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Executiveummary

Thermal environment is the largest single stressor affecting the development, growth and
reproduction of sheep, especially those managed in the extensive pasture and pastoral based systems
typical of Australia-romlate springo early autumn (November tdarch), cycling and pregnant ewes,

as well as working rams, are commonly exposed to ambient temperatures which challenge
homeothermy, wellbeing and reproductive function. Bagaiimarily on observed and projected
increases in temperature associated withtlaropogenic climate changexposure of the Australian
sheep flock to thermal stress will occur moreduently and for longer periodsh& purpose of this
reviewistwo-fold. First, to determine the impact of heat stress on ewe and ram fertility, asasétle

ability of ewes to rear a lamb. Secondly, to identify to what extent the reproductive performance of
the national sheep flock is affected by heat stress under current climatiditions ando what extent

it will be affectedn the futureshould emperatures rise b§°Cor 3°Crelative to a recent climatological
baseline

Effect of heat stress on sheep reproduction.

It is evident from fielebased and hetoom studies that 8posing ews to temperatures o82.2°Cor

higher during the mahg periodadversely affects theifertility. It isalsoclear fromhot-room studies

that theimpacts of heat stress are most severe when experienced from five days before until five days
after oestrus however,continuing heat stress after this period also impairsegnhancy outcomes
Ovum quality and fertilisation are most vulnerable to he#&essaround the time of oestrus, with
embryo wastage most affected by heat stress on the day of oestrus until day So¢sists.
Importantly, data from two large, comprehensifield studies, demonstrated thahe number of ewes
lambingand the number of lambs borper 100 ewes joined were negatively correlated with the
number of days per week during the mating period when ambient temperatures w822°C

Exposing the tests of rams to an increased heat load reduces semen quality, as reflected by decreased
motility, number and fertilisation rate as well as increases in abnormal sperm lcedentrastwith

ewes, these effects amelayed beingpbserved between 9 and 60 dagfter heating. Importantly, the
effects of heat exposure on spermatogenesis, sperm quality, and hence ram fertility, are closely
related to the increase in testicular temperatur&here is variation between rams in theapacity to
regulate scrotal terperature, with some rams able to maintain scrotal temperature&sQlower than

others. Scrotal thermoregulatory capacity, its variation between rams and the level of heat exposure
required to elevate testicular temperature above®89 has been little stlied under Australian field
conditions.

Heat stress for prolonged periods during pregnancy reduleenb birthweight by 0.& 1.4 kg,
decreases the proportion of lambs born alive by 30% and causes approximately 25% more lambs to
die after birth. This is exemplified from hot room studies, in which ewes wrpp®d to hot days
(ranges6-18 h of 35; 44.4°Cand THI of 83.2 to 97.@hd cooler nights (ranges:@l8 h, 16.4; 35.C°C

THI of 38.3; 83.5) for prolonged period&0 to 150consecutivedays)during pregnancyin addition,
ewesalsovary in their abilityto regulate core temperature under higimbienttemperatures, and the
negative effects of heat stress on lamb birthweight are less severe in ewes with lower core
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temperatures.Heat stress during pregnan@iso impairsthe growth, reproductive potential milk
productionand thermoregulatiorof offspring whilsteven moderatericreases in THI (> §58) during
lactation reduce milk production.

Effect of current and future climate on reproduction of the Australian Sheep Flock.

Australian Gridded Climate Dataas used, in conjunction with management data from 26 NRM sites
aaoss Australia, to determine the impact of heat stress on reproductive performance. Based on
Lindsay et al. (1975), the number of dag32.2Cduring the mating period asused to calculate the
impacts of heat stress on the number of ewes lambing and fabdwn per joined ewe. These values
were calculated for each site and multiplied by the number of ewes mated in each site. The number
of days pregnant and lactating ewes were exposed to mild (THI > 68), moderate (THI>75) and severe
(THI>79) thermal stressas also calculated. This process was conducted for the current climate, as
well as a +ICand +3Cincrease in temperature.

