day for
both pre- heat (d -5 to 2) and from d 3 to 17 to account for room temperature change while
sheep were in the CCR. Mean daily range in core temperature during pre - heat was
compared to mean range in core temperature during the heat periods (d 6 to 8 and 11 to
14).
Unless otherwise stated, days on figures which were significantly different from
pre – heat (p< 0.05) are represented by “a” for Awassi rams, “b” for Group A Merino
wethers and “c” for Group B Merino wethers.
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3.3

Results

3.3.1 Environmental conditions
The heaters and humidifiers of CCR 1 and 2 were first turned on at 0800 hours on
day (d) 3, resulting in wet bulb temperature increasing above that at pre-heat. There were
two heat periods during the study which were separated by a middle cool down period
(Figure 3.1). The middle cool down period was due to equipment failure from an electrical
storm, resulting in room temperatures returning to prevailing environmental temperatures
on d 9. As a result, the first heat period was 2 days shorter than described in the Materials
and Methods (Section 3.2.2). To compensate for this, the second heat period was extended
2 days longer than first intended.
The CCR did not achieve the required wet bulb temperature of 32˚C during the heat
periods. This was again due to equipment problems, resulting in CCR 1 and 2 reaching a
maximum wet bulb temperature of 31˚C (Figure 3.1) and a dry bulb maximum of 37˚C
(Figure 3.3). Wet bulb room temperatures in Room 3 ranged from 13 to 22˚C (Figure 3.1)
and dry bulb temperature ranged from 16.4 to 26.9˚C (Figure 3.2).
Regular changing and addition of bedding in CCR 1 and 2 and the use of an
exhaust fan in Room 3 kept atmospheric ammonia concentrations to a minimum. In CCR 1
and 2, ammonia concentration reached a maximum of 16 to 17 ppm during the first and
second heat period (data not shown). In Room 3 ammonia concentrations reached a
maximum of 8 ppm at the beginning of the study and this concentration decreased to range
from 0 to 4 ppm during the second week of the study. Carbon dioxide in the rooms ranged
from 0.05 to 0.11% during the study (data not shown).
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Figure 3.1. Two hourly mean wet bulb temperature in climate rooms 1 and 2 () and in Room 3 (o). Shaded
bars represent the times when heat periods took place.
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Figure 3.2. Two hourly mean dry bulb temperature in climate rooms 1 and 2 () and in Room 3 (o). Shaded
bars represent the times when heat periods took place.
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3.3.2 Core temperature
The pre–heat daily mean core temperature of Group A Merino wethers was 39.1 ±
0.07˚C (Figure 3.3 and 3.4). Core temperature of Group A Merino wethers first increased
above that at pre-heat (p< 0.05) on d 5 when wet bulb temperature was 27˚C (HST 1). Core
temperature remained above that at pre-heat throughout both heat periods (p< 0.01) and
reached a mean maximum of 40.7˚C at the end of the second heat period (d 14 at 1430
hours) when wet bulb temperature was 31˚C. Mean core temperature returned to be no
different from that at pre - heat when room temperature decreased during the middle cool
down period (d 9) and following the second heat period (d 15) (Figure 3.3).
Mean core temperature of Group A Merino wethers increased 0.5˚C above that at
pre-heat (p< 0.01) on d 7 when wet bulb temperature was 29.4˚C (HST 2) and increased
1˚C above that at pre–heat (p< 0.05) on d 13 when wet bulb room temperature was 30.2˚C
(HST 3).
Group A Merino wethers had a daily circadian rhythm (range) of 0.8 ± 0.02˚C
before entering the CCR (d -5 to 2). Core temperature range did not decrease below that at
pre–heat during the heat periods in spite of little diurnal variation in wet bulb temperature.
The daily maximum core temperature occurred between 1300 and 1800 hours and daily
minimum core temperature occurred between 2330 and 0930 hours on days during the heat
periods. After removal of Group A Merino wethers from the CCR, core temperature range
was greater that that at pre - heat, with a mean daily range of 1.1 ± 0.04˚C (d 18 to 24). The
greater range in core temperature once leaving the CCR was predominantly due to the
lower daily minimum core temperature (p< 0.01) (Figure 3.4).
The daily mean core temperature of Awassi rams during the pre - heat period (d -5
to 2) was 39.0 ± 0.14˚C. Mean daily core temperature of Awassi rams did not increase
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above that at pre-heat during the study. However, individual analysis using Method 2
(Section 2.3.3.2) found that two of the six Awassi rams had a core temperature that
increased above that at pre-heat. This first occurred during the second heat period on d 11
and 13; however, on d 14 when room temperature was greater (31˚C), the core temperature
of these sheep was not different from that at pre-heat. The mean maximum core
temperature reached by Awassi rams was 39.6˚C (d 14 at 1330 hours) with 39.9˚C being
the highest maximum reached by an Awassi ram, also on d 14 (1400 hours). During the
heat periods, the daily maximum core temperature of Awassi rams occurred between 1200
and 1630 hours and the daily minimum between 0300 and 1000 hours.
The daily circadian rhythm (range) of Awassi rams before entering the CCR was
0.9 ± 0.04°C (d -5 to 2). The range in core temperature of Awassi rams was generally not
different to that during the pre - heat period while sheep were in the CCR, except on d 6 of
the first heat period (p< 0.05) and d 11 to 13 of the second heat period (p< 0.01) when core
temperature range was lower than at pre - heat. After removal of sheep from the CCR, the
daily range in core temperature of Awassi rams was not different to that at pre – heat.
There was a strong positive linear relationship between core temperature and rectal
temperature of Group A Merino wethers (R2 = 0.99) indicating that rectal temperature gave
an accurate indication of core temperature. The rectal temperature of Group B Merino
wethers ranged from 38.3˚C to 39.3˚C during the study and did not increase above that at d
1 and 2 (Figure 3.3).
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Figure 3.3 Two hourly mean core temperature of Awassi rams (■), Group A Merino wethers (∆) and mean
rectal temperature of Group B Merino wethers (○). Shaded bars represent the times at which the heat periods
took place.
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Figure 3.4 Daily maximum (∆), mean (■) and minimum (○) core temperature measurements of Group A
Merino wethers (i) and Awassi rams (ii). Shaded bars represent the times at which the heat periods took
place. Significant change (p< 0.05) from that at pre - heat (d -5 to 2) indicated for (a) maximum, (b) mean
and (c) minimum core temperature. Horizontal lines on graphs (----) indicate pre-heat (A) maximum, (B)
mean and (C) minimum core temperature.
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3.3.3 Respiratory rate
On d 1 and 2 of the study before the CCR being turned on, the mean respiratory
rate (RR) of Group A Merino wethers was 51 ± 3 breaths per minute (bpm). The RR
increased from that at pre - heat (p< 0.01) to average 96 bpm on d 4 when wet bulb
temperature was 24.5˚C (Figure 3.5). The mean RR of the Group A Merino wethers rose
during the first heat period to reach a maximum of 207 ± 8 bpm on d 8 (1600 hours), with
some Merino wethers recording a maximum of 250 bpm during this time. During the
second heat period, mean RR of Group A Merino wethers did not increase above that of
the first heat period; however, the highest individual maximum of 300 bpm was reached by
Group A Merino wethers during the second heat period (d13, 1600 hours). The decrease in
mean RR on d 14 corresponds with all Group A Merino wethers open-mouth-panting.
Some Group A Merino wethers began open mouth panting on d 7 and 8 when the wet bulb
temperature was 29.7˚C. While open mouth panting, Group A Merino wethers were not
seen to have their tongues out and therefore open mouth panting in this study was typical
of panting score 3 (General Materials and Methods, Table 2.1).
Similar to core temperature, RR of Group A Merino wethers was greater in the
afternoon (1600) compared to in the morning (0700), with mean RR having a daily range
of 43 ± 11 bpm during the heat periods.
The mean RR of Awassi rams during the pre – heat period was 41 ± 5.0 bpm. The
RR of Awassi rams increased from that at pre - heat to average 90 bpm by d 5 when wet
bulb room temperatures reached 27.7˚C (p<0.01) (Figure 3.5). RR rose during the first heat
period (p<0.01) to reach an average maximum of 142 bpm on d 8. During the second heat
period, RR reached an average maximum of 136 bpm on d 13. Awassi rams showed no
sign of open mouth panting during the study. Similar to Merino wethers, the RR of Awassi
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rams was greater in the afternoon compared to in the morning, with a mean daily range of
27 ± 4 bpm during the heat periods.
Group B Merino wethers had a mean RR of 52 ± 6.7 bpm on d 1 and 2 of the study.
The RR of Group B Merino wethers ranged from 26 to 77 bpm during the study and did
not increase above that on d 1 and 2 during the study. Group B Merino wethers had a mean
daily range in RR of 18 ± 3 bpm from d 2 to 17 of the study (Figure 3.5).
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Figure 3.5 Mean respiratory rate of Awassi rams (■), Group A Merino wethers (∆) and Group B Merino
wethers (O) daily at 0800, 1200 and 1600 hours. Points show mean ± SEM. Shaded bars represent the times
when heat periods took place.
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3.3.4 Blood gas measurements
Venous blood pCO2 of the Group A Merino wethers decreased from that at pre heat (d 2) during the second heat period (p<0.01), reaching a minimum of 31 mm Hg on d
14 (p< 0.01) (Figure 3.6). Following the pattern of respiratory rate, pCO2 quickly returned
to pre-heat concentrations on d 17 once room temperatures decreased, and concentrations
were greater than pre-heat after the experiment, on d 26 (p< 0.05). The diurnal change in
RR corresponded to the diurnal change in pCO2 for Group A Merino wethers on d 14,
where venous blood pCO2 was greater and RR was lower in the morning than the
afternoon (p< 0.01) (Figure 3.6).
Blood bicarbonate concentration of Group A Merino wethers decreased to be lower
than d 2 on d 5 (p< 0.05). Blood bicarbonate fell even further by the end of the first heat
period on d 8 (p< 0.01) (Figure 3.6). As with blood pCO2, blood bicarbonate concentration
reached a minimum (21.2 ± 0.70 mmol/ L) by the end of the second heat period on d 14.
The blood pH of both Merino groups followed a similar trend throughout the study.
Blood pH of Group A Merino wethers rose during the second heat period from that at pre heat (p<0.01); however, Group B Merino wethers also followed this trend (Figure 3.6).
Blood pH was lower in the morning of d 14 than the afternoon for Group A and B Merino
wethers (p< 0.01) and Awassi rams (p< 0.05) (Figure 3.6).
Blood aBE of Group A Merino wethers was decreased on d 8 from that at pre-heat,
and reached a minimum of -1.3 on d 14 of the study (p< 0.01) (Figure 3.7). Although
Group A Merino wethers showed changes in blood bicarbonate, pCO2, pH and aBE, there
was not a significant increase in the Henderson Haselbach ratio of HCO3-/ 0.03*pCO2 from
normal values of 20 (data not shown).
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Plasma pCO2 of Awassi rams did not change from pre - heat concentrations (d 2)
throughout the study (Figure 3.6). However, plasma bicarbonate and pH decreased from
pre - heat concentrations on d 10 of the study (p< 0.01). Plasma bicarbonate was also lower
than pre-heat concentrations on d 14 at the end of the second heat period (p<0.01). Plasma
aBE concentration of Awassi rams was lower than pre-heat concentration at the end of the
second heat period (d 14) (p< 0.01). Awassi rams did not have an increase in the
Henderson Haselbach ratio of HCO3-/ 0.03*pCO2 from normal values of 20.
Plasma pH, pCO2, bicarbonate and aBE concentration for Group B Merino wethers
did not change from concentrations on d 2 during the study.
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Figure 3.6 Plasma (i) pCO2; (ii) HCO3- and (iii) pH for Awassi rams (■), Group A Merino wethers (∆) and
Group B Merino wethers (O). Shaded bars represent the times when heat periods took place.
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Figure 3.7 Plasma actual base excess (aBE) for Awassi rams (■), Group A Merino wethers (∆) and Group B
Merino wethers (O). Shaded bars represent the times when heat periods took place.

3.3.5 Water and feed intake
Water intake of Group A Merino wethers during the pre-heat period was 1.8 ± 0.25
L/ day and intake increased by d 5 to 3.0 ± 0.36 L/day (p< 0.05) (Figure 3.8). Water intake
remained greater than pre - heat water intake (d 1 and 2) on d 6 and 7 of the first heat
period (p< 0.01) and during the second heat period d 11 to 13 (p<0.01) and d 14 (p<0.05).
Water intake of Group A Merino wethers increased above that of Group B Merino wethers
only during the first half of the second heat period. However, on d 14 of the study when
room temperatures were at the highest point, the water intake of both groups of Merino
wethers was not different. Water intake of Group B Merino wethers was not greater than
initial measurements (d 1 and 2) during the study.
Water intake of Awassi rams during the pre-heat period was 4.0 ± 0.79 L/ day and
increased on d 5 of the study to 7.0 L/day (p<0.05). Water intake of Awassi rams was
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significantly elevated above pre-heat during the first heat period (Figure 3.8). Maximum
water intake of Awassi rams during the first heat period was 7.0 ± 0.58 L/day; however,
during heat period 2, water intake was only significantly greater than pre-heat
measurements on d 13 (p<0.01).
Awassi rams ate all offered feed throughout the study except on d 1 when a single
Awassi ram did not eat everything offered (Figure 3.9). Group A Merino wethers took
until d 4 to begin eating well and increase feed intake from pre - heat intakes (d1 and 2)
(p< 0.01) However, 25% of Group A Merino wethers continually ate poorly whether the
rooms were hot or not (Figure 3.9). By d 9 all Group B Merino wethers were eating
everything offered. Both Awassi rams and Group A Merino wethers did not decrease feed
intake in response to the high heat and humidity imposed during the study.
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Figure 3.8 Mean daily (i) water intake of Awassi rams (■), Group A Merino wethers (∆) and Group B
Merino wethers (O). Points show mean ± SEM. Shaded bars represent the times when heat periods took place
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Figure 3.9 Mean daily (i) feed intake of Awassi rams (■), Group A Merino wethers (∆) and Group B Merino
wethers (O) and (ii) Mean daily feed intake of determined shy feeding sheep (n = 3) (■) and feeding sheep (n
= 9) (∆) in the CCR. Points show mean ± SEM. Shaded bars represent the times when heat periods took
place.

123

3.3.6 Body weight change
There was no change in body weight of Group A Merino wethers during the study
(Figure 3.10). Group B Merino wethers increased body weight during the study (p< 0.05);
however, there was no difference in weight gain between the Merino groups. The body
weight of Awassi rams decreased during the study (p< 0.05).
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Figure 3.10 Mean percentage change in body weight from initial values on day 1 to the end of the study on
day 18 for Awassi rams, Group A Merino wethers and Group B Merino wethers. Points show mean ± SEM.
Significant change in body weight from pre – heat indicated by * (p< 0.05).
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3.3.7 Urine
The urine pH of Group A Merino wethers first increased above pre-heat on d 4 (p< 0.05),
remained above the pre-heat measurement until the end of the first heat period (p< 0.05),
and increased again on d 12 and 14 of the second heat period (p< 0.05). Urine pH was also
greater than at pre-heat, following the experiment, on d 26 (p< 0.05). The urine pH of
Awassi rams increased from pre-heat on d 8 (p< 0.01) and reached a maximum of 8.4 by
the second heat period on d 12 (p< 0.01) (Figure 3.11).
There were no change in urine specific gravity during the study for either Group A
Merino wethers or Awassi rams (Figure 3.11). The urine specific gravity of Group A
Merino wethers ranged from 1.02 to 1.05. The urine from the Awassi rams tended to be
quite dilute and had a specific gravity ranging from 1.003 to 1.032.
There were problems with the method used to collect urine, resulting in no viable
samples collected from sheep in Room 3. There was a general lack of samples to analyse
urine for electrolyte, creatinine and urea concentration. The samples that were analysed
were highly variable and suggest that there was contamination in the sample therefore it
was not feasible to determine fractional excretion ratios of electrolytes for the sheep.
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Figure 3.11 Urine pH (i) and urine specific gravity (ii) of Awassi rams (■) and Group A Merino wethers (∆).
Points show mean ± SEM. Shaded bars represent the times when heat periods took place. Shaded graph area
represents normal range for sheep (Pugh 2002).
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3.3.8 Plasma electrolytes, urea and creatinine
Plasma Na, Cl, K, Ca and Mg concentrations of Group A Merino wethers did not
change from pre - heat concentrations (d 2) during the study (Figure 3.12 and 3.13).
Plasma Cl concentration for Awassi and Merino groups was above the normal
range of 95 to 103 mmol/ L throughout the study (Figure 3.12) (Kaneko 1989; Duncan and
Prasse 1994). Plasma Cl concentrations of Awassi rams increased over the course of the
study and were higher than pre-heat concentrations at morning sampling on d 10 and d 14
and on d 26 (p< 0.01). Plasma Na, K and Mg concentrations of Awassi rams were within
the normal range throughout the study (Kaneko 1989; Duncan and Prasse 1994). Both K
and Mg concentrations did not change from pre-heat concentration (d 2) while Awassi
rams were in the CCR; however, they did increase on d 26 (p< 0.01) (Figure 3.13).
Plasma Ca concentrations for Awassi rams and Group B Merino wethers was
below the normal range throughout the study (Normal range: 2.87 – 3.19 mmol/ L; Kaneko
(1989); Duncan and Prasse (1994)). Plasma Ca of Group B Merino wethers were as much
as 0.3 mmol/ L below the normal range. Awassi rams generally had a lower plasma Ca
concentration than Merino groups and were as much as 0.5 mmol/ L below the normal
range. Plasma Na, K, Cl, Ca and Mg concentration of Group B Merino wethers did not
change from concentrations on d 2 during the study.
Plasma creatinine and urea concentrations were within normal range (Kaneko 1989;
Duncan and Prasse 1994) for both Merino groups; however, there were changes in the
concentrations during the study (Figure 3.14). Plasma creatinine and urea concentrations of
Group A Merino wethers increased from the pre - heat concentration (d 2) on d 14 (p< 0.01
and p< 0.05 respectively) when room temperatures were at their maximum. Awassi rams
had a creatinine concentration of as much as 10 mmol/ L below the normal range on the

127

days leading up to the first heat period, but after this plasma creatinine stayed within the
normal range. Awassi rams had a general increase in plasma creatinine concentration that
became higher than the pre-heat concentration (d 2) at the end of the first heat period (d 8)
(p< 0.05) and second heat period (d 14) (p< 0.01). However, there was no change in
plasma urea concentration of Awassi rams during the study.
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Figure 3.12 (i) Plasma sodium and (ii) chloride concentration of Awassi rams (■), Group A Merino wethers
(∆) and Group B Merino wethers (O). Points show mean ± SEM. Shaded bars above graph represent the
times when heat periods took place. Shaded graph area represents normal range for sheep (Kaneko 1989;
Duncan and Prasse 1994).
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Figure 3.13 (i) Plasma magnesium, (ii) potassium and (ii) calcium concentration of Awassi rams (■), Group
A Merino wethers (∆) and Group B Merino wethers (O). Points show mean ± SEM. Shaded bars represent
the times when heat periods took place. Shaded graph area represents normal range for sheep (Kaneko 1989;
Duncan and Prasse 1994).
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Figure 3.14 (i) Plasma creatinine and (ii) plasma urea concentration of Awassi rams (■), Group A Merino
wethers (∆) and Group B Merino wethers (O). Points show mean ± SEM. Shaded bars represent the times
when heat periods took place. Shaded graph area represents normal range for sheep (Kaneko 1989; Duncan
and Prasse 1994).
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3.3.9 Pulse rate and haematological variables
Difficulty with initially achieving a reliable measurement of pulse rate from the
sheep early in the study due to problems with technique (d 1 and 2) led to the first reliable
measurements from all sheep being taken on d 3. Group A and B Merino wethers had a
general decrease in pulse rate throughout the study. The pulse rate of Awassi rams did not
change from that on d 3 during the study (Figure 3.15).
Blood PCV of Group A Merino wethers followed a similar trend to Group B
Merinos wethers, with PCV decreasing from pre-heat (d 2) by d 4 and 5 respectively
(p<0.01). Blood PCV of both Merino groups remained below pre-heat (d 2) on all the days
measured during the study (p<0.01), with PCV returning to be no different from pre - heat
in both groups on d 26 (Figure 3.16). Blood PCV of Awassi rams was not different from
that at pre-heat during the study; however, it was 0.1 L/ L lower than the Merino groups,
reaching a minimum of 0.26 L/ L on d 12.
Plasma protein for Group A Merino wethers decreased from the pre-heat value (d
2) by d 3 (p<0.01) and remained below pre-heat while sheep were in the CCR (p< 0.01)
and on d 26 (p< 0.05). Initially, plasma protein of Awassi rams was 0.8 g/L lower than the
Merino groups. Plasma protein of Awassi rams did not decrease from the pre - heat value
(d 2) while sheep were in the CCR; however, was higher than pre-heat on d 26 (p< 0.01).
The haemoglobin concentration and RBC count of Group A Merino wethers were
within the normal ranges (Jain 1986; Kaneko 1989) and followed a similar trend to PCV,
decreasing on d 6 (p< 0.05 and p< 0.01 respectively) and remaining below the pre - heat
value (d 2) at all times measured while sheep were in the CCR (p<0.01) (Figure 1.16).
Platelet concentration and WBC count of Group A Merino wethers were within the normal
range and followed a similar trend, with both decreasing below pre-heat concentration
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during the heat periods on d 8 and 12 (Figure 3.17). Hemoglobin concentration and RBC
count of Awassi rams were within the normal range and did not decrease below pre-heat
during the study; however, they were higher than pre - heat on d 14 and 26 of the study (p<
0.01). Platelet concentration and WBC count of Awassi rams were within the normal range
and did not changed from pre-heat concentrations during the study (Figure 3.17).
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Figure 3.15 Pulse rate of Awassi rams (■), Group A Merino wethers (∆) and Group B Merino wethers (O).
Points show mean ± SEM. Shaded bars represent the times when heat periods took place.
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Figure 3.16 Mean (i) plasma packed cell volume, (ii) plasma protein and (iii) HBG of Awassi rams (■),
Group A Merino wethers (∆) and Group B Merino wethers (O). Points show mean ± SEM. Shaded bars
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1986; Kaneko 1989).
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Figure 3.17. (i) WBC and (ii) RBC counts and (iii) Platelet concentration of (■), Group A Merino wethers
(∆) and Group B Merino wethers (O). Points show mean ± SEM. Shaded bars represent the times when heat
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3.4