Heat stress experienced by ewes joined between spring and early autumn (October to March)
significantly decreases the number of lambs born per ewe jo{Reglrel). For flocks in Queensland,
New South Wales, Victoria, South Australia and Western Australia, the incidence of heat stress
experienced under current climate conditions decreased the numbkmolbs born by & 22% (mean:

9%), with this expectedo rise to 4¢ 23% (mean: 11) and$&24% (mean: 1%) should temperatures
increase by Cor 3°C respectively. In flocks joining during late autumn/winter (April to September),
the impacts of heat stress during the joining period are less severe, caufigd% (mean: (%), 0

¢ 2% (mean: 0.5%) andq®B%(mean: 1.86) decrease in lambs born under current;Gand +3C For

these states, and regardless of season of joining, heat stress during the mating periodireanlt
estimatedloss ofapproximatdy 1.3 million potential lambs under the current climate, with this figure
rising to a loss of 1.5 and 2.0 million potential lambs should°@e11+3Cin temperature occur.

The impacts of heat stress during gestation on lamb birthweights andratatsurvival are difficult

to quantify given the differences between experimental and field conditions. There is considerable
variation in the frequency and duration of heat stress events experienced during the gestation of ewes
joined between October and Mah varies Figure2). For flocks joined in October to March, days of
moderate heat stres§THI > 75account for 9¢ 75% (mean: 45%) of the first 50 days of pregnancy,
with this increasing to 14 82% (mean: 52%) arih ¢ 97% (mean: 67%should temperature increase

by I°Cor 3°C respectively. Of the sites studied, days of moderate heat stress accowntedsPo of

the middle third of pregnancfor five sites with this reducing to 4 sites should temperature increase

by 3C. However for the remaining sites days of moderate heat stress accounted §o82%6 (mean:
36%), 13; 74%(mean: 430 and 25¢ 87% (nean: 59%) of the middle third of pregnanatcurrent,

+1°C or +3C respectively Predictably, ewes mated during late autumn (AgrilSeptember)
experienced very few days of moderate heat stress during gestation. However, days of mild heat stress
(THI > 8) sufficient to impact milk production of dairy sheep and cattle breeds accounted for a
reasonable proportion of lactation for spring lambing flocks. Specifically, for the current climate 33%
and 58% of the first 50 and second 50 days of lactation hadl & 68, with these values increasing to
38% and 62%t +1°Cand 49% and 72%t +3C respectively. Whether this heat stress translates to a
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reduction in milk production by meat and wool breeds of sheep is not known, but is worthy of future
investigation.
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Conclusions

It is clear that heat stress profoundly impairs sheep reproduction. Althoughidooh based studies

have allowed the reproductive processes affected by hyperthermia to be identified, a number of
limitations mean their relevanc® sheep husbandry in Australiadenstrained In most studiesthe

intensity and duration of bothemperattNS | YR NBf | A FS KdzYARAGE 2FGSy
situations.Furthermore, o attempt has been made to examine and separate the effects of chronic

and acute heat stresboth of which are common place during summer. The effects of heat stress can
alsobe influenced by interactions with other stressors including walking long distances and nutritional
deprivation, thus making an assessment of the effects of heat gperssedifficult. However, it is clear

that thermal stress rather than nutritionatresshas the greater impact oreproductive function.

Despite considerable uncertainty associated with the impacts of global warming on reproductive
performance, ti is clear from the climate data presented, both current and future°Ctdr +3C
warming), that the fertility of the Australian sheep flock is significantly impacted by heat stress during
the mating period. This impact of heat stress on ewe fertility and fecundity is particularly profound for
flocks which join during spring/summer and ealyumn. However, it is estimated based on the sites
investigated, and regardless of season of joining, thamillion potential lambs are lost due to heat
stress under the current climate. In addition to this, heat stress during gestation is likedyaral r
conceptus development, particularly for flocks mated in spring/sumraad has the potential to
decrease lamb birthweights by@x 1.4 kg and reduce lamb survival to weaning byc280%.Should

an increase in temperature of betwedfCand3°Coccur, as is likely based qmojections from climate
models, the number of potential lambs lost will rise to 1.5 and 2.0 million, respectiVkiy will be
associated with a greater incidence of gestation heat stress which will further decreasedming

rates of the Australianidéck

Based on the outcomes of this reviewistclear that the profitability of the Australisgheep flock is
severely impacted by the detrimental impacts of currémtidences of heat stressurther, it is
extremely vulnerable tahe increases in the frequency and severity of heat stnebgch will occur
should temperatures continue taseasprojected In light of this, the next steps for this review process
will be tomodel the economic costs of current and future heat stress for the Australiandiutio
identify potentialstrategies toameliaate andmitigate the rsks associated with heat stress.
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1. Introduction

The thermal environment can affect the development, growth and reproduction aehattals making

it the largest single stressor affecting the efficiency of animal production sygteatiser et al., 2017)
Thermal impats on the performance and wellbeing of sheep are most profound wbeperatures

fall below 12C (lower critical temperature) or rise above 31°C(upper critical temperature), and

it is at these points that thermoregulatory mechanisms are seriousigllenged and the ability of
sheep to maintain homeothermy is reduced. However, well before these temperatures are reached
the physiological and behaviaalradaptations required to maintain homeothermy negatively impact
nonvital processes, such as repnaction, and impair the welfare and productivity of ewes and rams.
Theimpact of variations in thermal environment are most profounddatensive production systems,
such as pasture and rangeland sheep, in which the ability of producers to maintain a stabl
environment are, essentially, impossible. It is, therefore, extremely common for cycling and pregnant
ewes, as well as working rams, to be exposedamobient temperatureswhich challenge their
productivity and wellbeing aring late spring, summer and dgautumn (November to Marchigased

on current climate projectionseemperaturesare projected tancrease globally and, as a result, sheep
will be exposed to high temperatures and, thus thermal strain, more frequently and for longer periods.
Inlight of KAax KSIG aiNBaa KFIa 0SSy ARSYGAFASR la 2y
extensive sheep meat and wool production industi(€simp et al., 2010; Henry et al., 2012; Eldridge
and Beechm, 2018)

¢CKS AYLI OG 2F SELR&d2NE (2 &K2NI 2N f2y3 LISNA2Z2RA
mating and pregnancy outcomes have been poorly characterised in sheep, especially those managed
in the extensive, pasturand pastorabased systems typical of Australi@berefore, thisreviewhas

two primary objectives. Firstly,to describe the physiological and behavioural responses of sheep to
heat stress, with particular focus on the impact during key stages on thiéityeand reproductive
performance of eweand ramamanaged under Australian conditior®pecificallythe impacts of heat

stress around mating and during pregnancy and lactation on ewe reproduatidfamb survival and
performancewill be discussed, awill the changes in ram fertility which occur under heat stress
conditions.Secondlyto identify to what extent the reproductive performance of the national sheep
flockisaffected by heat stress and, furthermore, to what extent it will be affected shimntperatures

rise byl°Cor 3°C

2. Impacts of heat stress on physiology, behaviour and reproduction of ghee

2.1. Thermoregulatory mechanisms of sheep

Sheep can maintain their core temperature within a narrow range (8839.9C) over arelatively
wide range of environmental conditions. Howevénge range of thermal conditions within which the
welfare andproductivity of agricultural amals, such as ewes and ramsjiaximisedis relatively
narrow. Outside of this narrow range (theone of thermalcomfort; Figure 3), the physiology
behaviourand energy expenditure atheepisalteredin order to maintaina stablecore temperature
(Silanikove, 2000; Adawood, 2017; Johnson, 2018)ue to thesemodifications, non-essential
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procesgs such as growth, reproduction and kiproduction can be compromisedndit is at this
point that thermal conditionsconstrain productivity. The upper critical temperature, atvhich
thermoregulatory mechanismsare seriously challenged andegin to involve significant energy
expenditure ranges from 25 to 3 depending on breed, age and physiological s{&tepkins et al.,
1978; Silanikove, 2000;-Blawood, 2017)However,the transition from thermal comfort tdhermal
strain to thermal stresss acontinuum, with physiological mechanisms designed to maintain core
temperatures activated before theaupper critical ambient temperaturds reached (Figure 3;
Silanikove, 20001t is, therefore, suggested that even at temperatures bebomwupper criticallimit
sheep experience hyperthermigith non-essential processes impacted by homeostatic mechanisms.
These mechanisms are well understood and have legensively reviewedSilanikove, 2000; Mara