Discussion
Within this study, sheep were exposed to wet bulb temperatures representative of

those experienced during long haul voyages from Australia to the Middle East (Norris and
Richards 1989). Exposure to this prolonged high heat and humidity resulted in a number of
physiological changes in the sheep typical of clinical heat stress.
Core temperature is an excellent physiological indicator for the onset or degree of
thermal stress in animals, with increased core temperature indicating heat gain is exceeding
heat loss (Monty et al. 1991; Silanikove 2000). Within the present study, core temperature
of Merino wethers first increased at a wet bulb temperature of 27˚C; however, at this wet
bulb temperature, sheep were not showing clinical signs of heat stress such as open mouth
panting or changes in blood gas variables. Previous studies have found that increased core
temperature above normal indicates an animal is under added thermal strain; however, it is
not until core temperature is considerably higher than normal that open mouth panting and
changes in acid base balance take place (Lee 1950; Hales and Webster 1967). In particular,
Hales and Webster (1967) found that first phase panting occurred while core temperature
was on average 0.5˚C above normal, and second phase or open mouth panting occurred
when core temperature was on average 1˚C above normal. In the present study, it was not
until core temperature had increased over 0.5˚C above normal that sheep had started
showing clinical signs of heat stress such as open mouth panting and changes in blood gas
variables. These results and those of previous studies suggest that probable heat load on an
animal needs to be assessed by not only if the core temperature has increased above
normal, but by what amount it has increased above normal.
Mean daily core temperature of Awassi rams did not increase during the study. The
ability of Awassi sheep to regulate core temperature within the normal range even under
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hot, humid conditions is most likely due to these sheep having efficient respiratory cooling,
and also superior evaporative heat loss via sweating (Slonim, 1966), better conductive heat
loss (Degen and Shkolnik 1978; Mount 1979), and lower basal metabolic rates (Degen and
Shkolnik 1978) than Merino sheep. The regulation of thermal balance by Awassi rams
even though having a much longer wool/hair length than the Merino wethers, supports
findings of Denegen and Shkolnik (1978) that the loose open coat allows heat to be lost by
convection and promotes good evaporation of sweat.
No other study has assessed the responses of sheep to prolonged high heat and
humidity without relief for several days. Previous studies in climate rooms have focused
on effects of high heat and/or humidity over several hours (Wodzicka 1960; Klemm 1962;
Hales and Webster 1967; Bianca 1968; Ames et al. 1971; Hales and Brown 1974; Maskrey
1974; Hofman and Riegle 1977a; b). In most of these studies, sheep had respite from these
high temperatures for a number of days before the next heat period took place. In field
studies there is diurnal fluctuation in environmental temperature, allowing sheep to lose
heat gained from the previous day when the ambient temperature drops at night
(Silanikove 2000). However, during live export and in the present study, there is little
diurnal fluctuation in environmental temperature. The effect of this would be an
accumulation of heat over several days with less opportunity for sheep to lose heat at night.
There was evidence of a cumulative effect of heat in Merino sheep during the
study. During the first heat period, room wet bulb room temperatures remained at 29.5˚C ±
0.7˚C for 3 days. However, the core body temperature and respiratory rate of Merino
wethers rose during this time to reach a maximum on day 3 of this first heat period (d 8).
Furthermore, core temperature of Group A Merino wethers reached HST 3 in the second
heat period even though room conditions were similar to the first heat period. The
cumulative effect of heat during this study suggests that not all body heat was dissipated to

136

the environment each day. Studies have found that accumulation of heat in sheep is likely
to be due to increased heat production associated with increased heat loss mechanisms
(Van Hoff effect) and difficulty in successfully dissipating metabolic heat to a hot and, in
this case, humid environment (Thwaites 1985). The effect would be a rise in core
temperature of the animal. Previous research has not examined the environmental
temperature and time of exposure resulting in the cumulative effect of heat on sheep.
However, studies have found that physiological responses on the current day is related to
environmental conditions on the previous day, with current responses of cattle impacted
for up to 60 hours preceding exposure to high temperatures (Hahn et al. 1987 in Brown –
Brandl et al. 2005).
Both Awassi rams and Merino wethers had pronounced diurnal variation in core
temperatures of approximately 1˚C during the study despite little diurnal variation in
ambient temperature and 24 hour daylight. Nychthermeral amplitude of 1˚C is consistent
with previous studies, with sheep having a higher core temperature and basal metabolic
rate in the afternoon than in the morning (Hafez et al. 1956; Eyal 1963; Bligh et al. 1965;
Mount 1979; Mohr and Krzywanek 1990; Davidson and Fewell 1993). The nychthemeral
amplitude in core temperature of Merino wethers following removal from the CCR was
greater than while sheep were in the CCR, due to a lower minimum daily core temperature.
Hahn et al. (1990) found that after exposing cattle to high temperatures for 12 days there
appeared to be a decrease of 0.4˚C in core temperature set point and an increase in core
temperature range of 0.35˚C. These changes in amplitude could be due to acclimatisation
to high ambient temperatures causing disrupted diurnal amplitudes. Awassi rams had a
similar diurnal range before and following being in the CCR. This may be because Awassi
rams were not as heat challenged during the study as the Merino wethers and therefore a
shift in nychthemeral amplitude was avoided.
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Past research has found that sheep exposed to high environmental temperatures
have a reduced feed intake, which will decrease heat production associated with ruminal
fermentation and metabolism (Lee 1950; Bhattacharya and Hussain 1974; Bhattacharya
and Uwayjan 1975; Mount 1979; Morrison 1983; Syme 1986; Johnson 1987). In the
present study, feed intake did not decrease in response to the high heat and humidity in the
CCR. During exposure to hot environments, the extent of the reduction in feed intake does
depend on the type of diet fed (Christopherson and Kennedy 1983; Beede and Collier
1986). The diet fed in this particular study is typical of that fed during live export, and has
a lower protein and energy content than diets fed for growth such as during feedlotting.
The effect of lower protein content in a feed is a decrease in the heat increment associated
with digestion of this feed (West 1999). This may explain why sheep in this study
continued to eat. The extent of reduction in feed intake also depends to a certain extent on
the amount of feed available. Sillanikove (1992) suggested that sheep adapted to hot
conditions, such as the Merino and fat tailed breeds, tend to maintain feed intake as close
as possible to that required for maintenance or moderate growth when exposed to high
temperatures. The fact that the weight of the Merino wethers did not change during the
study suggests they were fed at maintenance. However, the weight of the Awassi rams
decreased during the study, suggesting they were fed below maintenance. If feed had been
available ad libitum in this study, sheep may have been feeding above maintenance in the
ambient conditions and a decrease in feed intake back to maintenance may have occurred
during the heat periods. Other studies where feed intake decreased in response to heat
exposure have fed in excess of intake (Bhattacharya and Hussain 1974; Bhattacharya and
Uwayjan 1975; Abdalla et al. 1993; Dixon et al. 1999).
The decrease in weight of the Awassi rams, even though fed at a similar rate to the
Merino wethers, suggests that Awassi rams need to be fed at a higher feeding level for
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maintenance. This could be an effect of breed, where Awassi sheep have a higher
metabolic rate than Merino sheep (Degen and Shkolnik 1978). However, in the present
study this effect is also combined with the higher basal metabolic rate of rams compared to
wethers (Lee 1950). Therefore, it is difficult to suggest the likely metabolic rates of the
Awassi rams and Merino wethers in the present study.
Although the feed intake of Merino wethers did not decrease during the heat
periods, 25% of the Merino sheep in the CCR generally ate less than 80% of available feed
whether it was hot or not. In past research, such sheep are defined as shy feeders (Norris et
al. 1990b). No specific study has examined the thermal tolerance of shy feeding sheep. Shy
feeding of sheep is a problem within the intensive sheep industry (Norris et al. 1989b;
Richards et al. 1989; Higgs et al.1991) and there is a great need for further research into
this area. Richards et al. (1991) stated that particular attention should be paid to identify
the endocrine control mechanisms associated with persistent inappetance in sheep and to
examine methods to manipulate appetite in these sheep.
In the present study, both the Awassi rams, and to lesser extent Merino wethers,
had increased water intakes during the heat periods. The higher water intake of Awassi
rams during the heat periods could have resulted in a higher heat loss via the flux of
warming the ingested water to body temperature. However, heat loss by this method would
have been minimal, as indicated in Figure 1.1 of the literature review. This graph illustrates
that the warming of ingested water and food results in a substantially lower relative heat
loss than evaporative or sensible heat loss.
Initially when ambient temperatures were low, Awassi rams had a high water
intake compared to Merino sheep; along with haemodilution (indicated by low plasma
protein and PCV) and high urine output (indicated by low urine specific gravity and
plasma creatinine) compared to the Merino sheep. Water metabolism is a function of water
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intake and water loss (Yousef and Johnson 1985b). Previous studies have found that fat –
tailed sheep have a much higher water turnover rate than Merino sheep (Macfarlane
1968b). This could explain the high water intake of Awassi sheep and the low urine
specific gravity and creatinine concentration at the beginning of the study compared to the
Merino sheep. Macfarlane et al. (1958) found that when water was available ad libitum in
both summer and winter, water intake of Merino sheep was significantly higher in summer
than in winter; however, daily urine output was significantly lower in summer (24 ml/ kg/
day) than in winter (47 ml/ kg/ day). The present study was conducted in summer and it
may be that the highly concentrated urine of Group A Merino wethers, indicated by a high
urine SG at the beginning of the study was an adaptive response of summer acclimatised
sheep to conserve body water even though the body was not yet dehydrated.
An increase in water intake enables an animal to maintain body fluid homeostasis
by replenishing fluids lost from an animal. The triggers for thirst resulting in increased
water intake are hypovolemia or hyperosmolarity (Fitzsimons 1979; Zerbe and Robertson
1983; McKinley and Johnson 2004). These triggers were not seen in the study in either
Awassi or Merino sheep. Total body water was not measured in the present experiment;
however, the decrease in both PCV and plasma protein indicated haemodilution. The
increase in water intake in response to high ambient temperatures may have
overcompensated for water lost from the animal via urine excretion, sweating and
respiratory loss. Past research has found that when sheep are exposed to hot environments,
they can ingest much more water than is required for intermediate metabolism and
evaporation (Blaxter et al. 1959; Macfarlane 1968a; Silanikove 1992; Adballa et al. 1993).
This is regarded as anticipatory drinking and enables sheep to buffer themselves against
possible periods of water deprivation (Silanikove 1987). Although the water intake of
Awassi and Merino sheep seemed to be in excess of that needed for immediate metabolism
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resulting in haemodilution, sodium imbalances such as hyponatraemia were not seen in this
study. The low plasma calcium concentration of the Awassi rams is unlikely to be the
result of haemodilution, because no other plasma electrolyte was affected in this way.
The haemodilution shown by both Merino and Awassi would have likely caused an
increase in blood volume of the sheep, which may have caused an increase in preload of
the heart (Ganong 1997), therefore resulting in the decrease in heart rate shown in both
Merino and Awassi sheep in the CCR. This differs from other studies that have found that
heart rate increases with increasing heat stress, due to the effect of increased respiratory
rate, open mouth panting and increased peripheral blood flow (Lee 1965; Bianca 1968;
Hales 1973b). However, the change in heart rate due to heat stress in this study is
somewhat inconsistent as the heart rate of Merino sheep in Room 3 also decreased during
the course of the study. Heart rate was measured via the pulse in the femoral artery and
involved intensive handling of the sheep. It is therefore thought that the decrease in heart
rate could also be due to the sheep adapting to the handling involved and therefore a
reduced stress response, compared to the beginning of the study. Studies measuring heart
rate when it increased in response to heat determined it by electronic monitors (Hales
1973a; Brown and Harrison 1981).
Both Awassi and Merino sheep in this study reached a respiratory rate similar to
previous studies exposing Awassi and Merino sheep to high temperatures and humidity
(Hafez et al. 1956; Hales and Webster 1967; Bianca 1968; Hales and Brown 1974;
Hofman and Riegle 1977b; Hassanin et al. 1996). Respiratory rate is the major evaporative
heat loss mechanism of sheep exposed to high temperatures (Hales and Brown 1974;
Thwaites 1985). Sweating is less important to sheep as a means of evaporative heat loss at
high temperatures and was not explored in this study (Alexander and Williams 1962;
Robertshaw 1966; Hofmeyr et al.1969; Ames et al. 1971).
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Studies on Awassi rams have found that they have a lower respiratory rate than
Merino sheep at comparable humidity and temperature (Roslyakov and Vasenko 1953;
Tapil’skii 1959; Eyal 1963; MacFarlane 1968b; Degen and Shkolnik 1978). That Awassi
rams did not progress to open mouth panting suggests that they were not as heat stressed as
the Merino wethers in the study. The lower respiratory rate of the Awassi sheep is partly
due to these sheep having more efficient respiratory cooling than that of Merino sheep
(MacFarlane 1968b). The respiratory rates of both Awassi and Merino sheep at pre-heat
are considered normal and are similar to other studies (Hales and Webster 1967;
Macfarlane 1968a; Mount 1979). This indicates that the sheep were not overly excited by
our presence.
Merino wethers progressed to open mouth panting during both heat periods. This
open mouthed phase is characterised by a reduced respiratory frequency with mouth open,
leading to increased tidal volume and increased alveolar ventilation. (Mount 1979).
Reduction in respiratory rate in response to open mouth panting was shown in Merino
sheep, which had a reduced respiratory rate on d 14 when all sheep were observed open
mouth panting. The reduction in respiratory rate in response to open mouth panting means
that an increasing respiratory rate cannot be accurately correlated with increasing heat
stress. The use of a panting score that relates to a description of respiratory character would
help in quantifying the severity of heat stress. It is the most accessible and easiest method
of evaluating the impact of heat stress because all it requires is direct observation of the
animal.
Studies have found that changes in respiratory character is related to environmental
temperatures stimulating thermoreceptors located on relatively exposed areas of the skin
rather than being caused by increased core temperature (Waites 1962; Bligh 1963a;
Phillips and Raghavan 1970; Hales and Hutchinson 1971). This was shown in the present
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study where Merino wethers started open mouth panting at a similar environmental
temperature during the first heat period even though the extent of the increase in core
temperature was different between the sheep. However, increased core temperature is a
symptom of excessive heat load, as is second phase panting and therefore, increased core
temperature can be somewhat correlated with increased panting score even though it is not
a causal relationship.
Second phase panting results in more drastic changes in acid base physiology than
first phase panting (Hales and Webster 1967; Hales 1973a; Hofman and Riegle 1977b).
The increase in alveolar ventilation associated with open mouth panting can result in
severe respiratory alkalosis, causing changes to the acid-base balance of sheep (Hales and
Webster 1967; Hales 1973a; Hofman and Riegle 1977b). In the present study, plasma
pCO2 of the Merino wethers decreased in both heat periods. This decrease in plasma pCO2
was the result of increased respiratory rate and alveolar ventilation, so that carbon dioxide
was eliminated faster than it was produced by the tissues, causing plasma pCO2 to
decrease. Studies by Hales and Webster (1967) recorded pCO2 levels that were much lower
than those recorded in the present study, where venous pCO2 falling from 37 to 16 mmHg
in response to increased temperature and humidity. In the study by Hales and Webster
(1967), whole blood was used to estimate venous pCO2 from the Henderson Hasselbach
equation. Hales and Webster (1967) highlighted that the procedures used to determine
pCO2 in that study were likely to result in lower than true values; however, it was the
changes in the study rather than the absolute values that were significant measures. The
change in pCO2 within the present study was similar to that in the Hales and Webster
(1967) study.
In the present study the Merino wethers, although showing signs of open mouth
panting (panting score 3), did not have their tongue protruding (panting score 4) as in
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studies by Hales and Webster (1967). A reduction in respiratory rate in response to open
mouth panting was also not as marked here as in other studies (Hales and Webster 1967;
Hales 1973a; Hofman and Riegle 1977b). In the present study, respiratory rate decreased
only at the end of the second heat period and only by 25 breaths/ minute. However, in
studies by Hales and Webster (1967) and Hales (1973a), respiratory rate decreased by 60%
and 70% respectively when open mouth panting was recorded.

It may be that the

prolonged period of open mouth panting (panting score 3) in the present study resulted in a
similar change in pCO2 to sheep that had reached panting score 4 but were exposed to heat
load for a shorter period in the study by Hales and Webster (1967).
The decrease in plasma pCO2 of Merino wethers in the present study was
associated with a buffering effect in the form of a decrease in plasma bicarbonate. The
elimination of excess CO2 via increased alveolar ventilation and respiratory rate means less
acid in the body, which can cause an increase in pH. In order to maintain normal pH,
respiratory rate must be reduced or the kidneys must eliminate HCO3- (Robinson 2002).
During heat stress, respiratory rate is a major heat loss mechanism so its reduction would
be detrimental to the animal. Therefore, an animal will eliminate HCO3- (Robinson 2002).
Interestingly, Awassi sheep did not show any significant decreases in plasma pCO2 but did
show a significant decrease in plasma bicarbonate concentration. This decrease, although
statistically significant, was less than the Merino wethers and may have been in response to
the small but not significant decrease in plasma pCO2. Similarly, a decrease in plasma
bicarbonate of Group A Merino wethers occurred without any significant change in pCO2
during the first heat period. The decrease in plasma bicarbonate of Group A Merino
wethers and therefore the assumed increase in renal excretion of bicarbonate did result in
an increase in urine pH. The increased excretion of bicarbonate was enough to prevent any
drastic changes in plasma pH of the Group A Merino wethers, with plasma pH similar to
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that of Group B Merino wethers throughout the study. Consequently, although there were
changes in plasma pCO2, bicarbonate and pH, the Merino sheep were able to maintain the
bicarbonate: carbon dioxide ratio. These results differ from those of Hales and Webster
(1967), Hales (1973a) and Hofman and Riegle (1977b). The sheep in those experiments
did have a greater increase in plasma pH than in the present study.
The differences in results achieved by Hales and Webster (1967) and Hales (1973a)
than in the present study could be the result of those sheep being exposed to higher
temperatures. In the study by Hales (1973a) sheep were exposed to a maximum of 39˚C
wet bulb, while studies by Hales and Webster (1967) exposed sheep to a maximum of
60˚C dry bulb. Differences between the studies could also be related to other factors
including previous state of temperature acclimatisation. Experiments by Hales and Webster
(1967) were conducted with winter acclimatised sheep, and physiological responses of
those sheep would be expected to be more pronounced in response to increased ambient
temperatures than the summer acclimatised sheep in the present study (Wodzicka 1960;
Maskrey 1974).
Exposure of sheep in the present study to heat load without relief for a number of
days differs from studies by Hofman and Riegle (1977b) and Hales and Webster (1967),
and resulted in prolonged periods of elevated respiratory rate and panting score.
Consequently, the changes in acid base physiology of sheep became progressively more
severe. In particular, both pCO2 and bicarbonate concentrations of Group A Merino
wethers fell significantly as time progressed during both heat periods, reaching a minimum
at the end of each heat period. These results indicate the cumulative effect of heat load has
a detrimental effect on acid-base balance.
Excessive loss of HCO3- from an animal’s body can result in metabolic acidosis. In
the case of heat stress, animals may lose HCO3- through renal regulation while heat
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stressed; however, if the high heat conditions are suddenly reduced, animals will respond
by decreasing respiratory rate and therefore decreasing loss of carbon dioxide, which can
lead to acidosis. Metabolic acidosis has been shown in field studies on cattle once
temperatures cool at night, after the high respiratory rates achieved during the day
(Schneider et al. 1988) and also in climate room studies when cattle were exposed to
thermoneutral temperatures immediately following exposure to prolonged high heat and
humidity for several days (Beatty et al. 2006). In this particular study, sheep did not
develop metabolic acidosis. Following the heat periods, plasma bicarbonate and pCO2
concentrations quickly returned to normal. This rapid return of plasma bicarbonate to
normal following the heat periods could be due to the sheep continuing to eat and therefore
replenishing the bicarbonate reserves, which was different to cattle, which had a large
decrease in feed intake (Schneider et al. 1988) and therefore bicarbonate reserves were
unlikely to have been replenished.
In the present study there were no changes in electrolyte concentrations attributable
to the heat in either the Awassi or Merino sheep. Acid-base imbalances can cause
alterations in plasma electrolytes (Magdub et al. 1982; Ross et al. 1985; Beede and Collier
1986; Brenner et al. 1988; Robinson 2002). A decrease in extracellular potassium to the
extent of causing hypokalemia can be caused by alterations in acid-base balance (Brenner
et al. 1988; Robinson 2002). In particular, metabolic acidosis can result in an increase in
potassium excretion. The loss of bicarbonate alters the anion gap, therefore an increase in
sodium excretion and an increase in plasma chloride concentration results in order to
maintain electroneutrality (Robinson 2002). As neither Merino nor Awassi sheep
developed metabolic acidosis, the resulting electrolyte changes were avoided.
Although there were reductions in both WBC counts and platelet concentration in
Merino sheep, values were not outside the normal ranges, indicating that the immune
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response of these sheep was not compromised. Studies on cattle have found a marked
reduction in white blood cell numbers during heat stress therefore decreasing the animal’s
resistance to environmental pathogens (Morrow – Tesch et al. 1996). However, the
findings of the present study agree with those of Monty et al. (1991) who found that sheep
exposed to high ambient temperatures maintained white blood cell counts within a normal
range.
The experiment described in this chapter shows that sheep do suffer excessive heat
load when they are exposed to continual high heat and humidity of up to 30˚C wet bulb,
resulting in measurable changes in physiology, including increased core temperature,
respiratory rate and alterations in blood gas variables. However, the sheep recovered
quickly after the heat exposure and these variables returned to normal. The sheep
maintained feed intake during exposure to the hot conditions, and there was little alteration
in electrolytes, leading to the conclusion that electrolyte supplementation of sheep would
not be warranted.
It was evident that assessment of the effect of heat on sheep needs to consider both
how hot it gets and the duration and therefore cumulative load of heat. The variation in
responses of the Awassi and Merino sheep highlight the differences between breeds and
indicate the need for further research on other classes and breeds of sheep so that
management can be tailored to specific needs.
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CHAPTER 4
Heat stress thresholds of different classes of sheep during environmental
conditions similar to live export from Australia to the Middle – East

4.1

Introduction
Several types and classes of sheep are shipped live from Australia to the Middle-

East. Exported sheep differ in breed, age, condition score, sex and previous state of
temperature acclimatisation (Hassall and Associates Pty Ltd 2000). All these factors
influence the response of sheep to increased heat load (Hafez et al. 1956; Symington 1960;
Wodzicka 1960; Maskrey 1974; Thwaites 1985). The correct management of the different
classes and types of sheep during live shipment will depend on understanding the extent to
which they each react to the imposed heat load during the voyage.
Previously, the term “upper critical temperature” has been used to compare the
differing susceptibilities of various classes of sheep to excessive heat load (Mount 1979;
Yousef 1985b; Silanikove 2000). However, upper critical temperature has only been
determined on the basis of dry bulb temperature, and does not consider the effect of high
humidity, which is an important feature of the ship environment. Previous studies have
found that high humidity causes an added heat load on sheep, because it limits the capacity
for them to lose heat by evaporative mechanisms (Bligh 1963b; Hales and Brown 1974;
Mount 1979). During live shipment, wet bulb temperature incorperates humidity as well as
dry bulb temperature. Therefore, the measurement of a critical wet bulb temperature,
which produces measurable responses in sheep, instead of dry bulb temperature, would be
valuable during live export. The critical wet bulb temperature to be determined in this
experiment was the ‘heat stress threshold’ (HST), which was defined by the live export
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industry as the ambient wet bulb temperature at which core temperature significantly
increased 0.5˚C above normal, otherwise known within this thesis as HST 2 (Stacey 2003).
While Merino wethers make up a large proportion of the sheep exported live to the
Middle-East, there is also an important trade in lambs, both wethers and rams (Hassall and
Associates Pty Ltd 2000). Lambs generally react more dramatically to hot conditions than
adult sheep, because they do not gain full adult heat tolerance until one year of age, and
therefore lambs have a lower upper critical temperature than adult sheep (Symington 1960;
Thwaites 1967; Hahn 1985). Rams have also been found to react more dramatically to hot
conditions in terms of increased body temperature and respiratory rate than do ewes or
wethers (Symington 1960). Therefore Merino wethers, ram lambs, and older rams were
chosen as representative of classes of exported sheep that were expected to differ in their
responses to the heat.
An additional factor that can have a significant influence on the responses and
therefore management of sheep being exported live to the Middle-East is the climate from
which they come. Sheep are shipped throughout the year, and those shipped mid-year will
be winter acclimatised but being sent to a Middle-Eastern summer. During this period,
shipboard temperatures can reach up to 34˚C wet bulb (MLA 2000a; b cited in Beatty et al.
2006). Studies have found that winter acclimatised sheep are slower to respond to high
temperatures, with a slower onset of thermal tachypnea and higher rectal temperatures
compared to summer acclimatised sheep (Wodzicka 1960; Maskrey 1974).These findings
indicate that winter acclimatised sheep may have different HST’s than those that are
summer acclimatised.
The hypothesis tested in this experiment was that ram lambs would have
lower HST 2 than adult rams or wethers, and rams would have a lower HST 2 than
wethers. It was also hypothesised that increased respiratory rate and panting score and
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decreased feed intake would take place earlier and at a lower environmental temperature in
ram lambs than adult rams and wethers, and in adult rams earlier than in adult wethers. It
was expected that while exposed to high temperatures and humidity in the CCR both ram
lambs and adult rams and wethers would experience significant changes in blood gas
variables, consistent with panting in response to increased body temperature.
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4.2

Materials and Methods

A detailed description of methodology was provided in Chapter 2 of this thesis. This
section builds on that chapter, describing methodology unique to this study.

4.2.1 Animals
Ten Merino wethers, rams and ram lambs were sourced from southern Western
Australia. From these sheep, six of each group were selected to go into the CCR (Rooms 1
and 2) and a further two from each group were kept in a room held at prevailing
environmental temperatures (Room 3). Sheep were selected based on temperament and live
weight. Rejected sheep had the highest weight deviations from the mean or an
exceptionally nervous or aggressive temperament.
The study took place during July/ August with the sheep therefore being winter
acclimatised. During the 3 weeks before entering the experimental rooms, sheep were
exposed to a mean daily minimum dry bulb temperature of 6.7 ± 0.7˚C and a mean daily
maximum

dry

bulb

temperature

of

18.6

±

0.4˚C,

with

low

humidity

(www.bom.gov.au/weather/wa 2005). All sheep in the study had a wool length of less than
25 mm (The maximum wool length recommended by ALES 2003), with ram lambs having
a wool length of 25mm and adult rams and wethers having a wool length of 10mm.
Before the study, sheep were held in group pens in a barn and handled frequently
for 10 days where they were also familiarised and adapted to the pelleted feed (the same
type fed during the study, see Appendix 1). The regime for introducing the pelleted diet is
described in detail in the General Material and Methods (Table 2.2).
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Table 4.1 Description of experimental animals

Sex

Age

Number of

Mean weight

Body Condition

sheep

(kg ± sem)

Score (1-5)

Ram

8 months

8

58.1 ± 2.0

3

Ram

5 years

8

71.1 ± 3.0

4

Wethers

4 years

8

56.1 ± 1.7

3

4.2.2 Layout of rooms
Eighteen sheep were housed in two CCR. Sheep were individually penned as
shown in Chapter 2 (Section 2.1). Assignment to the rooms was strategic so that there were
equal numbers of each class in each room. Sheep from each class were penned in each row
in a different position. A further two sheep from each group were randomly allocated to
individual pens in Room 3.

4.2.3 Treatment conditions in experimental rooms
Sheep spent the initial 4 days in the CCR at prevailing environmental conditions, to
allow adjustment to the surroundings and determination of physiological measurements at
these pre - heat conditions. Heat and humidity were then increased at 0800 hours to 26˚C
wet bulb and 30˚C dry bub and the rooms held at that temperature for a period of 48 hours.
After this, the conditions were changed so there was a 2˚C wet and dry bulb temperature
increase every 48 hours until the rooms reached 32˚C wet bulb and 40˚C dry bulb. Room
temperature was changed at 0800 hours on each of these particular days. Sheep spent a
maximum of 12 days in the rooms with rooms being turned off at 1800 hours on day 12.
The increase in ambient temperature was aimed to cause increased core temperature of the
sheep without causing death.
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Sheep were removed from the rooms at 1700 hours on the day that their rectal
temperature reached 40.5˚C. This rectal temperature was considered to give a reasonable
expectation that the animals had core temperatures 0.5˚C above that during pre-heat, as per
the existing definition of heat stress threshold (Stacey 2003). Therefore, in consideration of
the well-being of the animal, it was deemed that there was no need to prolong its exposure
to the high ambient temperatures. Once all sheep from a class were removed from the
CCR, the corresponding classes of sheep were removed from Room 3. As sheep were
progressively removed from the rooms the remaining sheep were reallocated to pens so
that there was always at least one other sheep positioned in the pen next door. This was to
ensure that undue stress was not placed on the sheep due to isolation. Once removed from
the rooms, sheep were left in the barn in group pens for 2 days before being put onto
pasture until surgery.

4.2.4

Measurements

4.2.4.1

Physiological measurements

Rectal temperature, respiratory rate and character of all sheep were measured three
times daily at 0700, 1300 and 1600 hours. Respiratory character was assessed as described
in Table 2.1 of General Materials and Methods.

4.2.4.2

Feed and water

Sheep were fed standard export pellets (Milnes shipper pellet, Western Australia,
Australia, see Appendix 1). Pellets were fed at 3% of live weight as fed, divided into two
equal feeds per day at 0700 and 1300 hours. Feed residues were measured daily and
weighed before the morning feed to determine feed intake. Water was available ad libitum
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in buckets that were topped up at 1300 and 1600 hours. Once wet bulb temperature was
above 30°C, water was additionally topped up at 2200 hours. Water was changed daily and
residues were collected daily at 0700 hours to determine water intake.

4.2.4.3

Core Temperature

Seven days before entering the experimental rooms, sheep were surgically
implanted with telemeters and/or loggers for determination of core temperature (See
Section 2.2.4 for surgical details). Core temperature measurement began 2 days after the
surgery and recorded at 15 minute intervals. Normal core temperature was determined
while sheep were exposed to prevailing environmental temperatures before entering the
CCR (d -7 to -2) and while in the CCR (d -1 to 2). This gave a total of 10 days exposure to
prevailing environmental temperatures to determine the normal core temperature of the
sheep, with this period termed the pre- heat period.
Telemeters were implanted into two sheep in each class, while all sheep received a
logger (See Appendix 2 and 3 for logger and telemeter details respectively). Selection of
sheep to be implanted with telemeters was strategic, with one sheep from each class, in
each CCR having a telemeter, so that there was real-time monitoring of each class of
sheep. Removal of the loggers and telemeters took place 5 days after the removal of the
last sheep from the CCR.

4.2.4.4

Blood sampling

Jugular blood samples were taken from all sheep at the beginning of the study at
1600 hours while sheep in the CCR were exposed to prevailing environmental
temperatures (d 2) and then once again immediately before each sheep left the CCR, at
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1600 hours. Samples were analysed for blood gas variables, and plasma leptin, T3 and T4
concentration (see General Materials and Methods, Section 2.2.3 for details on blood
collection and analysis).

4.2.4.5

Room Conditions

Temperature and humidity data loggers, described in Chapter 2 measured the dry
bulb temperature and humidity in each room every 10 minutes. To ensure accuracy of
measurements, two of these loggers were stationed in each of the experimental rooms. Wet
bulb temperature was measured three times daily at 0700, 1300 and 1600 hours using a
sling psychrometer to give a real time indication of the performance of the heaters/
humidifiers (See General Materials and Methods Section 2.2.5 for details).

4.2.4.6

Live weight

Before measurement of live weight, sheep were held off feed for 15 hours but had
access to water. Sheep were weighed immediately before entering the experimental rooms
(d 1). Live weights were again measured after removal of sheep from the rooms. Sheep
were removed from the pens at 1700 hours and held off feed but had access to water for a
period of 15 hours and then weighed. The details of how sheep were weighed are described
in Chapter 2.

4.2.5 Statistical analyses
The statistical test used to determine significant change in rectal temperature,
respiratory rate, panting score, feed intake and water intake from that at pre-heat conditions
(d 1 and 2), on d 3 to 12 is described in the General Materials and Methods (Section 2.3.1).
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The change in blood gas variables, plasma thyroid and leptin concentration and
sheep live weight from initial pre - heat measurements (measurement 1) to measurements
immediately before leaving the CCR or in the case of live weight, immediately after
leaving the CCR (measurement 2) was determined using the statistical test described in the
General Materials and Methods (Section 2.3.2). Within each class of sheep, weight change
between the Merino groups in the CCR and those in Room 3 was compared using a two –
sample t – test with group as a fixed factor.
Comparison between core temperature range at pre-heat (d -7 to 2) to after the
removal of sheep from the CCR (d 13 to 16) was done by averaging the daily core
temperature range (12am to 11.30pm) of the sheep during pre-heat (d -7 to 2). The analysis
described in Section 2.3.1 was used to compare the range at pre – heat to each successive
day after removal of sheep from experimental rooms (d 13 to 16).
In this study heat stress thresholds were determined for the daily mean, minimum
and maximum core temperatures of the sheep. The heat stress threshold (HST) of rams,
ram lambs and wethers was determined as per the existing definition of core temperature
significantly increasing 0.5˚C above that at pre – heat (d -7 to 2) (Stacey 2003). This HST
was termed HST 2. Two other heat stress thresholds were also determined, termed HST 1
and HST 3. HST 1 was determined as when core temperature first significantly increased
above that at pre- heat and HST 3 was determined as when core temperature first
significantly increased 1˚C above that at pre- heat.

4.2.5.1

Statistical analysis of heat stress threshold: Method 1

This method is described in the General Materials and Methods (Section 2.3.3.1).
The mean wet bulb temperature on the first day at which mean, minimum or maximum

156

core temperature was significantly increased (P < 0.05) above pre - heat was termed heat
stress threshold 1 (HST 1). Heat stress threshold 2 and 3 were determined in the same way;
however, 0.5 and 1 were added to the pre - heat values to determine HST 2 and 3
respectively, as described in Section 2.3.3.1.

4.2.5.2

Statistical analysis of heat stress threshold: Method 2

This method is described in the General Materials and Methods (Section 2.3.3.2). The day
on which the mean, minimum or maximum core temperature were above the 5%
confidence interval of the pre - heat core temperature was established as the day on which
each sheep reached its HST 1. These days were averaged for each class of sheep. The wet
bulb temperature on that day was determined as the HST 1 for that particular class of
sheep. HST 2 and 3 was determined by adding 0.5 and 1 respectively, to the pre - heat
mean, minimum and maximum core temperature and using the same method above to
determine the wet bulb temperature at which the core temperature increased above the
specified pre - heat core temperature for each class.
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4.3

Results

4.3.1 Room temperatures
The data from the two environmental temperature and humidity data loggers
stationed in each CCR were averaged together and the results are shown in Figure 4.1. The
mean wet bulb temperature difference between the two loggers stationed in Room 1 was
0.2 ± 0.07˚C and the mean wet bulb temperature difference between the two loggers
stationed in Room 2 was 0.1 ± 0.07˚C. The closeness of the data from the two loggers in
each room indicated the loggers were reading accurately. The mean difference in wet bulb
temperature between Rooms 1 and 2 was 0.1 ± 0.02˚C.
The heaters and humidifiers for CCR 1 and 2 were first turned on at 0800 hours on
d 3, resulting in wet bulb temperature increasing above that at pre - heat (d -7 to 2) (Figure
4.1). Room temperatures increased to a mean wet bulb and dry bulb temperature of 25˚C
and 29.5˚C respectively on d 3 and were kept at this constant temperature for 48 hours.
After this, room temperature increased every 48 hours to wet bulb temperatures of 27˚C,
28˚C, 30˚C and 31˚C and dry bulb temperatures of 32˚C, 34˚C, 36˚C and 36˚C. This
heating regime differed slightly from that described in the Materials and Methods (Section
4.2.3), due to equipment problems resulting in rooms not reaching the temperature and
moisture content on the equipment displays, resulting in a lower than expected mean wet
bulb temperature on days 11 and 12.
There were dips in wet bulb temperatures approximately every 5 hours during the
study, which occurred when doors were briefly opened during sampling times when people
entered the rooms, and when the humidifiers were manually flushed, which was necessary
to aid continual functioning of the humidifiers. The decrease in temperature lasted for a
mean time of 14 ± 1.3 minutes.
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Mean wet bulb temperature in Room 3 was 9.3 ± 0.6˚C during the study. The mean
daily minimum was 7.5 ± 0.5˚C wet bulb and the mean daily maximum was 11.2 ± 0.7˚C
wet bulb (data not shown).
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Figure 4.1. Two hourly mean wet bulb temperature in CCR 1 and 2.

4.3.2 Core temperature
On the ten days before the CCR were turned on (day -7 to 2), Merino rams had a
mean daily core temperature of 38.7 ± 0.09 ˚C, while the mean daily core temperature of
Merino ram lambs and Merino wethers was 39.0 ± 0.04 ˚C and 38.9 ± 0.08 ˚C respectively.
Telemeters were of little use during the study. Frequent dropouts and incorrect readings
meant that rectal temperatures were the most reliable real time measure that was available
to determine when sheep should be removed from the rooms. The sheep were removed
from the rooms once their rectal temperatures were recorded at or above 40.5˚C at the time
of sampling (0700, 1300 and 1600 hours), which meant that sheep were removed on
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different days (Table 4.2). On d 12 of the study there were two rams remaining in the
CCR, with one ram reaching a rectal temperature of 40.5˚C. The decision was made to
remove both animals, rather than leave one ram alone in the room.
The core temperature of all sheep significantly increased while sheep were in the
CCR (Figure 4.2). Table 4.3 lists the days and wet bulb temperatures of which each heat
stress threshold (HST) was reached during the study. In this study, HST 1, 2 and 3 were
calculated using both the t – test method (Method 1), and the confidence interval method
(Method 2). However, only results from Method 2 will be described in this chapter,
because it is considered a more accurate method for analysis of heat stress threshold in this
study. Table 4.4 lists the days on which HST 1, 2 and 3 was reached using both Methods 1
and 2. The days on which each HST was reached differed depending on the statistical
method used, with HST’s of Merino adult rams and wethers generally reached on a later
day when analysed using Method 1.
The mean core temperature of all classes of sheep in the CCR increased above
those at pre-heat at 25˚C wet bulb (HST 1), although it took 2 days at this temperature
before the mean core temperature of Merino wethers and rams first increased (Table 4.3).
All ram lambs, adult wethers and rams had mean core temperatures that significantly
increased 0.5˚C above that at pre-heat. HST 2 was reached by Merino ram lambs at 26˚C
wet bulb, followed 2 days later by Merino adult rams and wethers at 28˚C wet bulb. Four
sheep in each class had mean core temperatures that increased 1˚C above those at pre-heat.
HST 3 for Merino ram lambs occurred at 27˚C wet bulb, followed by Merino wethers at
28˚C wet bulb, and Merino rams at 29˚C wet bulb.
The difference between maximum and minimum daily core temperature (range) for
Merino wethers, rams lambs and adult rams was 1.0, 0.8 and 0.7˚C respectively, for the
time the sheep were exposed to heat in the CCR, from d 3 of the study (Figure 4.2). This
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occurred even though there was little daily variation in ambient temperature. After removal
of Merino ram lambs, adult rams and wethers from the CCR, core temperature range was
greater than at pre-heat (p< 0.01).
During the pre - heat period (d -7 to 2) wethers, ram lambs and adult rams in Room
3 had a core temperature of 38.9 ± 0.18˚C, 39.1 ± 0.17˚C and 38.8 ± 0.11˚C respectively,
and core temperatures did not increase above this during the study (data not shown).
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Figure 4.2 Two hourly mean core temperature measurements of Merino wethers (O), Merino ram lambs (■),
and Merino adult rams (∆) before entering the CCR (d -7 to -1), while in the CCR (n = number of sheep
remaining in CCR as indicated in Table 4.2) and following when all rams (a), ram lambs (b) and wethers (c)
had been removed from the CCR (n = 6 for each class of sheep).

Table 4.2 The number of sheep from each class removed from the CCR on particular days during the study.

Sheep Class

Wethers

Ram lambs

Rams

Day of removal

Number of sheep removed

8

2

10

1

11

3

8

4

9

1

10

1

10

4

12

2
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Figure 4.3 Daily mean (■), minimum (∆) and maximum (○) core temperature of (i) wethers, (ii) ram lambs
and (iii) adult rams at pre - heat (day -7 to 2) and during the heat period, before any sheep from each class
were removed. Points show mean (n=6) ± SEM; horizontal line (----) indicates pre-heat (A) maximum, (B)
mean and (C) minimum core temperature.
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Table 4.3 The mean day of study and the wet bulb temperature on that day that the mean, minimum and maximum core temperature indicated
heat stress thresholds (HST) 1, 2 and 3 for the three classes of sheep using Method 2 statistical analysis (HST 1 and 2 n= 6; HST 3 n=4).