et al., 2007; Bernabucci et al., 2010:Ddwood, 2017)and will, therefore only be summarised here.

2.2. Physiological responses of sheep to thermaless

Sheep maintain atable internal temperature bypalancingmetabolic heat productiorand heat
storage withheat exchangeo, and from,the environment(Silanikove, 2000)As environmental
temperature increasegjomeostaticmechanisms to increase heat dissipatanmdecrease metabolic

heat production are activatedTransfer of metabolic heat from $ a4 KSSLIQa O2NXB (2
increasesensible heat loss6nwection, conduction, radiationandthisis achieved by vasodilation of
peripheral blood vessels situated close to the surface and in areas with low subcutaneous fat (eg ears,
legs)as well asn the upperrespiratory tract(Stage 1Figure3). As aresult, the temperature othese

areas risesthus increasing the thermal gradiemnd promoting heat loss into the environment
through either convection or conductiointernal heat loss is further facilitated tayr flow through

the nasal passages and upper respiratory tract, as wedleations in heart rate to incese blood

flow to the periphery.The primary method of evaporative cooling available to sheepsgpiration

Sheep disipat 60 ¢ 90% of their heat load by increasing respiration rateilst only 10% through
sweating(A-Dawood, 201). As temperatures rise further, heakchange by evaporation (eg sweating

and respiration) becomes increasingly important (Stagei@ure3), with the proportion of heat lost

via respiraion increasingfrom 20% to 60% when ambient temperature increases from 12 &35
(Marai et al., 2007)As environmental temperatures approach and then exceed skin temperature, the
thermal gradient between the animal and environmeratrrows, and then reverses. At this pofrgat
exchangehroughrespirationand, to a lesser extent sweatinpecomes the only effective means of
cooling (Stage Figure3d), with respiration rate increasing.6fold when environmental temperatures
increase from 24Cto 40°C(Marai et al., 2007)
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Figure3. Schematic presentation of the zonessnfrvival wellbeing and homeothermy in respect to
environmental conditions in ruminant$akenfrom Silanikove (2000)

Additional homeostatic mechanisms to mtdin a stable core temperature includeduced feed
intake to decrease metabolic heat loahd increased water intake to compensate for loss through
evaporative coolingVoluntary feed intake of both nepregnant(Bhattacharya and Hussain, 1974;
Dixon et al., 1999; Bernabucci et al., 2088) pregnant(Shelton and Huston, 1968; Alexander and
Williams, 1971; Bell et al., 1988heepis reduced in response to high temperadgrand humidity.
Importantly for pasture and rangkndgrazedsheep, he heat increment of fibrous diets is particularly
high (Silanikove, 2000; Adawood, 2017)and effects of heat stress on appetite increase with fibre
content. For example, heat stress decreased food intaklvedssi wetherdy 14% when fed a diet
containing25%roughage, but the reduction in food intake w88%when the diet containecb0%
roughage(Bhattacharya and Hussait974) The energy expended to maintain heat loss mechanisms,
particularly respiratory evaporation and sweating, increases the maintenance requirements of sheep
by 10 ¢ 30% at temperatures of 3@ 40°C (Silanikove, 2000)In addition toincreased energy
requirements redistribution of blood supply to the periphery reduces supply to the rumen and gastro
intestinal tract, resulting in impaired rumen function and health,including altered nitrogen
production reducedvolatile fatty aal absorption and increasetsk of rumen disorderéBernabucci

et al., 2010)In other words, sheep under thermal strain have lo@sd intakes, use the ingested
feed less efficiently and have higher energy requiremensulting in astate of negative energy
balance. Further compounding the negative impacts of thermal strain on animal productivity is the
increase in metabolic rate whiatcurs as the intensity of cooling mechanisms insesaAt this point,

the metabolic heat associated with these cooling mechanisms exceeds heat dissipation and, as a result,
body temperature increases argheepbecome hyperthermig¢Stages 3 and 4&igure 3; Silanikove
(2000)