Class of

HST 1

HST 3

Mean Minimum Maximum Mean Minimum Maximum Mean Minimum Maximum

sheep

Wethers

HST 2

Day

4

4

5

7

7

6

8

8

8

25

25

26

28

28

27

28

28

28

3

4

4

5

5

6

6

7

7

25

25

25

26

26

27

27

28

28

4

3

5

7

5

8

9

9

9

25

25

26

28

26

28

29

29

29

Wet bulb
temperature
(˚C)
164
Ram

Day

Lambs

Wet bulb
temperature
(˚C)

Adult

Day

Rams

Wet bulb
temperature
(˚C)

Table 4.4. The mean day that the mean, minimum and maximum core temperature indicated heat stress thresholds (HST) 1, 2 and 3 for the
three classes of sheep using Method 1 and Method 2 statistical analysis.
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Class of

Statistical

sheep

Method

Wethers

1

5

5

5

9

10

10

-

-

-

2

4

4

5

7

7

6

8

8

8

Ram

1

4

4

4

5

5

5

-

-

-

Lambs

2

3

4

4

5

5

6

6

7

7

Adult

1

6

5

8

9

8

-

-

9

-

Rams

2

4

3

5

7

5

8

9

9

9

HST 1

HST 2

HST 3

Mean Minimum Maximum Mean Minimum Maximum Mean Minimum

Maximum

4.3.3 Respiratory rate and panting score
The mean RR of Merino ram lambs in the CCR during pre-heat (d 1 and 2) was 49
± 2 bpm, while for rams and wethers in the CCR it was 28 ± 1 bpm. RR first increased
above that at pre-heat on d 3 in wethers (p<0.05), ram lambs (p< 0.01) and rams (p< 0.01)
(Figure 4.4).
The panting score of Merino ram lambs in the CCR first increased on d 3 (p< 0.01),
while the panting score of rams and wethers first increased on d 5 of the study (p< 0.01).
All of the sheep in the CCR did progress to partial open mouth panting (panting score 2)
with all sheep recorded to have a panting score of 2 by d 7 (28˚C wet bulb) (Figure 4.4).
Panting score 3 (open mouthed panting) was first reached by ram lambs and adult
rams and wethers in the CCR on d 7. All wethers, five of the six rams and four of the six
ram lambs progressed to panting score 3, with some also having their tongues out (panting
score 4), before being removed from the rooms.
Respiratory rate and panting score of rams and ram lambs in the CCR had
significantly increased once core temperature of the sheep had increased above that at pre heat (HST 1) (Figure 4.5). Respiratory rate and panting score of all classes of sheep in the
CCR was higher at HST 2 compared to HST 1. However, only adult rams had a higher
panting score and wethers a higher respiratory rate, once at HST 3 compared to at HST 2.
At HST 3 the mean maximum panting score of adult rams and wethers was 3 ± 0.1 and 3 ±
0.3 respectively; however, ram lambs had a considerably lower mean maximum panting
score of 2 ± 0.4 at HST 3.
The panting score and respiratory rate of Merino ram lambs, adult rams and
wethers in Room 3 did not increase above that on d 1 and 2 of the study (data not shown).
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Figure 4.4 (i) Mean respiratory rate and (ii) panting score of Merino wethers (O), Merino ram lambs (■), and
Merino adult rams (∆). Points show mean ± SEM.
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Figure 4.5 (i) Mean respiratory rate and (ii) mean panting score of Merino wethers (), Merino ram lambs 
and Merino adult rams █ during pre-heat (d 1and 2) and once reaching HST 1, 2 and 3. Bars show mean ±
SEM. Within each class of sheep different letters indicate significant differences (p<0.05).
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4.3.4 Blood gas variables
Merino rams in the CCR had a decrease in venous blood pCO2 (p< 0.01), with an
associated drop in blood HCO3- and aBE (p<0.01) at the time of leaving the CCR (Figure
4.6). Blood pH of Merino rams in the CCR did increase (p< 0.05) but there was no change
in the Henderson Haselbach ratio of HCO3-/ 0.03*pCO2 from the normal value of 20 or
from the pre-heat ratio (data not shown).
Similarly, the blood pCO2 of Merino wethers in the CCR decreased (p< 0.01), with
an associated decrease in blood HCO3- and aBE (p< 0.01); however, blood pH did not
change and there was no change in the Henderson Haselbach ratio from 20 or from the preheat ratio.
There was not a significant decrease in pCO2 of Merino ram lambs in the CCR;
however, blood HCO3- and aBE was lower at the time of removal of those sheep from the
CCR (p< 0.01). As with Merino wethers and rams, Merino ram lambs did not have a
decrease in blood pH or change in the Henderson Haselbach ratio from 20 or from the preheat ratio.
Merino ram lambs, wethers and adult rams in Room 3 did not have any significant
change in blood gas variables during the study (data not shown).
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Figure 4.6 Blood (i) pCO2; (ii) HCO3- and (iii) pH of Merino wethers, Merino ram lambs, Merino adult rams.
On d 2 of the study () and immediately before sheep leaving the CCR  . Bars show mean ± SEM. Within
each class of sheep different letters indicate significant differences (p<0.05).
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Figure 4.7 Blood actual base excess (aBE) of Merino wethers, Merino ram lambs and Merino adult rams. On
d 2 of the study () and immediately before sheep leaving the CCR . Bars show mean ± SEM. Within each
class of sheep different letters indicate significant differences (p<0.05).
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4.3.5 Feed and water intake
Feed intake of ram lambs in the CCR first decreased by d 8 (p< 0.01), while the
feed intake of adult rams did not decrease until d 10 (p< 0.01). When mean feed intake of
both ram lambs and rams first decreased (d 8 and 10 respectively), both classes of sheep
were eating 70 ± 10% of the feed available. Feed intake of Merino wethers in the CCR did
not decrease during the study (Figure 4.8).
The pre-heat water intake of Merino rams and wethers in the CCR was 5.1 ± 0.2 %
of body weight and 5.3 ± 0.8 % of body weight respectively, while Merino ram lambs in
the CCR had an a mean pre-heat water intake of 6.1 ± 0.5% of body weight (Figure 4.8).
Water intake of Merino ram lambs and wethers in the CCR increased by d 7 of the study
(p< 0.01); however, the water intake of rams in the CCR increased earlier, on d 5 of the
study (p< 0.01). Merino rams recorded the highest water intake, reaching a mean
maximum water intake of 13% of body weight or 10 L/day.
Merino ram lambs, adult rams and wethers in Room 3 did not have an altered feed
or water intake from that on d 1 and 2 during the study (data not shown).
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Figure 4.8 Daily (i) feed intake and (ii) water intake of Merino wethers (O), Merino ram lambs (■) and
Merino adult rams (∆) in the CCR. Points show mean ± SEM. Days on figure that are significantly different
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4.3.6 Thyroid and leptin hormones
During the pre-heat period the plasma concentration of leptin was 3.3 ± 0.24, 2.6 ±
0.14 and 2.5 ± 0.42 Ng/ml for Merino wethers, ram lambs and wethers respectively. Leptin
concentration was not different from these values at the time sheep were removed from the
CCR (data not shown). Adult rams had a significant decrease in plasma T3 and T4
hormones immediately before leaving the CCR (p<0.01); while adult wethers had a
decrease in plasma T3 concentration before leaving the CCR (p<0.05) (Figure 4.9). Ram
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Figure 4.7 Mean plasma (i) T3 and (ii) T4 concentration of Merino wethers, Merino ram lambs and Merino
adult rams. On d 2 of the study () and immediately before sheep leaving the CCR . Bars show mean ±
SEM. Significant difference within each class of sheep indicated by * (p< 0.05) and ** (p< 0.01).
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4.3.7 Body weight change
There was no significant weight change of any class of sheep over the period in the
CCR and Room 3 compard to the pre – heat weight.
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Figure 4.10 Change in weight of Merino wethers, Merino ram lambs and Merino adult rams in the CCR ()
and Room 3 . Bars show mean ± SEM.
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4.4

Discussion
This experiment was successful in determining the HSTs for the three classes of

sheep studied. It was considered that the ram lambs were more sensitive to the heat,
reaching HST 1 earlier than the adult rams and wethers, and having lower HST 2 and HST
3 than the other classes. These findings agree with those of previous studies that have
found lambs have a lower upper critical temperature (UCT) than adult sheep (Hahn 1985),
25 °C and 29 °C dry bulb for lambs and wethers respectively. However, the threshold
temperatures determined here cannot be directly compared to the UCT, because the
animals here were subjected to humidities between 60 and 70% compared to the low
humidity used in previously reported studies. In addition, the threshold point used was a
significant change in core body temperature, rather than the determination of a rise in
metabolic rate, or increase in evaporative heat loss (as per the definition of Silanikove
(2000)).
The use of the HST definition in the present study allows this study to be applicable
to the live export industry, where wet bulb temperature is a useful measure of the thermal
environment. Studies in this thesis (Chapter 3) found that a 0.5˚C increase in core
temperature was associated with open mouth panting and associated acid base imbalances,
showing that the animals were under considerable thermal strain when exposed to
conditions defined as HST 2. Thus, these values can be used in a predictive way to manage
exports of sheep of various classes under particular weather conditions.
The development of a heat stress threshold parameter, to be used instead of upper
critical temperature was brought about to be used within the live export industry. The
major reason being that upper critical temperature is determined only by dry bulb
temperature and does not account for the high humidity animals are exposed to during live
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shipment. The incorporation of wet bulb temperature in the heat stress threshold
parameters makes this measure useful in environments that have high humidity such as
during live shipment.
Within this study, the prolonged exposure of heat and humidity without relief
needed to be taken into account in determination of HSTs. Previous experiments
examining upper critical temperature and physiological responses of sheep to heat have
generally exposed sheep to a particular temperature, removed them for recovery and then
exposed them to a higher temperature to determine at what point physiological changes
take place (Wodzicka 1960; Klemm 1962; Hales and Webster 1967; Maskrey 1974;
Hofman and Riegle 1977b). During live shipment, the cumulative effect of heat load is of
particular importance because there is little relief at night. Therefore, previous experiments
would not be directly applicable to live shipment. Studies have found that if the
temperature remains high throughout the night animals have insufficient opportunity to
lose the heat gained from the previous day (Scott et al. 1983; Igono et al. 1992; Muller et
al. 1994a,b; Silanikove 2000). The response of sheep to accumulation of heat load
therefore needs to be considered when assessing the sheep’s reaction to its thermal
environment and therefore in determination of its HST.
The cumulative effect of heat in the present study was found to effect when heat
stress thresholds were reached. All classes of sheep reached HST 1 at the same wet bulb
temperature, but for adult rams and wethers it took an additional day at this temperature
before their core temperature was significantly elevated above normal. This indicates that
the accumulation of heat over two days rather than an increase in ambient temperature
resulted in the increase in core temperature. This finding is important in terms of live
shipment, where sheep are exposed to prolonged periods of high heat and humidity with
little relief. Further research is needed to quantify the effect of cumulative heat load.
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The ram lambs showed clinical responses that corresponded with their lower HSTs.
Panting score increased and feed intake decreased earlier and at a lower wet bulb
temperature than the adult rams and wethers. Why the ram lambs were less tolerant of the
heat than the adult sheep is not known, as little research has been done in this area.
However, it could be related to the higher basal metabolic rate of lambs compared to adult
sheep. Studies have found that the resting heat production per unit body weight of sheep is
known to decline exponentially with increasing age, with lambs therefore having a higher
basal metabolic rate than adult sheep (Blaxter 1962; Graham et al. 1974). The change in
heat production with age was suggested to be related to many factors, including puberty,
weaning, changes in growth rate and stabilisation of the neuroendocrine – homeothermic
system (Brody 1945). Thwaites (1967) stated that sheep do not gain full heat tolerance
until one year of age.
The lower HSTs of ram lambs compared to adult sheep could have also been
influenced by wool length. While all the sheep conformed to the live export guidelines for
wool length, Merino ram lambs had a wool length of approximately 25mm and adult rams
and wethers had a wool length of approximately 10mm. Studies have found that unshorn
sheep (wool length of 60 to 80 mm) are less adapted to hot humid conditions, having a
higher respiratory rate and rectal temperature than shorn sheep (wool length of 0.5 mm)
(Klemm 1962; Hofman and Riegle 1977b). In the case of live sheep export where high
humidity is common, the preference is to have sheep shorn in the preceding 8-10 weeks.
This gives a wool length of around 25 mm at the time of shipment. In the case of sheep in
the present study, all sheep were within this range and therefore are representative of sheep
shipped to the Middle-East. This study was not able to explore the many differences in
wool length and preparation that are possible, and further studies on the effect of the fleece
under hot, humid conditions are recommended.
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This study did not support the hypothesis that the rams would have a lower HST
than wethers. It was found that the HST 1 and HST 2, based on the mean core
temperatures, were the same for rams and wethers, while HST 3 was 1˚C wet bulb
temperature higher for rams than wethers. Previous studies have found that rams react
more dramatically to hot conditions in terms of body temperature and behaviour than do
ewes (Hafez et al. 1956; Thwaites 1985). This is thought to be in part due to the higher
metabolic rate of rams than ewes or wethers (Lee 1950). However, no research has been
found to compare heat tolerance of rams versus wethers. All wethers and rams reached
HST 1 and 2 and four of the six sheep from each class reached HST 3. Therefore this study
suggests that both wethers and rams have similar heat stress thresholds.
The use of HST is an effective measure of thermal strain as it indicates the point
when an animal in unable to maintain thermal balance, as evidenced by increasing core
body temperature. HST 1 was reached early in the study, by ram lambs on the first day that
the CCR were first turned on, and then by adult rams and wethers the following day. An
increase in core temperature above normal in this study was associated with increased
respiratory rate and panting score in adult rams and lambs. However, rapid phase panting
(panting score 2) was not reached in sheep until core temperatures were significantly above
those at HST 2. At HST 2 sheep were generally not observed to be open mouth panting.
This differs to results described in Chapter 3 of this thesis, where sheep were at panting
score 3 when core temperature was 0.5˚C above normal (HST 2). However, sheep used in
the study described in Chapter 3 were summer acclimatised while sheep in the present
study were winter acclimatised. It has been shown that for winter acclimatised sheep the
onset of panting in response to high temperatures was slower than for summer acclimatised
sheep (Wodzicka 1960; Maskrey 1974).
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The use of panting score, as a measure of respiratory character, enables an
assessment of the heat load of an animal and is a better indicator of heat load than
respiratory rate alone. A significant increase in respiratory rate is a normal response to
increased environmental temperature, and can be sufficient for heat loss, such that thermal
balance is maintained. This was found to be the case in this study, where the significant
increase in respiratory rate of adult rams and wethers was not associated with any
significant change from normal in other physiological variables measured, including core
temperature. However, when there was a significant increase in respiratory rate of ram
lambs, their core temperature and panting score were elevated. This difference may be
related to the high initial respiratory rate of the ram lambs, so that for a significant increase
in rate to be detected, there had to be a greater rise in respiratory rate compared to the adult
sheep. The use of panting score, in conjunction with respiratory rate, allows a better
comparison over time.
During this study it was realised that a third HST was needed to identify the
environmental conditions when sheep were showing extreme signs of excessive heat load,
specifically open mouth panting, which corresponded well to when the core temperatures
of the sheep were significantly increased 1˚C above normal (HST 3). Four sheep from each
class reached this threshold. The majority of sheep were not recorded to be open mouth
panting until room temperatures reached HST 3. This indicates that at HST 3, the majority
of sheep were under severe heat load and at high risk of developing respiratory alkalosis if
exposure was prolonged (Hales and Brown 1974; Hofman and Riegle 1977b). These
results are similar to those of Hales and Webster (1967) who found that it was not until
core temperature increased 1˚C above normal that sheep showed signs of open mouth
panting. This makes HST 3 a good indicator of severe heat load on sheep and if used
appropriately, it would be a useful clinical indicator during live shipment. It appears that
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HST 3 may be more consistent in its relationship with clinical signs than the earlier
thresholds, where there was variation in panting score between the classes of sheep. For
instance, ram lambs had only panting score 1 at HST 2, whereas adult rams and wethers
were at panting score 2 to 3 when they reached HST 2. Previous studies have found that
onset of rapid phase and second phase panting is not controlled by core temperature but
rather is controlled by thermoreceptors located on relatively exposed areas of the skin such
as the scrotum (Waites 1962; Hales and Hutchinson 1971), mammary skin (Phillips and
Raghavan 1970), and nasal passage (Bligh 1963a). It appears that at HST 3 the
environmental temperature is sufficient to elevate the core temperature to at least 1˚C
above normal as well as trigger peripheral thermoreceptors.
Open mouthed panting in ram lambs was associated with slight changes in acid
base physiology, and immediately before the removal of ram lambs, there was a decrease
in blood bicarbonate and aBE; however, there were no changes in blood pH or pCO2. This
result differed to that of adult rams and wethers, which had significant decreases in both
blood pCO2 and bicarbonate. Adult rams also had a significant decrease in blood pH. In
this study, the differences in acid base values between each class may not be simply related
to the sheep being of different sex and/ or age, but rather due to the length of time they
spent in the heat rooms. Adult rams generally spent the longest period in the heat rooms
followed by the wethers, while most ram lambs were taken out of the CCR before the adult
rams and wethers (Table 4.2). Therefore, the ram lambs did not have elevated respiratory
rates and panting scores for as long as the other classes of sheep.
The feed intake of ram lambs and rams decreased, which is consistent with
previous studies, where excessive heat load led to a decrease in feed intake (Lee 1950;
Terrill 1968; Dixon et al. 1999). Although rams and wethers had similar heat stress
thresholds, rams decreased feed intake while wethers did not. It may be that the longer
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exposure of rams to high wet bulb temperatures resulted in the decrease in feed intake. The
increase in water intake of Merino ram lambs, adult rams and wethers in the CCR is
similar to other studies exposing sheep to increased ambient temperatures (Macfarlane et
al. 1958; Blaxter et al. 1959; Macfarlane and Howard 1970; Wilson 1974; Shirley 1985).
The increase in water intake would have replaced the increased water lost through
evaporation from the skin and respiratory tract as ambient temperatures increased (Yousef
and Johnson 1985b).
A decrease in T3 and T4 hormones in response to heat was found in adult
rams, with adult wethers having only a significant decrease in T3 concentration. Previous
studies have found that exposure to hot environments causes a decrease in thyroid
secretion rate and suppression of the thyroid gland in sheep and is related to decrease in
metabolic rate and feed intake (Hoersch et al. 1961; Collins and Weiner 1968; Hafez
1968b; Macfarlane 1976; Ingram and Kaciuba-Uscilko 1977). The longer exposure of adult
wethers and rams to hot conditions compared to ram lambs may have been the reason why
ram lambs did not have any significant changes in thyroid hormone concentration.
So far, this chapter has only used mean daily core temperature to interpret heat
stress threshold. Core temperature was measured every fifteen minutes and then averaged
for the day, therefore taking into account the diurnal variation in core temperature.
However, to further account for the diurnal variation in core temperature, the day on which
the minimum and maximum core temperatures reached each heat stress threshold was also
determined. The statistical analysis of core temperature is made difficult due to the diurnal
variation in core temperature, which appears to occur regardless of diurnal variation in
environmental temperature. This was the case in the experiment in Chapter 3 and also in
this study, and the diurnal variation in core temperature was similar for both experiments.

182

It is also similar to the diurnal range in core temperature of sheep exposed to diurnally
variant environmental temperature (Miller and Monge 1946; Eyal 1963; Bligh et al. 1965).
In this particular study, maximum core temperature occurred in the late afternoon
and minimum core temperature in the early morning. This is similar to previous studies
(Hafez 1968b; Mount 1979; Mohr and Krzywanek 1990; Davidson and Fewell 1993). The
HST calculated on daily maximum core temperature of all classes of sheep was found to be
generally higher than that calculated on the daily mean or minimum core temperatures. It is
unknown why this occurred as little research has been done on the effect of high heat load
on the cyclic nature of core temperature.
Previous statistical analysis of core temperature has only been done when there was
diurnal variation in ambient temperature (Hahn 1999; Brown –Brandl et al. 2005) or
exposure of animals to the heat load for a period of 1 to 2 hours (Hales and Webster 1967;
Hofman and Riegle 1977b). Therefore, these statistical tests are not directly applicable to
the present study where sheep were exposed to several days of high temperatures with little
diurnal relief. In this particular study, two methods of statistical analysis of core
temperature were used. These methods are identified as Method 1 (t-test method) and
Method 2 (confidence interval method) (See Section 2.3.3 for method description).
However, only the results from Method 2 are described in this chapter. The main reason
for the use of Method 2 is in this particular study sheep were removed from the CCR once
reaching a rectal temperature of 40.5˚C. The removal of sheep from the CCR once
reaching this rectal temperature meant that heat tolerant sheep took longer to reach a rectal
temperature of 40.5 than less heat tolerant sheep. Therefore, in this study some sheep
stayed in the CCR for up to 3 days longer than other sheep in its class, i.e. some sheep
were removed from the climate rooms before the core temperatures of other sheep in each
class had reached the heat stress thresholds. This did not affect the analysis of heat stress
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threshold when using Method 2 as this method examined each sheep individually, and the
day HST was reached for each animal was then averaged across all animals in each
particular class. Therefore, there is no confounding effect by removal of sheep.
However, the use of Method 1 (t-test method) examined sheep as a group. This
created problems when, in the case of rams and wethers, sheep were removed from the
climate rooms before remaining sheep in each class had reached the heat stress thresholds.
This caused the mean, minimum and maximum core temperatures of the remaining sheep
to be biased by the removal of the most heat intolerant sheep. Therefore, the use of Method
1 to determine heat stress thresholds of rams and wethers would have been confounded. In
the case of ram lambs, both methods generally gave the same result. However, in the case
of rams and wethers, Method 1 generally resulted in a higher heat stress threshold than
when using Method 2. This indicates that Method 1 may have over-estimated the threshold
for both adult rams and wethers, probably because the most heat tolerant animals remained
in the rooms for longer.
Although HST analysis using Method 2 did prove superior to analysis using
Method 1, there were some problems with the determination of HST 3. Two sheep from
each class did not reach HST 3 because they were removed too early from the CCR. This
meant that when using Method 2, HST 3 was determined on four animals rather than six.
Therefore, the determination of HST 3 by the Method 2 is not entirely correct as it is using
a smaller sample size than that used to determine HST 1 and 2 and does not account for
those sheep that did not reach HST 3.
The use of Method 2 does highlight the large between animal variations that in the
study. One wether and one ram were particularly tolerant of the hot CCR conditions and
took longer than other sheep in their class to reach each HST 1 and 2 and did not reach
HST 3. These sheep also took longer to have a significantly increased panting score than
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other sheep in their class. Some sheep were much less heat tolerant, reaching each HST
earlier and progressing to open mouth panting earlier than other sheep in the same class.
This between-animal variation highlights the need for judicious use of a group-determined
HST as a management tool. Sheep should be carefully observed while on board the ship
even when conditions are below the determined upper critical wet bulb temperature
because less heat tolerant sheep may still be at risk.
Care should be taken when using heat stress thesholds developed in this study to
determine heat load of ram lambs, adult rams and wethers in other environmental
conditions. In particular, the determined heat stress thresholds are only applicable to
environments with high humidity. If the thresholds were to be used in conditions with low
humidity, the dry bulb temperature would need to be extremely high before the heat stress
thresholds of this study are reached. It may be that under these conditions, heat load effects
would vary from that of the present study
This discussion has highlighted a number of factors that need to be considered
when using HST as a tool for management of sheep in high heat load environments.
However, the use of HST during live export of sheep is an important step towards correct
management of sheep in this industry. The integration of HST of different classes of sheep
into a heat stress risk model is already underway (Stacey 2003). This model will be used to
predict the risk of excessive heat load for shipments of particular classes of sheep. The
findings of HSTs for Merino ram lambs, adult rams and wethers allows exporters to make
informed decisions on correct management of these particular classes of sheep, therefore
improving welfare of these sheep while on board the ship. The use of HST has application
for other animal industries where high heat and humidity are a problem. This chapter has
provided a method of determining HST that would be of use to such industries.
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CHAPTER 5
Environmental conditions and core temperature of sheep in a Western
Australian feedlot during summer

5.1

Introduction
The Australian lamb industry has undergone major changes in the last 10 years

with more emphasis being placed on meat production both for the domestic and export
market. The current levels of lamb production have increased markedly from 1980 to the
present time with the total value of lamb exports in 2000 being $440.5 million (ABARE
2004). Lamb carcasses have also changed with consumers demanding a heavier and leaner
carcass (Hall et al. 2000; ABARE 2006). This has caused a move towards the use of
crossbreeds with later maturing characteristics, with the crosses being mainly with Poll
Dorset and Suffolk sheep (ABARE 2006).
A consistent, year-round supply of lambs is needed to make efficient use of
processing facilities and give a reliable supply for the high value export markets (Kirby et
al. 2003). Feedlotting enables prime lambs to be finished independently of pasture
availability and therefore allows a more consistent supply of lambs throughout the year.
Feedlotting is also used as a method of familiarising sheep with pelleted feed before live
export. Feedlotting of sheep is most prominent in Western Australia compared to other
states, with most feedlots commonly found in the wheatbelt where day time temperatures
are frequently between 30 and 40˚C during the summer months (Connell et al. 2002;
www.bom.gov.au/weather/wa 2005). Excessive heat load of livestock in a feedlot
production system has been well researched within the cattle industry (Ray and Roubicek
1971; Beede and Collier 1986; Hubbard et al. 1999; Mader et al. 1999; Hahn 2000; Sparke
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et al. 2001; Mader et al. 2002; Davis et al. 2003; Brown – Brandl 2005) but little work has
been done on the response of sheep to this type of production system. Dry bulb
temperatures between 30 and 40˚C have been previously found to increase heat load of
sheep causing adverse effects on performance and wellbeing (Macfarlane et al. 1958;
Ames et al. 1971; Schanbacher et al. 1982; Thwaites 1985; Dixon et al. 1999). In these
studies, reduced feed intake and growth, and increased core temperature were recognised
results. Although previous research has been done on the effect on high temperatures such
as these on physiological responses, the research has not been directed at feedlotted sheep
exposed to high environmental temperatures.
Several aspects in feedlotting have the potential to increase the vulnerability of
sheep to high heat load. In particular, sheep may be exposed to high day time temperatures
over a period of several days, with only limited relief from these high temperatures at
night. Conditions such as these are known to cause accumulation of heat load and have
resulted in a high number of cattle deaths in feedlots located in southern and western NSW
(Sparke et al. 2001). However, it is unknown if conditions in a Western Australian feedlot
during summer would generally allow night time cooling of sheep.
Heat load on sheep during feedlotting may be further exacerbated when they are
fed a typical feedlot diet, high in metabolisable energy and protein. The effect would be
enhanced production of body heat due to the high metabolic cost of digestion (West 1999;
Sparke et al. 2001). This high energy diet is aimed at increasing the body condition of the
animal over a short time period, therefore increasing returns to a producer. There has been
little research on the responses of high condition-score sheep, close to market weight, to
excessive heat load. However, research in the cattle industry has found that cattle with a
high condition score are more susceptible to high heat load (Gaughan et al. 2000; Sparke et
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al. 2001). As body condition increases, both respiratory rate and core body temperature
have been found to increase under hot conditions (Gaughan et al. 2000).
The age and breed of sheep also impacts on susceptibility to heat stress, with lambs
being less heat tolerant than adult sheep, and European sheep breeds less heat tolerant than
Merino’s (Miller and Monge 1946; Symington 1960; Thwaites 1985; Johnson 1971).
Therefore, cross bred lambs could be a high risk for developing heat stress within a feedlot.
This chapter aims to determine the environmental conditions in a partly sheltered
feedlot located in the Western Australian wheat belt and determine the core temperature of
cross bred ewes and wethers being finished in this feedlot. The hypothesis being tested is
that environmental conditions in the feedlot will impose a high heat load on cross bred
lambs and both ewes and wethers will have increased core temperature above normal while
in the feedlot.
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5.2

Materials and Methods
A detailed description of methodology was provided in Chapter 2 of this thesis.

This section builds on that chapter, describing methodology unique to this study.

5.2.1 Animals
Six, 7-month-old Suffolk-Merino cross weaner sheep, were sourced from a flock of
400 located at Duntarning, a commercial feedlot 19 km SE of Pingelly, Western Australia
(latitude 32.32S, longitude 117.05E). Three of the sheep were ewes with a mean weight of
35.2 ± 0.93 kg and three were wethers with a mean weight of 36.0 ± 1.26 kg. The lambs
were weaned at 4 months and had 4 ½ months wool (wool length of 45 mm) at the
beginning of the experiment.
Routine health care was followed before sheep entered the feedlot. Sheep were
vaccinated with Glanvac 3S B12® vaccine (CSL Limited, Victoria, Australia) at 5 weeks
of age. At approximately 5 months of age sheep were drenched with 10 ml of Cydectin®
(Wyeth, Fort Dodge animal products; Kansas, USA) and upon introduction to the feedlot
sheep were drenched with 15 ml of combination drench.
The experiment was conducted during summer from February to March. Two
months before entering the feedlot, sheep were held in a pasture paddock and trail fed hay,
straw and lupins twice a week. Sheep were in the feedlot for a period of 1 week before
being moved to Murdoch University to undergo surgery to implant temperature loggers.
While at Murdoch University sheep were held in a group pen and fed the same pellet ration
as in the feedlot and had access to hay. Sheep were returned to the same feedlot and
remained there until they reached the required weight of 42 kg before being slaughtered at
Hillside abattoir (Narrogin, Western Australia).
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5.2.2 Treatment conditions in feedlot
All sheep were kept in a single 1.8 hectare feedlot paddock which had a maximum
stocking rate of 222 sheep/ hectare (Figure 5.1). Sheep had access to three shade areas
described in Table 5.1 (also see Figures 5.2 and 5.3). The location of shaded areas in the
feedlot as shown in Figure 5.1.
Sheep were fed pellets and oaten hay that were both available ad libitum. Pellets
were custom made and included lupins, oats, straw and mineral premix (see Appendix 1).
Pellets were fed in self feeders, four of which had a length of approximately 2.4 meters and
one with a length of 5 meters (Figure 5.4). Baled hay was provided on the ground (Figure
5.1). Water was available ad libitum via a circular automatic water trough that had a
diameter of 4 meters.

Observation
point

Entrance gate

Shade 1

Water

N
Shade 2
Environment
logger
Weather
station

Pellet self
feeder
Hay

Shade 3

Shaded area

Figure 5.1

Layout of feedlot paddock (not to scale)
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Table 5.1 Description of shaded areas in the feedlot

Area (m2)

Shade type

Shade 1

102

Thatched roof

Shade 2

28

Shade cloth roof

Shade 3

900

Trees

S

Figure 5.2 Shade 1

Figure 5.3 Shade 2
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Figure 5.4

Pellet self feeder

5.2.3 Measurements
5.2.3.1

Core temperature

Core temperature loggers were surgically implanted at Murdoch University into the
six sheep from the feedlot (see Section 2.2.4.1 for surgical details). Loggers were set to
measure core temperature at 5 minute intervals (see Appendix 2 for logger details). Sheep
were fasted for 1 day before surgery and then weighed. Following surgery, sheep were
given 2 days to recover and after this, ‘pre-heat’ core temperature was determined over a 3
day period (d -3 to -1) while sheep were fed normal feedlot rations in the Murdoch
University barn. Sheep were transported back to the feedlot on d 0. Removal of the core
temperature loggers took place after sheep were slaughtered at Hillside Abattoir, Narrogin,
Western Australia.
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5.2.3.2

Behavior observations

The sheep implanted with loggers were observed on 4 days during their time in the
feedlot to determine their behaviour. The day of observation was determined by the
weather forecast. Chosen days were those forecasted to have a high temperature.
Sheep were observed every 15 minutes from 0900 to 1800 hours. At each time
interval, the behaviour category that each sheep was engaged in was recorded. The
behavior categories examined in this study are listed below:
-

Drinking

-

Eating hay

-

Eating pellets

-

Standing or lying in shade 1, 2 or 3

-

Standing or lying in sun

Different colour livestock sprays (Stock spray mark, Elders, Western Australia)
differentiated monitored sheep. Sheep were observed using binoculars from an area that
did not deter them from accessing feed, water or shade (see Figure 5.1).

5.2.3.3

Climatic measurements
Wind speed (km/ h) and solar radiation (W/m2) were measured by a weather

station (Onset computer corporation, USA) positioned in direct sunlight in the feedlot
(Figure 5.1). Environmental data loggers (T-TEC Datalogger, South Australia) were
positioned in all the shade areas and in direct sunlight next to the weather station (Figure
5.1). The data loggers recorded dry bulb temperature (˚C) and relative humidity (%) every
30 minutes, while the weather station logged every 15 minutes. Recordings on the weather

193

station and environmental data loggers were synchronised, with environmental data
loggers recording on the hour and 30 minute past the hour and the weather station
recording on the hour and 15, 30 and 45 minutes past the hour. Thermal heat index (THI)
was calculated using dry bulb temperature and relative humidity recorded from the
environmental data loggers in both unshaded and shaded areas of the feedlot, using the
equation shown in Section 2.2.5 of the General Materials and Methods.
The accumulated THI hours for recovery that were below and above
particular thresholds were calculated as described in Section 2.2.5.
Heat load index (HLI) was calculated as described in Section 2.2.5 using dry bulb
temperature and relative humidity from the environmental data loggers stationed next to
the weather station, and wind speed and solar radiation from the weather station.
On the days that behaviour was monitored, ammonia concentration in shade 1 and
shade 2 were measured at 0900, 1300 and 1600 hours.

5.2.4 Statistical analyses
Pre-heat measurement of core temperature took place from d -3 to -1 of the study.
A significant increase or decrease in core temperature from that at pre – heat and 0.5 and
1˚C above that at pre-heat were determined from d 1 to 40 of the study, using Method 1
and 2 as described in General Materials and Methods (Section 2.3.3.1 and 2.3.3.2
respectively).
The mean, minimum, maximum and range of core temperature difference between
ewes and wethers was analysed using the Levene’s test for equality of means. The daily
mean, minimum, maximum and range in core temperature were averaged over a 40 day
period for each sheep. An independent samples test was then done to determine if there
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was a significant difference between the averaged core temperature mean, minimum,
maximum and range of ewes and wethers.
Animal behaviour was analysed using a two-way ANOVA using activity as the
dependent variable, and day and animal as the independent variable to test for between
animal variations. Due to the large between animal variations, the days were averaged
together for each sheep and a two-sample t - test was used to determine differences in
behaviour for each individual sheep.
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5.3

Results

5.3.1 Environmental measurements
During the pre-heat period (d -3 to -1), sheep were exposed to a mean daily
maximum of 23 ± 0.7˚C dry bulb and an mean daily minimum of 18 ± 06 ˚C dry bulb with
low humidity.
Sheep remained in the feedlot for a period of 40 days; however, measurements
from the computer weather station and environmental loggers were only taken on d 1 to 18
and d 1 to 25 respectively. The weather station had mechanical problems causing it to stop
logging on d 19. The environmental loggers were removed from the feedlot the day before
the sheep were expected to be sent to slaughter (d 25). However, the sheep had not reached
the required weight for slaughter by that time, and therefore stayed in the feedlot for a
further 15 days before being removed on d 41 for slaughter.
For those remaining days (d 26 to 40), hourly recordings of dry bulb temperature
and relative humidity were used from Bureau of Meteorology weather station (BOM)
located in the Wandering townsite, 40 km South - West of the Pingelly feedlot (latitude
32.41S, longitude 116.41E). Wet bulb temperature and thermal heat index was calculated
from these values.
The thermal heat index (THI), wet bulb and dry bulb temperatures in unshaded
areas of the feedlot exceeded those in shaded areas by 0.5 ± 0.08, 0.4 ± 0.03˚C and 0.3 ±
0.08˚C respectively on d 1 to 25 of the study. Dry bulb temperature was above 35˚C for 20
of the 40 days that sheep spent in the feedlot and was above 40˚C for nine of those days
(Figure 5.5 and Table 5.2). The maximum dry bulb temperature reached in the feedlot was
44.1˚C on d 25 of the study. The mean daily range in dry bulb temperature was 19 ± 0.9°C
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from d 1 to 25 of the study; minimum dry bulb temperature was reached between 0200 and
0400 hours, and the maximum between 1200 and 1600 hours on those days.
Wet bulb temperature remained low throughout the study due to the low relative
humidity of 35 ± 2.0% during the day (0800 to 1730 hours) and 66 ± 3.0% at night (1900
to 0730 hours) on days 1 to 25 of the study (Table 5.2). The maximum wet bulb
temperature recorded from d 1 to 25 was 23.4 °C on d 16 (Figure 5.5).
Solar radiation reached a daily maximum above 800 W/ m2 on 7 of the 18 days
monitored, with maximum daily solar radiation above 800 W/ m2 on d 5 to 8, 12 to 13 and
16 of the study. Maximum solar radiation recorded in the study was 849 W/ m2 on d 13.
There was no pattern in the wind speed throughout each day. During the hottest part of the
day between 1200 and 1600 hours, mean wind speed was 13.5 ± 0.35 km/h between d 1
and 18 of the study. Rainfall was infrequent during the period that the feedlot was
monitored. Rainfall was not measured at the feedlot; however, Pingelly weather station
recorded rainfall between 0 and 1mm on d 12 and 40. On d 23 there was 2.4 mm of rainfall
and on d 32 there was 8.4 mm.
Measurement of the thermal heat index (THI) and thresholds developed for feedlot
cattle found that THI was within the alert phase indicated for cattle on 13 of the 40 days
that sheep were in the feedlot (Figure 5.6). Fourteen of the days that sheep were in the
feedlot were within the danger phase indicated for cattle and 10 of the days were within the
emergency phase indicated for cattle. The accumulated THI – hours that sheep were
exposed to each of these thresholds without relief is shown in Figure 5.9 and could only be
calculated from d 1 to 25 of the study due to removal of the environmental data loggers.
From days 1 to 25 of the study, it was found that sheep were spending 41 ± 6.2 THI - hours
above the alert phase, 17 ± 2.7 THI - hours above the danger phase and 4 ± 1.1 THI - hours
above the emergency phase.
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Sheep generally had long periods of recovery at night below the THI thresholds of
74, 72 and 70, as previously indicated for feedlot cattle. Measurement of the THI – hours
of relief below these thresholds is shown in Figure 5.9. From d 1 to 25 of the study, sheep
were spending 151 ± 11.8 THI - hours below the THI - threshold of 74, 118 ± 10.7 THI hours below a THI - threshold of 72 and 89 ± 9.5 THI - hours below a THI - threshold of
70. However, recovery time was limited on d 10 and 11. On d 10, THI reached above the
emergency phase indicated for cattle during the day, while at night, recovery from this heat
load was limited to 4 THI - hours below 70, before THI increased into the danger threshold
the following day. The limited THI recovery on d 10 was due to the high mean night time
dry bulb temperature of 25.4˚C (1900 to 0730 hours). Mean relative humidity at night
(48%) on d 10 was lower than the mean night time relative humidity from d 1 to 25 of the
study (66 ± 3.0%).
Accumulated THI - hours could not be accurately calculated beyond d 25; however,
on d 36 and 37 minimum daily THI did not fall below 70. It was therefore assumed that
sheep were exposed to 0 hours below a THI - threshold of 70 during this time.
Heat load index within the feedlot was within the crisis phase indicated for cattle
on d 9 of the study, reaching a maximum of 92.6 (Figure 5.7 and Table 5.2). HLI was
within the emergency phase indicated for cattle for 6 of the 18 days that HLI was
monitored and in the danger phase for 7 of the 18 days and in the alert phase indicated for
cattle for 3 of the 18 days. However, sheep were not exposed to more than 4 hours a day
above a HLI of 89.
Daily minimum HLI was below 50 on all days measured except d 10 and 15 when
HLI did not fall below 50 at night before increasing the next day. The high HLI at night on
d 10 and 15 could be due to the higher night time temperatures and also the lower night
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time mean windspeed of 6.0 ± 1.41 km/h (1900 to 0730 hours) compared to the mean night
time windspeed of 12.7 ± 1.1 km/ h from d 1 to 18 of the study.
The THI and HLI index are compared in Figure 5.8. HLI and THI generally
reached the same thresholds on each day; however, HLI decreased lower than THI at night.
This was most likely due to the incorporation of solar radiation into the HLI index.
Ammonia concentration in the shade 1 and 2 of the feedlot was 0 ppm at all sample
times on all the days measured.
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Figure 5.5 (i) Dry bulb and (ii) wet bulb temperatures in unshaded area (■) and the mean of shade 1, 2
and 3 (○). Two hourly means from within the feedlot were taken from d 1 to 25. Days 26 to 40 show two
hourly means recoded from the Wandering weather station.
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Figure 5.6 Thermal heat index in unshaded (■) and the mean of shade 1, 2 and 3 (○). Two hourly means from
within the feedlot were taken from day 1 to 25. Days 26 to 40 show two hourly means taken from the
Wandering weather station. █ indicates alert phase, █ indicates danger phase, █ indicates emergency phase
(Sparke et al. 2001).
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Figure 5.7 Heat load index in unshaded area of the feedlot. Two hourly means from within the feedlot were
taken from day 1 to 18. █ indicates alert phase, █ indicates danger phase, █ indicates emergency phase, █
indicates crisis phase (Gaughan et al. 2002).
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Figure 5.8 Heat load index (■) and Thermal heat index () in unshaded area of the feedlot. Two hourly
means from within the feedlot were taken from day 1 to 18. █ indicates alert phase, █ indicates danger phase,
█ indicates emergency phase, █ indicates crisis phase (Gaughan et al. 2002; Sparke et al. 2001).
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Table 5.2 Daily mean, daily mean maximum and daily mean minimum ± SEM of dry bulb temperature, wet bulb temperature and temperature – humidity
index from days 1 to 40 of the study and solar radiation, wind speed and heat load index from days 1 to 18 of the study. *taken between 0800 and 1800
hours

Daily mean

Wet Bulb

Solar Radiation

Wind speed

Temperature –

Heat load index

temperature

temperature

(W/m2)

(km/h)

humidity index

(˚C)

(˚C)

23.8 ± 0.61

16.1 ± 0.32

187.7 ± 16.18*

13.0 ± 0.72

72.1 ± 0.62

62.0 ± 0.99

15.9 ± 0.52

12.3 ± 0.45

0.6 ± 0.00

5.3 ± 0.92

60.6 ± 0.67

45.0 ± 0.59

34.8 ± 0.82

20.6 ± 0.29

663.3 ± 54.43

21.5 ± 0.91

80.9 ± 0.75

83.5 ± 1.3
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Figure 5.9 Accumulated THI hours above a threshold of 74 (alert phase)

, above a threshold of 79 (danger

phase)  and above a threshold of 84 (emergency phase)  from d 1 to 25 and (ii) accumulated THI hours
below a THI threshold of 74