Importantly, prolonged (@proximatelythree weeks)daily exposureof sheep © high temperatures
and humiditylevelsstimulates physiological and/or behavioucllanges designed to reduce sensitivity
to thermal strain and helpto maintain a more stable core temperatufacclimation; Alexander et al.
(1987)and Bernabucci et al. (201D)As sheep acclimate to thermal strain there is a progressive

PagelOof 151



L.LSM.0024 Effects of heat stress, and predicted climate change on reproductive performance of the Australian sheep flock

increase in blood flow to the extremities, and a corresponding decreased blood flow to internasprgan
including the reproductive tract, rumen and intestines. The endocrine status of the sheep also changes
to increase their tolerance of high thermal loadscluding aslowdown in metabolic rate and,
potentially, a reprioritisation of nutrient use away mm nonessential processThese endocrine
changes include reducedevels of growth hormone (GH) insulinlike growth factorl (IGH),
glucocorticoidsand thyroidhormonelevels as well asricreased prolactin levels. Timpactof these
changeson metabolc and reproductive function remain to be fully elucidatddowever, reduced
thyroid hormonelevels decreasenetabolic rag and, thus, metabolic heat productipand elevated
prolactin levels in thermally stressed animals appear to improgat dissipation by promoting
evaporative cooling mechanisms and maintaining water balgBegnabucci et al., 2010; Alamer,
2011) Reductions ilGH,IGFI andglucocorticoids alter posabsorptive energy metabolism, such that
the ability of heat stressed animals to divert energy stores to reproductivegsses is likelto be
reduced(Bernabucci et al., 2010)

Many of the negative impacts of heat stress on ewe and ram physidieggribedater (Sections2.6

and 2.8) canbe attributed to reducecenergy intake and availabilitas well as theegative energy
balance associated with thermal strain. However, redirection of blood flow to the periphery and upper
respiratory tractin response to acute and prolonged heat stre$fectively reduces blood supply to
the reproductive organs, profoundly affecting nutrieartd endocrine support for oocyte, embryo and
conceptus developmerds well as milk productiofrurthermore, alterations in the somatotrophic axis
appear to alter posabsorptive energy metabolism in a manrieat decreases energy availability for
reproduction and milk production, with reduced GH production also likely to negatively impact
conceptus developmentloweveronly a relatively minor portion of the negatieéfects oftheat stress

on reproduction and laettion can be attributedo alterations in nutrient intakgSilanikove, 2000;
Bernabucci et al., 2010; Johnson, 2018)h the remainder attributed tothe physiological and
endocrine changes associated with homeothermy and acclimation.

2.3. Foraging behaviouractivity and mating behaviour irsheepunderthermal strain

Sheep, like all nosessile animals, move through time and space to find critical resources such as food
and mates and to avoid risks, including predators and unsuitable environmental conditions, for
instance high ambientemperaure (Nathan et al., 2008; Kays et al., 201Sheep have evolved a
number of behavioural responses to reduce heat load and aid in temperature dissip@hese
include; dterations in body position taninimise surface area exposure to solar radiation and / or
promote heat dissipation via the skin; decreased activity levels to reduce metabolic rate and increased
use of shade to avoid solar radiati¢reviewed by ADawood, 2017)