, 72

and 70 .
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5.3.2 Core temperature
In the pre-heat period (d -3 to -1), ewes had a mean daily core temperature of 39.3
± 0.02 ˚C and wethers had a mean daily core temperature of 39.8 ± 0.02 ˚C (Figure 5.10
and 5.11). Core temperature change was analysed using two methods described in Section
5.2.4. Method 1 analysis indicated that mean core temperature of both ewes and wethers
increased above pre-heat while sheep were in the feedlot. The core temperature of Merino
ewes increased above that at pre-heat on d 10, 32 to 34 and d 38 (p< 0.05) according to
Method 1, while core temperature of Merino wethers increased above that at pre - heat on
d 3 and 34 of the study (p < 0.05).
Core temperature was highly variable between sheep within each sex, shown by the
large error bars in Figure 5.9. Method 2 analysis considered each sheep separately and by
this analysis the core temperature of all sheep significantly increased above that at preheat. However, the days on which core temperature did increase above pre-heat generally
was different for individual sheep (Figure 5.12). Sheep differed in not only in which days
their mean, minimum and maximum core temperature increased above that at pre-heat but
also how many days core temperature was above pre – heat.
The time that minimum and maximum core temperature occurred during the study
was determined by averaging the time of minimum and maximum core temperature for
each sheep over the 40 day study and then determining the mean time for each sex ± SEM.
Minimum daily core temperature occurred at a mean time of 0930 hours ± 20 minutes for
ewes and 1000 hours ± 60 minutes for wethers. Maximum core temperature occurred at a
mean time of 1400 and 1730 hours ± 30 minutes for wethers and ewes respectively.
The difference between maximum and minimum daily core temperature (range)
from d 1 to 40 was greater for ewes (1.4 ± 0.05˚C) than wethers (1.1 ± 0.03˚C) (p<0.01).
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This was due to the lower mean minimum core temperature of ewes than wethers from
days 1 to 40 of the study (p< 0.05). The daily mean and daily mean maximum core
temperature of ewes and wethers was not different over the 40 day period of the study.
Core temperature of wethers increased sharply from that of pre - heat core
temperature on d 0 when sheep were moved to the feedlot, and remained high till d 5
(Figure 5.10 and 5.11). This was due to one wether having an extremely high core
temperature during this period, at one point reaching 42˚C. However, this particular sheep
was able to recover and core temperature returned to be similar to that of other wethers on
d 6.
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Figure 5.10 Daily core temperature mean (●), minimum (∆) and maximum ( ) of (i) ewes, and (ii) wethers at
pre – heat and while in the feedlot. Points show mean ± SEM; horizontal line (----) indicates pre-heat (A)
maximum, (B) mean and (C) minimum core temperature. Significant change from pre - heat (d -3 to -1)
indicated for (a) maximum, (b) mean and (c) minimum core temperature as per Method 1 statistical analysis.
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Figure 5.11 Two hourly mean core temperature measurements of wethers (■) and ewes (○). Horizontal lines
indicate pre-heat mean daily core temperature of wethers (A) and ewes (B).
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Figure 5.12 Number of ewes

and wethers  with mean core temperature significantly higher than at pre-

heat (p< 0.05) using Method 2 statistical analysis on each day of the study.
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5.3.3 Behavioural observations
Dry bulb temperature was above 35˚C on the days that behaviour of the sheep was
monitored in the feedlot, while THI reached the emergency threshold (> 84) on three of the
four observational days and HLI was in the emergency phase for 2 days and the crisis
phase for 1 day (Table 5.4). On the days that behaviour was observed, both ewes and
wethers spent more time in the shade than in the sun or eating and drinking (Table 5.3).
Due to the small sample size and large animal to animal variation, there was no difference
in behaviour between the sexes. However, means did indicate a trend that ewes spent less
time in the shade and more time eating than wethers. This was possibly due to one ewe
spending a high percentage of time eating (39 ± 9.3%) or in the sun (12 ± 6.7%) than in the
shade (45 ± 5.0%) compared to other sheep over the 4 day observational period. General
observations of other sheep in the feedlot not implanted with core temperature loggers
indicated that almost all sheep in the feedlot did spend the majority of observational time
in available shade. On the 4 days that sheep were monitored, sheep were not observed to be
open mouth panting.
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Table 5.3 Behavioral observations on ewes and wethers. Values are expressed as percentage of total time of
observations (900 to 1700 hours) ± SEM.

Day 4

Lying/Standing
in Sun
Lying/Standing
in Shade
Eating/
Drinking

Day 9

Day 17

Day 25

Wethers

Ewes

Wethers

Ewes

Wethers

Ewes

Wethers

Ewes

1.0

11.1

1.0

12.1

0

12.1

0

0

(± 1.0)

(± 8.3)

(± 1.0)

(± 5.2)

(± 0)

(± 5.2)

(± 0)

(± 0)

91.9

68.7

88.9

56.6

89.9

63.6

88.9

60.6

(± 2.7)

(± 8.8)

(± 2.7)

(± 2.7)

(± 1.0)

(± 14.9)

(± 4.0)

(± 14.3)

7.1

20.2

10.1

31.3

10.1

24.2

11.1

39.4

(± 2.7)

(± 7.9)

(± 2.0)

(± 7.1)

(± 1.7)

(± 9.7)

(± 4.0)

(± 13.4)

Table 5.4 Climatic conditions in the feedlot on the four days that behavior was measured.

Day 4

Day 9

Day 17

Day 25

Minimum dry bulb (˚C)

12

13

15

15

Maximum dry bulb (˚C)

41

41

35

42

Maximum wet bulb (˚C)

21

22

22

23

Maximum wind speed (km/ h)

18

18

23

<10

Maximum solar radiation (W/ m2)

340

780

780

>700

Maximum thermal heat index

85

85

81

87

Maximum heat load index

89

93

85

na

Cloud cover (Faction of sky

0

4

5

0

obscured by cloud (eighths))
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5.4

Discussion
Environmental conditions in the Western Australian feedlot did result in core

temperatures of both ewes and wethers increasing above that at pre-heat. The physical
environment is well recognised as being important to the thermal balance of animals
(Krieger 1975; Mount 1979; Thwaites 1985; Yousef 1985c). Studies have described a
number of environmental conditions that have resulted in excessive heat load in feedlotted
animals. These include high ongoing minimum and maximum ambient temperatures, a
high ongoing relative humidity, and an absence of cloud cover with high solar radiation,
and low or absent air movement over a number of days (Petrov et al. 2001; Sparke et al.
2001).
High ongoing minimum and maximum ambient temperatures are typical of
conditions during live export, and the work presented in Chapter 3 and 4 have found such
conditions cause increased core temperature of sheep. However, feedlot conditions in the
present study were quite different to those typical of live export shipments to the MiddleEast. The marked diurnal variation in environmental temperatures within the feedlot
allowed relief at night from high day time temperatures that were usually well above the
upper critical temperature of 25˚C for a growing lambs (Hahn 1985). Large diurnal range
in daily environmental temperature is characteristic of the summer climate in the central
wheat belt and southern districts of Western Australia where sheep feedlots are most
common (www.bom.gov.au/weather/wa 2005). Decreased ambient temperatures at night,
typical of those in the present study, have been found to be important in recovery of
animals from heat gained due to high day time temperatures (Scott et al. 1983; Igono et al.
1992; Muller et al. 1994a, b; Hahn 1999; Silanikove 2000; De la Casa and Ravelo 2003).
The cooler night time would allow dissipation of day time heat load.
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The optimum recovery time from high temperatures is unknown for sheep.
However, studies on cattle have found that dry bulb temperature needs to drop below 21˚C
at night for at least 3 to 6 hours to allow recovery from heat gained the previous day
(Silanikove 2000). Other studies have used the accumulative THI-hour to give an
indication of recovery time needed for feedlot cattle at particular environmental
temperatures (Hahn et al. 1999; Sparke et al. 2001; Gaughan et al. 2002). Sparke et al.
(2001) stated that the best recovery is obtained when THI is below 70 for at least six THI
hours, while Gaughan et al. (2002) stated that cattle would be able to recover somewhat
from heat stress at a HLI below 79.
These assessments of recovery were incorporated into the present study and it was
found that feedlot environmental conditions usually allowed sufficient recovery time as
described for cattle. Minimum daily temperature was generally within the thermoneutral
zone and acceptable temperature range for sheep and mean night time temperatures were
generally below 21˚C (Bianca 1970; Hahn 1976). On the days that accumulative THI-hour
was calculated, sheep had well above the minimum THI hours required below this
threshold for recovery, as indicated by Sparke et al. (2001). The minimum daily HLI was
also well below the recovery threshold of 79 indicated for cattle on all the days measured
(Gaughan et al. 2002).
Mean daily core temperature of sheep was generally not different from that at preheat, even though environmental temperatures were well above the upper critical
temperature for sheep indicated by Hahn (1985). The night time cooling most likely
enabled sheep to dissipate heat at night when temperatures were cooler therefore avoiding
increased mean core temperature over a 24 hour period.
There were times; however, when mean core temperature of sheep did increase
indicating that the animals’ heat loss mechanisms could not fully deal with the high
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environmental temperatures. On days 32 to 38, high temperatures and THI during the day
were matched with relatively high night time temperatures and THI compared to the rest of
the study resulting in ewes and to a lesser extent, wethers having increased mean core
temperature. On the days that accumulated THI- hours for recovery was measured, day 10
was the most severe resulting in the mean core temperature of ewes increasing above that
at pre-heat. On this day, environmental temperatures remained high throughout the night
resulting in less than the recommended THI – hours of recovery time needed for feedlot
cattle (Sparke et al. 2001). Further studies need to be done to fully examine other
physiological responses of sheep to these types of conditions. In particular, if feed intake is
decreased under these conditions therefore decreasing the productivity of the animal.
Further investigations also need to be done to determine recovery thresholds for feedlotted
sheep, as cattle are less heat tolerant than sheep and therefore thresholds for sheep could be
higher (Bianca 1970; Sparke et al. 2001; Gaughan et al. 2002).
High humidity is a major limitation to maintenance of thermal balance of sheep as
it reduces evaporative efficiency of sheep causing increased heat load (Klemm 1962; Bligh
1963b; Thwaites 1967; Hofman and Riegle 1977b; Mount 1979). High humidity is
common during live export from Australia to the Middle-East; however, humidity in the
feedlot was low compared to during live export and wet bulb temperatures reached a
maximum of only 23˚C during the study. The low rainfall during the study, typical of the
summer climate in the Western Australian wheat belt, kept humidity to a minimum.
Previous studies on feedlot cattle in tropical conditions where high temperature combined
with rainfall is common found that following high rainfall events, the occurrence of a
‘stress event’ was more likely due to the high humidity (Petrov et al. 2001). During the
‘stress event’, cattle were observed to be open mouth panting with increased drooling. The
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highest rainfall event in the present study occurred on d 32. On that day, sheep had
increased core temperature above that at pre-heat.
The typically low humidity and high solar radiation within the present feedlot
means that long wool is an advantage rather than disadvantage to thermal balance,
compared to live export where high humidity is common (Macfarlane et al. 1958; Klemm
1962; Bligh 1963b; Macfarlane et al. 1966; Thwaites 1967; Macfarlane et al. 1968a;
Hofman and Riegle 1977b; Mount 1979). Solar radiation is typically high in Australia,
considerably higher than in the northern hemisphere (Thwaites 1985). The wool length of
sheep in the present study was optimum to prevent the conduction of this high radiant heat
to the skin (Thwaites 1985). However, sheep did tend to spend the majority of the time that
behaviour was monitored (0900 to 1700 hours) under the available shade. The use of shade
by the sheep is a thermoregulatory behaviour response that allows the influence of solar
radiation on heat load to be almost eliminated (Mosse and Ross 1964; Terrill 1968). This
study indicates that provision of shade is useful. However, shaded areas need to be
constructed to allow adequate airflow and constructed of materials that will not absorb heat
(Ingram and Dauncey 1985; Johnson 1991; Sparke et al. 2001).
The predominant use of shade by sheep in the feedlot is similar to other studies,
where sheep spent the majority of time under available shade (Johnson 1987). During the
day sheep move as little as possible, and tend to eat at night when conditions are cooler so
that heat production is presumably lower (Macfarlane et al. 1958). Further investigation is
needed to determine if the inclusion of a feeder within a shaded area would increase
productivity. Studies on cattle have recommended that feed and water must be available in
shaded areas of a feedlot (Blackshaw and Blackshaw 1994). The traveling of cattle from
shaded areas to unshaded areas to eat or drink results in thermal stress and reduced
production and feed intake are likely (Buffington et al. 1983). The sheep in this feedlot
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were observed to run to the feed and water and then back to the available shade. This
indicates that sheep preferred to be in the shaded area and therefore provision of a feeder
within the shade may initiate a higher number of feeding events than if the feeder was
positioned further away.
Previous studies on the use of shade by cattle in a feedlot have found that ammonia
concentration reached above 40 ppm under shaded areas (Petrov et al. 2001), above the
critical ammonia concentration for welfare of sheep and cattle (Costa et al. 2003).
However, in the present feedlot, ammonia concentration was not above 0ppm under
available shade. The daily urine volume is considerably lower for sheep than cattle, with
sheep having more highly concentrated urine than cattle (Macfarlane 1968b). This is a
likely reason for the lower ammonia concentration in the sheep feedlots. The lower urine
volume of sheep and also the lower moisture content of feacies than cattle (Shirley 1985),
allowed bedding under the shade to be kept dry, whereas within cattle feedlots, bedding
under shaded areas was up to 50% moisture (Petrov et al. 2001). The moist bedding under
shaded areas in cattle feedlots caused significantly higher humidity in the shaded areas
compared to unshaded areas, resulting in added heat load to the cattle. However, within the
present feedlot, moist bedding did not cause increased humidity under shelter, with
humidity slightly higher in the unshaded area of the feedlot.
Wind speed is another environmental factor that can influence a sheep’s ability to
cope with high temperatures (Priestley 1957). Increased wind speed reduces the thickness
of the boundary layer of air surrounding an animal’s body, thereby increasing the rate of
heat loss by convection (McArthur and Monteith 1980). In the present study, mean wind speed during the hottest part of the day (1200 to 1600) was 13.5 ± 0.35 km/h. Previous
studies have found that when wind - speed increased by 3 km/ h to 11.5 km/h, heat loss
from sheep increased by approximately 100 kcal/hr when environmental temperature was
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32˚C (Priestley 1957). Therefore, the wind speed in the feedlot should have allowed heat
loss via convection. Previous studies have found that wind speed is lower in sheltered areas
of feedlots compared to unsheltered areas (Petrov et al. 2001). Within this study, wind
speed was not measured in shaded areas; however, under the man-made shelters (shelter 1
and 2) sheep were usually tightly packed in with wind speed at the sheep level likely to
have been very low toward the centre of the mob. The lower wind speed is likely to reduce
the convective heat loss from the sheep.
This discussion has so far examined dry bulb temperature, humidity, solar radiation
and wind speed as determinates of heat load; however, these environmental factors cannot
be looked at separately to determine the probable heat load an animal is exposed to, rather
it is a combination of these factors. Wet bulb temperature is a common environmental
measure of heat load in the live export industry as it takes into account the most important
environmental conditions on board the ship, being temperature and humidity. Wind speed
and solar radiation are of limited importance to an animals’ thermoregulation in enclosed
decks on board a ship; however, these environmental factors need to be considered in a
feedlot environment.
The heat load index incorporates solar radiation, wind speed, dry bulb temperature
and humidity and therefore is a good indicator of potential for heat transfer between the
animal and the environment in an outdoor environment. In the present study, HLI
increased to the crisis phase on one day of the study and was most commonly within the
emergency and danger phase indicated for cattle. The physiological change of sheep to
increasing HLI has not been extensively explored. However, a HLI in the emergency phase
has been found to cause severe to extreme heat load effects on cattle (Gaughan et al. 2002).
Similarly, THI in the emergency phase also indicates severe to extreme heat load effects on
cattle with associated reductions in feed intake and a panting score of 4 (Silanikove 2000;
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Sparke et al. 2001). Sheep, although having increased core temperatures, were not
observed to be open mouth panting (panting score 4), which has previously been
associated with heat stress, on any observational days even though THI and HLI were in
the emergency phase. This indicated that sheep were not under extreme heat load at these
times. More in-depth studies need to take place to determine heat load of sheep at
particular THI and HLI thresholds. The use of HLI also needs to be specifically adapted to
sheep, because the influence of solar radiation on thermoregulation of sheep will differ to
that of cattle, especially if sheep have long wool and therefore are protected from heat load
associated with high solar radiation (Thwaites 1985).
THI and HLI compared well with similar thresholds reached on each day.
However, HLI was much lower than THI at night, most likely due to the low solar
radiation incorperated in the HLI equation but not in THI equation. From the comparison
of HLI and THI in this study, it is unlikely that management guidance will differ between
uses of either index during the day as threholds reached were similar on each day for each
index. The higher night – time recovery threshold of 79 HLI, indicated by Gaughan et al.
(2002) accounts for the lower HLI in comparison to THI at night (THI night – time
recovery threshold indicated as 70 (Sparke et al. 2001)).
Monitoring of core temperature of the sheep did show that both ewes and wethers
had increased core temperature above normal while in the feedlot. However, as a result of
monitoring of the sheep, other interesting results from the study were noted. It was found
that the mean minimum core temperature from days one to forty of the study was
significantly lower for ewes than for wethers. Basal metabolic rate does differ between
sexes and this has consequences for coping with excessive heat load. Studies have found
that rams react more dramatically to hot conditions in terms of body temperature and
respiratory rate than do ewes or wethers due to the higher metabolic rate of rams
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(Symington 1960; Hafez et al. 1956; Lee 1950). However, ewes generally have a higher
metabolic rate than wethers. Therefore, it is unlikely that basal metabolic differences
would cause a higher normal core temperature of wethers than ewes. Thus, the reasons for
a higher normal core temperature of wethers are unknown. It may be that due to the small
sample size, where accurate comparisons of core temperature between the sexes are not
viable. As with previous studies within this thesis, between animal variation was high.
Therefore, more in depth studies need to be done further explore any physiological
differences between ewes and wethers in feedlot conditions.
To account for the high between animal variation, two methods of statistical
analysis of core temperature were used as described in Section 5.2.4. Individual analysis of
sheep found that one ewe and one wether had increased core temperature above normal on
notably fewer days than other sheep. Due to the small sample size, these sheep caused an
excessive impact on the analysis. Interestingly, the ewe that had a core temperature that
rarely increased above that at pre - heat was observed to spend less time in the shade and
more time eating or in the sun than all other sheep on the 4 days that behaviour was
monitored. Other studies have found that sheep that used shade the least had a similar core
temperature and respiratory rate to those that used the shade the most (Johnson 1991).
Johnson (1991) reasoned that these findings might be due to animals having different rates
of evaporative cooling that were not reflected in respiratory rates, or possibly different
rates of heat production. Alternatively, all animals could have been effectively insulated
from solar radiation by their wool.
This study has shown that sheep did have increased core temperatures while
exposed to these feedlot conditions, indicating that the animals’ heat loss mechanisms
could not fully compensate for the heat stress imposed on the sheep by the high
environmental temperatures. However, due to the extensive feedlot area in which sheep
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were housed and the commercial nature of the feedlot, intensive physiological
measurements could not be made in this study. In particular, it is not known whether sheep
have a decrease in feed intake and therefore productivity when exposed to these conditions.
Further, more in-depth studies need to be done to determine whether high heat load in a
feedlot influences feed intake as it does in the cattle industry. Studies also need to
determine the ability of sheep to recover from high day time heat load and what
environmental conditions are needed for this recovery by incorporation of already existing
indices such as THI or HLI.
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CHAPTER 6
Physiological responses of sheep to environmental conditions
similar to a Western Australian summer feedlot

6.1

Introduction
Sheep in Western Australian feedlots can often be exposed to day time

temperatures well above their thermoneutral zone, as reported in Chapter 5 of this thesis.
Consequently, sheep exposed to these temperatures had increased core temperatures above
normal during their time in the feedlot (Chapter 5). An increase in core temperature above
normal, in response to high ambient temperatures is associated with other physiological
changes, including increased respiratory rate and panting score and decreased feed intake
(Hales and Webster 1967; Schanbacher et al. 1982; Thwaites 1985; Dixon et al. 1999).
Previous studies have examined the effect of excessive heat load on feed intake of
sheep (Thwaites 1968; Bhattacharya and Hussain 1974; Dixon et al. 1999). However, little
research has been done in the context of feedlotted sheep. Sheep in a feedlot are fed a diet
high in metabolisable energy and protein. This high energy diet has been found to have a
high metabolic cost of digestion, and therefore enhanced production of body heat (West
1999; Sparke et al. 2001). Therefore, when sheep are exposed to high environmental
temperatures feed intake may decrease, resulting in less heat produced (Bhattacharya and
Hussain 1974; Mount 1979; Dixon et al. 1999). Often feedlots have a requirement for
animals to finish at a particular weight. If feed intake decreases due to excessive heat load,
it may take longer for an animal to reach the required weight. This may reduce the turnover
rate of sheep in a feedlot production system, and increase costs.
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A number of studies have been carried out on feedlotted cattle exposed to high heat
load (Hahn 2000; Sparke et al. 2001; Mader et al. 2002; Davis et al. 2003; Brown –Brandl
2005). Such studies have identified environmental temperatures that will cause excessive
heat load and decreased performance in feedlot cattle. No research of this kind has taken
place on feedlotted sheep. Knowledge of the physiological responses of sheep to common
feedlot temperatures will indicate if these conditions result in reduced productivity and
comfort of the animals. However, comprehensive studies on physiological responses in
feedlotted sheep exposed to hot environments are difficult. Physiological measurements of
sheep can be quite invasive and difficult to do when sheep are within a feedlot
environment. In particular, animals can become stressed by frequent handling required for
intensive measurement. Environmental conditions also cannot be controlled, causing
difficulty in predicting when extreme heat periods will be and therefore the best time to
take physiological measurements. Climate controlled rooms provide a consistent
environment where animals could be monitored intensively.
The aim of this study was to test the physiological responses of prime feedlot
lambs to increased heat load. The hypothesis being tested was that cross-bred prime
lambs would develop measurable changes in physiological variables, such as increased
core temperature, respiratory rate and panting score, increased water intake and reduced
feed intake, when exposed to temperatures similar to that in a Western Australian summer
feedlot.
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6.2

Materials and Methods

A detailed description of methodology was provided in Chapter 2 of this thesis. This
section builds on that chapter, describing methodology unique to this study.