Understanding how reeep change their use of the landscape (spatial change) and their activity
patterns (temporal change) in response to environmental conditions would provide valuable
information regarding coping strategies to heat stress conditions. Furthermore, undenstatitk
consequences of these behavioural changes for reproductive succegsowitie important insight

into whether these coping strategies are adaptive. Based on data derived from GPS collars, during hot
(>26.0°C compared with coldq23.2°C) days, ewetravelled more slowly (0.48 versus 0.72 kmémyd
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kept closer to water points (2.73 km versus 3.74 Khinomas et al., 2008Increasing the use of areas

that provide shade can mitigate the energostsof physiological thermoregulation during periods

with high ambient temperature¢AlDawood, 2017)and Thomas et al. (2008uggested that the
observed spatigbreference may be associated with the proximity to water, andtumade Leu et al (in
review) combined detailed habitat knowledge with GPS derived measures of sheep space use and
movement. On days when the maximum daily temperature exceedé@, 4hd the ninimum daily
temperature remained above 26, sheep in the Australian arid rangelands spent more time in shaded
tree patches and at the water pointFigure 4) compared with periods with more moderate
temperatures(Leu et al., In review)ndividuals were also less active (distatreelled during the

hot midday period, but more active during other parts of the dagu et al., In review)'hese findings

are consistent with behavioural observations of sheep confined in yards. For ins&memyin and
Johnsa (1987Yeportedthat shadeuse increased with risirgmbient temperature, which was further
Y2RdzZ F SR 0@ |y AYRAGARIzZ fQa LRaArAdAzy Ay GKS C
periods in the shade. Howevegherwin and Johnson (1988puld not confirm this relationship
between dominance hierarchy and shade use in fr@eging sheeppotentially due to the lack of
dominance in freeanging compared with confined shp. Interestingly, arlier studies have not
always found support for a relationship between high ambient temperatures and shade seeking
behaviour in sheep. For instance, wethers in irrigated padsistiowed very little shade seeking
behaviour at hot tempeatures (Sherwin and Johnson, 1989)his counter intuitive result may be
explained by the hydration status of the sheep. Evaporative cooling behaviour (increased respiration
rate) is influenced by y I YAYFf Qa K&RNI GA2Yy &l (ArdghettaleyaR, I FFSO
2010) Body temperature is elevated in dehydrated animals. The animals in this study were likely well
hydrated ocupying a regularly irrigated paddock and were not hyperthermic despite remaining in the
sun(Sherwin and Johnson, 1989)

Q)¢
N
N\

While seeking shade is a spatial response to high ambient temperatuigglarcan also change their
activity times to periods of the day with more suitable ambient conditions. For instance, several desert
ungulates forage at night to avoid high temperatuf€sain Il et al., 2006More broadly,Levy et al.
(2019)suggested that diurngt activemammals may shift their activity tieight timeto mitigate the

costs of heat stress and compensate for the effects of climate change. Adding to the coynpbexi

time of foraging can also directly influence body temperatUfer example, postpartum eweéisat

only foraged in the afternoon developed higher body temperatures than those that foraged the same
amount of food in the morning, or both morning andexhoon (Godrey et al., 2013)This could make
these ewes more susceptible to heat stress, and result in a feedback loop between foraging time and
the need for behavioural thermoregulation.
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Figured. Space use of 48 ewes in NortherewNSouth WalesA) days with hot ambient temperaturt
(maximum daily temperature > 4G, and minimum daily temperature > €5 B) days with mor:
typical temperatures (maximum daily temperature <@%for the time of the year (mibecember t
earlyMarch). Areas that provide shade (trees) are outlined in black. Colours indicate the Inte
use for each area, increasing from green to red.

Thermal conditions that influence when and where animals are active can be costly inteegaedgy
intake. This is the case if heat load constrains foraging {@wenSmith, 1998pr if foraging is shifted