6.2.1 Animals
Fifteen first-cross Poll Dorset x Merino weaner wethers (25.9 ± 0.9 kg) and fifteen
weaner ewes (25.9 ± 0.9 kg) were sourced from southern Western Australia. Both ewes
and wethers were 4 months of age and had a condition score of 3. These sheep are typical
of those selected for feedlotting and finishing for the prime lamb market in Australia. From
these sheep, nine ewes and nine wethers were selected to go into the CCR (Rooms 1 and 2)
and a further three ewes and three wethers were kept in a room held at prevailing
environmental temperatures (Room 3). Sheep were selected based on temperament and live
weight. Rejected sheep had the highest weight deviations from the mean or exceptionally
nervous or aggressive temperaments.
The experiment was conducted during December with the sheep therefore being
summer acclimatised. During the 3 weeks before entering the experimental rooms, sheep
were exposed to a mean daily minimum of 13 ± 0.6˚C dry bulb and a mean daily maximum
of 27 ± 0.9˚C dry bulb, with low humidity (www.bom.gov.au/weather/wa 2005). The
wethers and ewes had just been weaned and had a wool length of 40 mm. Before the
experiment, sheep were held in group pens in a barn and handled frequently for 10 days
where they were also familiarised and adapted to pelleted feed (the same type fed in the
experiment. See Appendix 1). The regime for introducing the pelleted diet is described in
detail in the General Material and Methods (Table 2.2).
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The animals had been vaccinated at 6 weeks of age with Sing Vac Five in One
vaccine (Wyeth, Fort Dodge Animal products, Kansas, USA) and drenched with 10 ml of
Cydectin® (Wyeth, Fort Dodge animal products; Kansas, USA) at four months of age.
Lambs were supplementary fed with lupins and oats whilst on ewes until 4 months of age.

6.2.2 Layout of rooms
Eighteen sheep were housed in the CCR (Room 1 and 2) and six sheep in Room 3.
Sheep were individually penned as in Chapter 3 and 4. Assignment to the rooms was
strategic so that there were equal numbers of each sex in each room and within these
constraints individual assignment to pens was random.

6.2.3 Conditions in experimental rooms
Sheep entered the CCR on d 1 and for the first four days in the CCR the rooms
were not heated so that pre-heat physiological measurements of the sheep could be
determined. The sheep were then exposed to several different heating regimes from d 5 to
16. During these regimes, the CCR were set to a constant temperature for day (0800 to
1800 hours) and night (1810 to 0750 hours), to mimic environmental conditions in a
summer feedlot in Western Australia (as per Chapter 5).
The initial heating regime (day 5 to 12) was based on environmental conditions
measured at the feedlot from d 1 to 25, with the aim of exposing sheep to the hotter
conditions, particularly those conditions that provided less opportunity for respite. The dry
bulb and wet bulb temperatures and THI of the six hottest nights at the feedlot were
averaged and the rooms set to these conditions for the nights in this initial heating period
(Table 6.1, column A). On day 5 to 8, day time conditions (0800 to 1800 hours) were set as
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the average of those environmental conditions recorded for the day time in the feedlot
which followed the hottest nights (Table 6.1, column B). On day 9 and 10 the day time
temperature of the CCR was increased to match the average dry bulb and wet bulb
temperature and THI of the six hottest days recorded in the feedlot (Table 6.1, column C).
On day 11 and 12, there was a further increase in heating so that THI was in the emergency
phase (THI ≥ 84); because of the mechanism for heating the CCR, dry bulb temperature
alone could not be increased sufficiently, and humidity had to be increased as well. On
days 11 and 12, daytime dry bulb and wet bulb temperature was set to 40˚C and 32.5˚C
respectively.

Table 6.1 Mean wet bulb, dry bulb and THI determined from conditions in a summer feedlot in Western
Australia (Chapter 5) for the six hottest nights (A) the corresponding days (B) and the six hottest days (C).

Measurements

Night (1810 to 0750)

Day (0800 to 1800)

A

B

C

Wet bulb

16 ± 0.8˚C

20 ± 0.6˚C

21 ± 0.3˚C

Dry bulb

21 ± 1.5˚C

31 ± 1.0˚C

35 ± 0.3˚C

66 ± 1.7

77 ± 1.2

81 ± 0.3

THI

The second phase of the heating regime in the CCR (day 13 to 16) was based
around THI, and those thresholds previously published for cattle (Sparke et al. 2001). On d
13 and 14, THI was set to reach the alert phase (73 ≥ THI ≤ 79) at night (1810 to 0750) and
the danger phase (79 ≥ THI ≤ 84) during the day (0800 to 1800). On d 15, THI was set to
reach the danger phase at night and the emergency phase (THI ≥ 84) during the day, and on
d 16, THI was set to reach the emergency phase during the day and at night.
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The sheep were removed from the experimental rooms on day 17, and housed in a
barn at prevailing environmental conditions in group pens until surgery to remove loggers.

6.2.4

Measurements

6.2.4.1

Physiological measurements

Rectal temperature, panting score and respiratory rate of all sheep was measured
three times daily at 0700, 1300 and 1600 hours. Panting score was measured as described
in Table 2.1 of the General Materials and Methods.

6.2.4.2

Blood measurements

Jugular blood samples were taken from all sheep at the beginning of the study at
1600 hours on d 1 and again at 1600 hours on d 8, 12 and 16 of the study. Samples were
processed and analysed for plasma leptin and T3 and T4 concentrations (see General
Materials and Methods, Section 2.2.3 for details on blood collection and analysis).

6.2.4.3

Feed and water
Animals were fed Easy One® feedlot pellets (Milne feeds, Australia;

Appendix 1) divided into three equal feeds offered at 0700, 1300 and 1600 hours. This
particular pellet was recommended to be fed at 3.5 to 4% of body weight (as fed) but was
fed at 5% of initial body weight to account for weight gain of sheep during the study. Feed
residues were measured daily and weighed before the morning feed to determine feed
intake. Sheep in Room 3 were fed according to the previous day’s average intake of those
of the same sex in the CCR. Water was available ad libitum in buckets which was changed
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daily at 0700 hours, with residues collected then to determine water intake. The buckets
were topped up at 1300 and 1600 hours and at other times as required.

6.2.4.4

Core temperature

Core temperature measurement began 2 days following surgery and recorded at 15
minute intervals throughout the study (See General Materials and Methods, Section 2.2.4
for surgical details). Normal core temperature was determined while sheep were exposed
to prevailing environmental temperatures before entering the CCR (d -7 to d 0) and while
in the CCR (d 1 to d 4). This gave a total of 12 days exposure to prevailing environmental
temperatures to determine the normal core temperature of sheep, with this period termed
the pre-heat period. Removal of the loggers took place on the day after removal of the
sheep from the CCR.
Sheep in Room 3 were not implanted with core temperature loggers and were
instead monitored using rectal temperature as described in Section 6.2.4.1.

6.2.4.5

Room conditions

The dry bulb temperature and humidity of each room was measured continuously
by temperature, humidity data loggers as described in Chapter 2. To ensure accuracy of
measurements, two of these loggers were stationed in each of the experimental rooms. Wet
bulb temperature was measured three times daily at 0700, 1300 and 1600 hours using a
sling psychrometer (see Section 2.2.5 for details).
.

Thermal heat index (THI) and the accumulated THI – hours below or above

particular thresholds was calculated from dry bulb temperature and relative humidity
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recorded from the environmental data loggers stationed in CCR 1 and 2 using the
equations and thresholds described in Section 2.2.5 of the General Materials and Methods.
Heat load index (HLI) was calculated from dry bulb temperature and
relative humidity from the environmental data loggers stationed in CCR 1 and 2. Wind
speed was set at 3 m/ s in calculations for the duration of the study, which is the wind
speed created by the CCR heaters and humidifiers as stated by the manufactures. Solar
radiation was set to zero in HLI calculations for the duration of the study. HLI equations
are described in Section 2.2.5 of the General Materials and Methods.

6.2.4.6

Live weight

Before measurement of live weight, sheep were held off feed for 15 hours but had
access to water. Sheep were weighed on d -3, and then allocated to individual pens within
the experimental rooms. Sheep were removed from the rooms at 1700 hours and held off
feed but had access to water for a period of 15 hours and then weighed on d 18. Details of
how sheep were weighed are described in Chapter 2.

6.2.5 Statistical analyses
The statistical test used to determine significant change in mean daily respiratory
rate, panting score, feed intake and water intake from that at pre-heat conditions (d 1 and
4), on d 5 to 16 is described in the General Materials and Methods (Section 2.3.1). The
same statistical test was used to determine change in plasma T3, T4 and leptin
concentration from that at pre – heat (d 1), on d 8, 12 and 16.
The change in weight from initial pre - heat measurements (measurement 1) to
measurements immediately after leaving the CCR (measurement 2) was determined using
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the statistical test described in the General Materials and Methods (Section 2.3.2). Within
each sex of sheep, weight change was compared between the groups in the CCR and those
in Room 3. This was done using a two – sample t – test with group as a fixed factor.
A significant increase or decrease in core temperature at pre – heat and 0.5 and 1˚C
above that at pre-heat conditions was determined from d 5 to 16 of the study, using Method
1 and 2 as described in General Materials and Methods (Section 2.3.3.1 and 2.3.3.2
respectively).
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6.3

Results

6.3.1 Room temperature
The CCR operated adequately during the experiment, and both rooms were similar;
the average difference between Room 1 and 2 was 0.1 ± 0.03°C. The average temperatures
recorded in the CCR for day (0800 to 1800 hours) and night (1810 to 0750 hours) are
shown in Figure 6.1, and the calculated THI and HLI are shown in Figure 6.2.
The actual conditions recorded for the initial heating phase (heat period 1) were
close to those chosen as typical of the feedlot: day time temperatures from d 5 to 8 were
18.7± 0.3°C wet bulb with the THI in the alert phase (75 ≥ THI ≤ 78). On d 9 and 10 mean
temperatures was 22.1 ± 0.1˚C wet bulb with THI in the danger phase (79 ≥ THI ≤ 83), and
on d 11 and 12 the mean day time wet bulb temperature was 27.6 ± 0.6˚C, and the THI
within the emergency phase (THI ≥ 84). Night time temperatures were also close to those
chosen, with the mean night time wet bulb temperatures 16.3 ± 0.5°C and mean THI 68.5
± 0.68. On each day during this heat period, sheep had more than 6 THI hours below a THI
of 70, the recommended minimum time for recovery from high day time temperatures
(Sparke et al. 2001). Sheep were exposed to 83 ± 9.4 THI hours below the THI threshold
of 74, 55 ± 7.6 THI hours below a THI threshold of 72 and 32 ± 5.7 THI hours below a
THI threshold of 70.
During the second heat phase (heat period 2), night and day time wet bulb
temperatures gradually increased. On d 13 and 14, THI at night was within the alert phase,
while during the day THI was in the danger phase. On d 15 and 16, day time THI was in
the emergency phase, while at night, THI was in the danger phase on d 15 and emergency
phase on d 16. During this second phase, room conditions at night did not decrease below a
THI of 70. HLI showed a similar pattern to THI, with d 14 being in the alert phase, d 15 in
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the danger phase and d 16 in the emergency phase. Night time HLI remained below the
alert phase on d 13 and 14; however, it increased to be in the alert and danger phase at
night on d 15 and 16 respectively. Sheep in Room 3 were not exposed to excessive heat at
all; the wet bulb temperature of that room ranged from 12.6 to 19.3˚C, with an average of
16.2 ± 0.1 ˚C (data not shown).
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Figure 6.1 Mean daily (i) dry bulb, and (ii) wet bulb temperature in CCR during the day (0800 to 1800) (O)
and at night (1810 to 0750) (■), during pre-heat and heat period 1 █ and 2 █.
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Figure 6.2 Mean daily (i) thermal heat index (THI), and (ii) Heat load index (HLI) in CCR during the day
(0800 to 1800) (O) and at night (1810 to 0750) (■) during pre-heat and heat period 1 █ and 2 █.
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6.3.2 Core temperature
Two-hourly averaged core temperatures of the sheep are shown in Figure 6.3. The
pre-heat daily mean core temperature of the wethers was 39.5 ± 0.05˚C and of the ewes
was 39.5 ± 0.04˚C. Statistical analysis using Method 1 found that the daily mean core
temperature of ewes and wethers first increased above that at pre - heat (HST 1) on d 5 (p<
0.01) and d 11 (p< 0.01) respectively (Figure 6.4).
All wethers and ewes had a mean core temperature that significantly increased
0.5˚C above that at pre - heat (HST 2). Statistical analysis using Method 1 found that the
mean core temperature of both ewes and wethers reached HST 2 on d 16 (p< 0.01).
Maximum core temperature of both ewes and wethers reached HST 2 on d 11, 12 (p< 0.01
and p< 0.05 for ewes and wethers respectively) and 16 (p< 0.01). Using Method 1 analysis,
HST 3 was not reached by any sheep during the study.
Analysis of core temperature by Method 2 found that four ewes and two wethers
had a mean core temperature that reached HST 2 during the first heat period, at a mean day
time wet bulb and dry bulb temperature of 22.2 ˚C and 33.7˚C (d 10) and 28.3 ˚C and
36.7˚C (d 11) respectively. The mean core temperature of the remaining ewes and wethers
reached HST 2 during the second heat period on d 16 of the study, when day time wet bulb
and dry bulb temperature was 28.5˚C and 37.9˚C respectively and night wet and dry bulb
temperature was 27.1˚C and 37.0˚C respectively. Four of the nine ewes and three of the
nine wethers had a mean daily core temperature that significantly increased 1˚C above pre
- heat (HST 3) on d 16 of the study using Method 2 analysis.
Initial rectal temperature (d 1 to 4) of ewes and wethers in Room 3 was 39.8 ±
0.02˚C and 39.6 ± 0.06˚C respectively and rectal temperature did not increase above this
during the study (data not shown).
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Figure 6.3 Two hourly mean core temperature of wethers ■ and ewes  in CCR during pre-heat and heat
period 1 █ and 2 █.
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Figure 6.4 Daily mean (■), minimum (∆) and maximum (○) core temperature of (i) ewes and (ii) wethers
during pre-heat, heat period 1
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(b) mean and (c) minimum core temperature.
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6.3.3 Respiratory rate and panting score
The mean RR of ewes and wethers during the pre – heat period in the CCR (d 1 to
4) was 75 ± 8 bpm and 75 ± 6 bpm respectively. RR first increased above that at pre - heat
on d 5 in ewes and d 8 in wethers (p< 0.01) (Figure 6.5). Following this, RR remained
above that at pre - heat until the end of the study (p< 0.01). RR reached a maximum on d
12 with ewes recording 289 ± 26 bpm and wethers recording 294 ± 40 bpm at the 1600
hour sampling time. There was a pronounced diurnal pattern to RR, with maximum RR at
the 1600 hour sampling time and minimum respiratory rate at the 0700 hour sampling
time. The RR of both ewes and wethers in Room 3 remained no different from initial RR
(106 ± 8 and 86 ± 8 bpm respectively) during the study (data not shown).
The panting score of both ewes and wethers first increased on d 6 (p< 0.01) (Figure
6.5). All sheep were first recorded to have a panting score of 2 on d 9 and 10 of the study.
All sheep progressed to open mouth panting (panting score 3) on d 11 and 12 when day
time THI was in the emergency phase. During this time, one ewe and two wethers were
observed open mouth panting with their tongue out (panting score 4). During the second
heat period, all sheep were recorded to have a panting score of 2 by d 13. However, during
the second heat period, open-mouthed panting (panting score 3) was only recorded in five
ewes and five wethers and not until d 16 when THI was again in the emergency phase.
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Figure 6.5 Respiratory rate (i) and panting score (ii) (mean ± SEM ) of ewes (O) and wethers (■) during preheat and heat period 1█and 2 █.
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6.3.4 Feed and water intake
There was large between-animal variation in feed intake during the study,
illustrated by the large error bars in Figure 6.6. One ewe took a number of days to adjust to
the feedlot feed while in the rooms and this is shown in the average feed intake of ewes
being low at the beginning of the study (Figure 6.6). There was no significant decrease in
feed intake, as a percent of feed available, for either ewes or wethers during the study.
However, during the second heat period, three ewes and three wethers did not eat
everything offered. The decrease in feed intake was most drastic in the two wethers
(termed wether 1 and 2 for descriptive purposes), with a mean feed intake of those sheep
decreasing to 32.6 ± 14.9% of feed available on d 15 and 16 of the study. For the
remaining sheep, the decrease in feed intake was only slight, reaching a mean minimum
feed intake of 89.8 ± 3.13% of feed available during the study.
Water intake of ewes in the CCR increased in response to increased wet bulb and
dry bulb temperature on d 15 and 16 of the study (p < 0.01). However, during the study,
water intake of wethers did not increase above that during the pre – heat period (d 1 to 4)
(Figure 6.6).
Both feed and water intake of sheep kept in Room 3 did not change from initial
intakes (12 ± 0.8%) during the study (data not shown). In the present study there was
limited value in feeding sheep in Room 3 according to the amount eaten by CCR sheep, as
the mean feed intake of sheep in the CCR did not significantly decrease.
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Figure 6.6 Mean feed intake as a percent of feed available (i), and water intake as a percent of body weight
(ii) of ewes (O) and wethers (■) in the CCR, during pre-heat, heat period 1 █ and 2█. Points show mean ±
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(b).
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6.3.5 Thyroid and leptin hormones
Concentration of plasma T3, T4 and leptin did not change from those at pre – heat
sampling (d 1) during the study for either ewes or wethers in both the CCR and Room 3
(Table 6.2).

Table 6.2 Mean pre-heat plasma thyroid and leptin hormone concentration of ewes and wethers in the CCR
and Room 3 (mean ± SEM)

CCR

Room 3

Plasma T4

Plasma T3

Leptin

(uM/L)

(Ng/ml)

(Ng/ml)

Ewes

219 ± 19.4

1.7 ± 0.27

2.7 ± 0.23

Wethers

189 ± 24.4

1.8 ± 0.37

2.4 ± 0.27

Ewes

153 ± 19.3

1.1 ± 0.19

2.0 ± 0.92

Wethers

125 ± 39.2

1.4 ± 0.44

2.7 ± 0.03
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6.3.6 Body weight change
Body weight of ewes and wethers in the CCR and Room 3 significantly increased while
they were in the experimental rooms (Figure 6.7) (p< 0.01). The percentage change in
body weight of wethers one and two was 4.7 ± 2.1% and was lower than all other sheep in
the study. Change in body weight was not significantly different in the CCR sheep
compared to the sheep in Room 3.
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Figure 6.7 Percent change in body weight from initial values (d -3) to the end of the study on d 18 for ewes
and wether in the CCR and Room 3 (mean ± SEM). Significant change in weight indicated by * (p< 0.05)
and ** (p< 0.01).
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6.4 Discussion
This experiment was successful in monitoring the responses of cross bred ewes and
wethers exposed to thermal conditions typical of a hot summer feedlot in Western
Australia. The sheep responded as expected with increased core temperature, respiratory
rate and panting score above those recorded at pre-heat.
The increased core temperatures of both ewes and wethers during heat period 1
were consistent with the study discussed in Chapter 5 of this thesis, where sheep were
monitored in an actual feedlot. An increase in core temperature indicates that the animals’
heat loss mechanisms could not fully compensate for the excessive heat load, although
there was increased respiratory rate and panting score; with panting previously found to be
a major heat loss mechanism in sheep (Hales and Brown 1974; Thwaites 1985). During
heat period 1, environmental conditions at night allowed recovery of sheep from high day
time heat load. Respiratory rate and panting score decreased at night during heat period 1
to be no different from normal at morning sampling. This indicates that the animals were
able to lose heat at night when temperatures were cooler. Furthermore, after exposing
sheep to 4 days of similar diurnally fluctuating ambient temperatures (d 5 to 8), mean,
minimum and maximum core temperature, respiratory rate and panting score were not
different between the days, indicating that sheep did not accumulate heat load over this
period. These findings agree with those of previous studies that have found environmental
conditions such as those at night during heat period 1 and in the Western Australian feedlot
(Chapter 5) allowed recovery from heat gained from high day time temperatures, therefore
avoiding heightened physiological responses the following day (Igono et al. 1992; Muller
et al. 1994a; b; Silanikove 2000; Sparke et al. 2001; De la Casa and Ravelo 2003).
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From the work in the present study it appears that it is crucial for there to be a
period of respite from the high day time temperatures to allow animals to cool; however,
the length of time required by the sheep for recovery is not known. This study gave sheep
substantially more than 6 THI hours below a THI of 70 each night during heat period 1 and
this enabled recovery of the sheep from high day time heat load as described above.
However, it is not known what the maximum temperature and minimum time required
would be for sheep to adequately recover from day time heat load. Further studies are
needed to give recommendations on adequate respite. Studies of this nature have been done
on cattle and have proved useful in determining correct management of cattle in feedlots,
especially in climates where night time relief from high temperature is limited (Scott et al.
1983; Igono et al. 1992; Muller et al. 1994 a, b; Hahn 1999; Sparke et al. 2001).
Limited relief from high temperatures in the present study, during heat period 2,
resulted in sheep accumulating heat, causing heightened physiological responses. In
particular, the respiratory rate and panting score of sheep was above normal at all sampling
times indicating that sheep were not within their thermoneutral zone at night and therefore
were not able to recover from the high day time heat load. When there is limited
opportunity to release stored heat at night productivity is reduced and health of the animal
is compromised (Hahn 1985). In the present study, upper critical wet bulb temperature or
HST 2 was reached when high day time temperature was also combined with a similar
night time temperature resulting in limited relief from high heat load at night. These
conditions are generally not found in a Western Australian summer feedlot. However,
individual analysis of HST found that some sheep did react more dramatically to hot
conditions than other sheep. In particular, HST 2 of four of the nine ewes and two of the
nine wethers was reached during heat period 1 when relief from high temperatures at night
was available. These particular sheep were also the only sheep that reached HST 3 during
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the study. This indicates that these sheep were less heat tolerant than other sheep in the
study, and they showed signs of excessive heat load even though diurnal relief was
available. Crabb et al. (1995) found that in hot conditions, some sheep are able to maintain
relatively normal body temperature, whereas others are not. This phenomenon is repeatable
over consecutive days and also subsequent years. The difference is most likely related to
the efficiency of heat loss from the body, and possibly associated with an adaptive
response to regional blood flow. These findings highlight the need for careful observation
for vulnerable sheep within a feedlot. Heat load management techniques such as the use of
shade in a feedlot may be required for such sheep.
While core temperature does give a good indication of heat load of an animal, this
measure of heat load is not practical in a feedlot production system. However, the use of
panting score is an accessible and easy method for evaluating the impact of excessive heat
load on sheep under extensive conditions. Panting score has already been developed for
use in cattle feedlots to determine the level of heat load (Holt 2001). In species that rely
heavily on respiratory cooling, such as sheep, the onset of rapid shallow panting (panting
score 1) is a good indicator of the onset of thermal stress (Monty et al. 1991) while the
onset of second phase panting indicates severe heat load and risk of severe respiratory
alkalosis (Hales and Webster 1967; Hofman and Reigle 1977b). Sheep were observed to be
open mouth panting (panting score 3) some with their tongue out (panting score 4) during
heat period 1 of the present study, indicating sheep were under severe heat load during this
time. However, as described earlier, sheep were able to recover at night, and respiratory
rates decreased to normal when temperatures cooled.
Studies on cattle found that metabolic acidosis developed in response to open
mouth panting during the day and decreased panting at night when temperatures were
cooler (Schneider et al. 1988). The effect is caused by the retention of carbon dioxide as
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respiratory rates decrease in the cooler conditions, creating a more acidic environment.
Depletion of bicarbonate can exacerbate the acidosis (Beatty et al. 2006). However, in the
case of cattle, feed intake had decreased to virtually nothing and therefore bicarbonate
reserves were not replenished. The sheep in the present study continued to eat and so
would have replenished bicarbonate, therefore avoiding the onset of metabolic acidosis
when respiratory rates returned to normal. This was found to be the case in the Chapter 3
study in this thesis, where decreased bicarbonate reserves were quickly replenished once
room temperatures decreased to thermoneutral. Therefore, although sheep may have
developed changes in acid base physiology in response to open mouth panting; severe,
ongoing imbalances would likely be avoided, as in the Chapter 3 study.
Initial respiratory rates of lambs were high, especially in the case of lambs in Room
3. The initial respiratory rates of lambs were also found to be higher than adult sheep in the
Chapter 4 study and also in previous studies (Bianca 1968). The reason for this may be
related to the higher basal metabolic rate than adult sheep (Blaxter 1962; Graham et al.
1974; Mount 1979).
That sheep continue to eat whilst being exposed to high heat load differs to cattle.
Studies on feedlotted cattle have found that feed intake decreases to virtually nothing when
exposed to high temperatures, causing decreased productivity (Sparke et al. 2001; Brown –
Brandl et al. 2005; Beatty et al. 2006). The majority of sheep in the present study
maintained feed intake even when high day time temperatures were combined with high
night time temperatures during heat period 2, with some sheep observed open mouth
panting with their tongue out (panting score 4) whilst eating.
Because most sheep continued to eat, the sheep gained weight while exposed to hot
conditions during the study, with weight gain no different from control sheep exposed to
thermoneutral temperatures. That the sheep in the present study gained similar amounts of
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weight to sheep in thermoneutral conditions indicates weight gain was not affected by the
heat. The finding is therefore a positive one for producers finishing sheep in hot
environments. However, 30% of sheep from each sex did have decreased feed intake with
increased ambient temperature during heat period 2. Of those that did decrease feed intake,
the most drastic decrease was by the two wethers (wether 1 and 2). The increase in weight
of the two wethers was lower than that of other sheep in the study indicating that growth
rate was reduced because of decreased feed intake. Previous studies have found that lambs
fed a pelleted diet exposed to high ambient temperatures of 31˚C had lower growth rate
compared with those at lower ambient temperatures (5 and 18˚C) (Schanbacher et al.
1982). It was thought that the high environmental temperatures caused decreased
rumination and digestibility of feed. The variation in feed intake in the present study
highlights the need for producers to be aware of between animal-variations.
Previous studies within this thesis (Chapter 3 and 4) have also found that sheep
generally continued to maintain feed intake when exposed to high heat load. However,
these studies fed sheep at maintenance, while in the present study sheep were eating well
above maintenance and continued to do so even when obviously heat stressed. Growth
rates and metabolic rate are typically higher in immature younger animals than older
mature animals (Blaxter 1962; Graham et al. 1974; Gill and Oldham 1993). The
maintenance of feed intake of lambs in the present study could be related to the high
requirement of food for growth and maintenance.
The preservation of feed intake during excessive heat load could also be related to
the method of feeding in this particular study and these methods could therefore be used to
improve feed intake of sheep in a feedlot environment. In the present study, feed was
available at the same time each day. It is likely that sheep became accustomed to this and
excited in the fact they were going to be fed. This was shown by sheep bunting the feed
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container and pawing the ground at feed times in anticipation of being fed. This may have
caused sheep to eat more than they otherwise would have at one time if feed was always
available, with sheep in this study observed eating all the feed available at once. Previous
studies on cattle have also found that the act of actually providing feed to the trough
stimulates feeding behaviour in feedlot cattle (Sparke et al. 2001). Therefore, in a feedlot
environment feed intakes and therefore growth rates of sheep could possibly be increased
by manual addition of feed to troughs each day therefore stimulating feed intakes.
However, further studies need to be done to confirm this.
Sheep in the present study were also adapted to the feedlot feed for a period of one
and a half weeks before the study. When sheep are first introduced to a novel feed, the shy
feeding sheep generally have a period of low feed intake, followed by increased
consumption leading to a relatively stable level of intake (Bowman and Sowell 1997). The
introductory period onto feed before the study meant that from the start of the study, most
sheep had adjusted to the new feed and were eating everything offered. The adaption of
sheep to novel feed is important for optimum growth rates of sheep and therefore returns
for the producer (Hall and Mulholland 1982). However, as with all climate room studies
within this thesis, there was a proportion of sheep that failed to adapt to the feedlot feed
and therefore failed to eat everything offered whether it was hot or not. This is an ongoing
problem in the feedlotting and live export industry and does need further attention.
A decrease in thyroid activity is associated with exposure of sheep to high heat load
and consequent decrease in feed intake (Hoersch et al. 1961; Collins and Weiner 1968;
Hafez 1968b); however, in the present study neither T3 nor T4 concentrations changed. The
response of T3 and T4 to heat stress is slow and has been found to take several days before
reaching a steady state (Silankove 2000). This present study may not have been long
enough to result in a significant change in T3 and T4 concentrations. In previous studies in
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this thesis (Chapter 4) sheep were exposed to 9 days of prolonged high heat and humidity
with little night time relief before any significant change in T3 and T4 was seen. In the
present study, conditions were not as extreme and temperatures were generally cooler at
night giving sheep an opportunity to recover. The maintenance of plasma leptin
concentration during the study is most likely related to the preservation of feed intake and
therefore energy intake of the sheep. Leptin concentration is influenced by energy intake
and has been linked to reduced feed intake through its influence on thyroid releasing
hormone and ultimately the secretion of T3 and T4 (Ahima et al. 1996; Flier et al. 2000).
Therefore, it is not surprising that leptin, T3 and T4 concentrations did not change.
The actual water intakes of wethers and ewes throughout the present study were
substantially higher than the Merino wethers in the Chapter 3 study. This may be related to
the diet fed, with the protein content of the diet in the present study being substantially
higher than that in the Chapter 3 study. This supports findings by Terrill (1968) that water
intake was higher in sheep fed a high protein diet than a low protein diet.
Although actual water intakes differed between the present study and the Chapter 3
study, the increase in water intake in response to increased environmental temperatures
was similar. Merino sheep in the Chapter 3 study did not have drastically increased water
intakes, and were found to have highly concentrated urine, an adaptation typical of summer
acclimatised Merino sheep to minimise water loss through excretion in hot environments
(Macfarlane et al. 1958; 1956; Macfarlane 1968a). Urine variables were not measured in
this study; however, the Poll Dorset x Merino sheep may have also been able to highly
concentrate urine during summer, therefore large increases in water intake were not
required to maintain water balance during heat periods.
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The heat indices used in this study have previously been used in feedlot studies on
cattle to determine the level of heat load (Hahn et al. 1999; Sparke et al. 2001; Gaughan et
al. 2002). There has been no threshold of this type developed for sheep in a feedlot
situation. This study shows that the thermal heat index can be used for sheep in a feedlot
situation. It was shown that sheep were under severe heat load when THI was in the
emergency phase, with open mouth panting and both ewes and wethers reached HST 2 and
some sheep reached HST 3. Similar physiological responses were found in cattle exposed
to a THI in the emergency phase, with cattle reaching a panting score of 4 (Silanikove
2000; Sparke et al. 2001). However, sheep do differ to cattle in their response to
emergency phase THI, as unlike previous studies on cattle, most sheep maintained feed
intake.
Heat load index (HLI) has recently been incorporated into forecasting
environmental conditions causing high heat load in feedlotted cattle (Petrov et al. 2001;
Gaughan et al. 2002). This index is thought to be superior to THI in determining level of
heat load in feedlot cattle because it incorporates wind speed and solar radiation (Gaughan
et al. 2002). Within the present study, wind speed and solar radiation had little influence
on heat load of the animal within the climate rooms. The incorporation of solar radiation
and wind speed into the HLI index means that this index needs to be used with care in the
CCR where wind speed and solar radiation are abnormally low compared to the outside
environment. The low wind speed and solar radiation in the CCR caused the thresholds
reached by the HLI to be lower than those reached by the THI on days during the study.
For example, THI values were in the danger phase on 9 and 10 compared to HLI values
being below the alert phase on these days. Physiological changes such as increased core
temperature and panting score were seen on d 9 and 10 before HLI reached the alert phase
therefore indicating that HLI underestimates heat load of sheep in this situation.
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Environmental conditions in a shaded feedlot are similar to those in a climate room
in terms of limited influence of solar radiation and wind speed. From the findings of the
present study, the use of THI is a more reliable indicator of heat load than HLI and
therefore could be a more reliable indicator of heat load in a shaded feedlot. When used in
an unshaded feedlot, the weighting of solar radiation in the HLI should also vary
depending whether used for cattle or sheep because of the potential effect of the fleece for
unshorn sheep (Macfarlane 1968b). Further studies do need to take place on development
of thresholds for sheep while using these indexes.
The determination of physiological changes of sheep to conditions typical of a
feedlot within this chapter has resulted in several important findings. These include the
ability of sheep to recover from high day time heat load when conditions are cooler at night
and similar to a Western Australian feedlot. Additionally, these sheep were able to
maintain feed intake regardless of whether there was night time cooling or not.
Consequently, sheep were able to gain weight in these adverse conditions. It must be noted
that some are more vulnerable to heat stress, as within this study, those sheep had higher
core temperatures, decreased feed intake and had higher panting scores than the less
vulnerable sheep. The use of panting score within this study provided a good indication of
the heat load on an animal. THI and HLI could be used within a sheep feedlot environment
to indicate the possible risk of heat load on sheep; however, more studies need to be done
to better determine the cutoffs for each threshold.
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CHAPTER 7
Conclusions and Future Direction

Australian sheep can be subjected to extremely hot conditions, both in extensive
and intensive production systems. Two areas of particular interest from both welfare and
production perspectives are the live export and feedlotting industries. Previous research on
the responses of sheep to high temperatures was done over 30 years ago, and mostly
concentrated on short term exposure of animals to high dry bulb temperatures. This does
not provide sufficient information to be directly relevant to the current production systems.
The typical live export voyage to the Middle-East lasts for 2 to 3 weeks, with exposure to
both high temperature and humidity on the ships. In summer feedlots in Australia, sheep
may be subjected to high day time environmental temperatures while fed a high energy diet
that results in an added heat load due to digestion. Additionally, much of the original work
concentrated only on Merinos and did not consider different classes or breeds of sheep, or
the effect of different nutritional regimes.
Thus, research detailed in this thesis was conducted to define the physiological
responses of sheep to high environmental temperatures typical of those experienced in the
live export and summer feedlot situations. While some data was available on conditions on
board livestock vessels, there was none available for summer feedlots in Western
Australia, and so data was collected at one such site for subsequent use in a more intensive
experiment.
Physiological responses of both Merino wethers and Awassi rams to high
temperature and humidity were defined in this thesis. These particular classes of sheep
were chosen as representative of typical sheep exported live to the Middle-East. An initial
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aim of this work came from the industry funding body, and this was to discover whether
electrolyte supplementation would be useful in exported sheep exposed to hot conditions.
The experiments determined that there were no physiological reasons for an electrolyte
supplement to benefit such sheep, especially as the majority continued to eat during the hot
periods. Within this study, increased core temperature and respiratory rate and changes in
blood gas variables were found in the Merino wethers, indicating that they were under
excessive heat load. However, it was found that Awassi sheep showed exceptional ability
to maintain homeostasis, with no significant increase in core temperature or change in
blood gas variables.
From work conducted within this study, and from anecdotal reports, it was apparent
that there is variability in heat tolerance and therefore magnitude of response to the heat by
different breeds and classes of sheep. Therefore, additional work was undertaken to
characterise environmental conditions that would cause particular levels of heat stress in
different types of sheep. In particular, heat stress thresholds were defined for several
classes of sheep during thermal conditions similar to live shipment to the Middle-East.
Within this study methods of analysis of core temperature were developed.
This thesis also examined the effect of excessive heat load on sheep within a
feedlot. Sheep were monitored in a Western Australian summer feedlot and environmental
and animal data was gathered for subsequent use in the climate controlled rooms. More
intensive studies defined physiological and production responses of feedlot lambs exposed
to conditions typical of the summer feedlot. It was found that conditions within a feedlot
allowed recovery from day time heat load at night. However, even when no recovery was
available, sheep still maintained feed intake.
The defining of physiological responses of sheep during live export and feedlotting
has enabled an insight of how sheep need to be correctly managed within these industries.
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In particular, development of heat stress thresholds of sheep in conditions similar to live
export have been incorporated by industry into a model used to predict high risk shipments
and particular classes of sheep that should not be shipped during these times. Studies on
sheep within a feedlot have characterised the behavioural responses of sheep to these
conditions, while more intensive studies defined the physiological responses of sheep to
feedlot conditions. These studies will be useful for designing and implementing
management strategies that provide best practice care for sheep in these industries.
A remarkable finding in this thesis is the maintenance of feed intake of sheep even
under extreme heat load. This is a positive finding for feedlot producers that rely on high
production to meet market demands. Continued feed intake allows maintenance of
electrolyte balance during live shipment, leading to the conclusion that electrolyte
supplementation of live-exported sheep would be of little value.
The intensive nature of sample collection within these studies has meant that
intensive studies could not take place on the ships or within the feedlot. Blood sampling
and individual feed and water intake measurements would have been extremely difficult if
experiments were conducted in the field unless procedures already in place within these
industries were drastically changed. This was not an option and therefore the use of the
climate controlled rooms was the best alternative. Use of the climate rooms did not allow
measurement of the combined effect of all stressors on sheep within these industries. The
limited space in the rooms meant that only a few animals could be measured at a time, so
results show the effects of between-animal variability. However, the outliers provide
information both about the most heat tolerant sheep, and the most sensitive, and therefore
the most seriously affected sheep. The scope of this thesis did not allow every breed, sex,
preconditioning and wool length of sheep to be tested. However, methods devised in this
thesis could be used in future studies to test these classes of sheep, if required.
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The defining of physiological changes of sheep during live shipment and
feedlotting has set a foundation for further research into correct management of sheep
within these industries. Of note were the 16 to 25% of the 18 sheep in each climate room
study that were poor feeders whether conditions were hot or not, leading to suggestions for
future work to concentrate on the concern of shy feeding sheep. Previous studies have
found shy feeding of sheep to be a problem both during live export and feedlotting
(McDonald and Norris 1983; McDonald 1986; McDonald et al. 1988a,b; 1990; Norris et
al. 1990b; Richards et al. 1991; Norris et al. 1992); however, further studies need to
concentrate on physiological changes of sheep that cause shy feeding and therefore how to
correctly manage these sheep. Further studies need to also examine methods to assess
welfare of sheep. This study has shown that sheep are under excessive heat load within the
intensive industries; however, a measure for welfare of these animals has not yet been
determined and therefore it cannot be determined objectively if their welfare is
compromised. Behavioural studies on sheep within a feedlot have found that shade is
commonly used. It may be the case that positioning of the feeder under the shade would
increase feed intake and therefore productivity. However, further studies need to be done
to determine if this is the case.
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APPENDICES
Appendix 1: Analysis of feed used in each experimental chapter
Test

Units

Chapter
3

4

5

6

Moisture

(%)

9.5

9.8

9.7

9.0

Dry Matter

(%)

90.5

90.2

90.3

91.0

Ash

(% of DM)

7.8

7.2

8.8

7.7

Crude Protein

(% of DM)

11.6

9.5

14.9

14.8

Acid detergent fibre

(% of DM)

27.0

22.0

15.4

24.2

(% digestible DM)

61.0

66.5

75.6

71.1

(MJ/ kg DM)

8.7

9.6

11.4

11.1

Total Nitrogen

(%)

1.57

1.66

na

na

Phosphorous

(%)

0.15

0.21

0.29

0.24

Potassium

(%)

0.70

0.67

0.63

0.44

Sulfur

(%)

0.15

0.23

0.16

0.14

Sodium

(%)

0.26

0.19

0.76

0.74

Calcium

(%)

1.03

1.38

0.83

1.20

Magnesium

(%)

0.17

0.19

0.28

0.16

Chloride

(%)

0.37

na

0.30

0.17

Copper

(mg/ kg)

4.24

4.18

4.30

3.30

Zinc

(mg/ kg)

21.2

40.1

42.0

40.0

Manganese

(mg/ kg)

51.0

72.7

64.0

59.0

Iron

(mg/ kg)

332.0

152.8

290.0

97.0

Boron

(mg/ kg)

10.59

7.31

<20

<20

DM digestibility
Metabolisable energy
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Appendix 2: Core temperature logger information
Experimental

Number

Chapter used

Used

3

8

Purchased from

Model

Dimensions

Mass

Storage

Number

(mm)

(g)

Capacity

StowAway XTI,

XTIC32+

50x 45x

40

32 kb2

Onset Computer,

34+46

20

MT1

13x13x5

Measurement Range

Resolution

Measuring
interval (min)

+34 to +46˚C2@

0.04˚C2

10

0.0625˚C2

10

±0.4˚C accuracy

Pocasset, USA
3

10

Sigma Delta

2.5

-

-20 to +65 ˚C

255

Technologies Pty
4

4

Ltd, Perth, Western

15

Australia

2

4

20

Maxim Dallas

iButton

15 mm

5

6

Sunnyvale, CA,

DS1922L

diameter;

6

18

USA

Maloney et al. 2002

6mm thick

3.3

8.2 kb

-10 to +65˚C @
±0.5˚C accuracy

0.0625˚C

15
5
15

Appendix 3: Core temperature telemeter information
Experimental

Number

Chapter used

Used

3
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1

Telemeter sourced from

Dimensions

Mass

Operating Range

Resolution

9

Datamet Inc., Potchefstroom,

30 x 35 x 20 mm

15g

148 to 150 MHz1

0.1˚C

4

5

South Africa

3

2

Sirtrack, Havelock North,

90 x 15 x 10 mm1

2.95g1

150 to 151 MHz1

0.1˚C

4

1

New Zealand

Maloney et al. 2003
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