to areas that provide shade and/or proximity to water sources but are lower in feed quality. This
illustrates a tradeoff between thermoregulation and foraging. Individual differences in internal state
and heat tolerance would influence this tradéf and ould explain the observed variation among
individuals in their shade seeking behaviddohnson, 1987; Sherwin and Johnson, 19&4
instance, shadseeking behaviour in freenging sheepncreasewith body conditionLeu et al. (In
review)showed that individuals that spent more time in the shade during hot parts of the day had
better body condition at the end of the study. This may suggest that shade seeking does not constrain
foraging time and hence is not costly. However, thechamistic link that drives this relationship is not
well understood.One possible explanation could be that individuals in better body condition have
higher fasting heat production and hence a higher basal metaboliq Gi@ham, 1969; Shinde et al.,
2007) which increases their diy temperature and hence requirement to seek shade to
thermoregulate Consistent with this hypothesisheep impoorerbody conditionosebody heat more
rapidly at the end of the day, compar&dth sheep in better body conditio(Parer, 1963)This may
allow them to have higher body temperatures during the (Rgrer, 1963)and hence seek shade less
frequently. Alternatively and with reversed causality, individuals with lower shade seeking behaviour
experience greateheat stress, which typically leads to reduced feed intake and consequently body
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condition(Abdalla et &, 1993; Maurya et al., 2018jor instance, wethers exposed to°G3for seven
consecutive days reduced their feed intake by up to 22%, resulting in a 5% decrease in bodyweight
during a period of 11 dayseven days of heat stress, plus two days eftioneutral temperatures

both before and aftewards Alhidary et al. (2012) Furthermore, heat stress alsncreases energy

use for homeothermic mechasms(Belhadj Slimen et al., 2016yhich wouldexacerbate the effect

on body condition.

There is limited information describing the effects of increased temperatures on mating behaviour in
sheep. A review b{Fowler, 1984jndicated that mating activity is generally lower during the hours
before and after miebday presumably due to higher temperatures. The author commented that flock
dispersion increased when rams and enseek shade during periods of high temperatures reducing
contact between sexes. In addition, there is some indication that breed may influence mating
behaviour of rams when exposed to high temperatures (ne&C3#3vith Dorset Horn and Border
Leicester rams less active thiterino rams(Lindsay, 1969)

It is evident from the research reviewed thgheep in yardor under freerange conditionscan
compensate, to some degree, the effects of heat stress by changing their behaviour. This includes
changes to activity on botha spatial and temporal scale, assuming the needed resources (shade
patches, vater) are available. However, how these behavioural changes affect reproductive output,
and hence farm productivity, remains to be investigated.

2.4. Reproductive responses odwesand ramsto heat stress

For the purposes of this section of the review, the &ofs of heat stress on ewe reproduction have
been divided into three broad periods. One, the period around matihich focusses on oestrus
expressiorand duration fertilisation,andoocyte and embryeovastage Two,the period ofpregnancy
which focusse®n conceptus developmenhirthweight, survival and postatal performance of the
lambas well as subsequent lactation performance of the ewe. Three, the period of lactatibtne
impacts of heat stress during lactation on milk productidhe effectsof exposure to heat stressn
ram reproduction are also considered.

Numerous studies on the effects of heat stress on sheep reproduction have been conducted. However,
a number of common limitations mean that the relevance of their findings to futureshesbandry
in Australia is difficult to determine. Of particular importance are the following:
1 Most studies have involved hoboms where the temperature and relative humidity applied
and its duration (hours per day and/or number of consecutive day§ ¢ft R2y Qi NB F
normal grazing situations
1 The effects of heat stress can be influenced by interactions with other stressors including
nutritional deprivation and walking long distances thus making an assessment of the effects
of heat stress per se diffidt.
1 No attempt has been made to examine and separate the effects of chronic and acute heat
stress both of which are common place during Australian summers.
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2.5. Heatstressaround mating andreproductive performanceof ewesin the field

Seasonal variation in pasture conditions together with changes in day length ensure that most flocks
in Australia are joined between November and Ma(8mith, 1964; Lindsay et al., 1978)e period

when temperatures are at their highestMean daily maximum temperatures during this period
regularly approach or exceed ¥&in both southern and tropidaegions It has long been established

that there is a link between heat stress and reproductive wastage in these re¢fonith, 1962;
Lindsay et al., 1975; Kleemann and Walker, 200b¢ studies ofindsay et al. (193@mndKleemann

and Walker (2005)vere extensive in nature, involving 53 and 68 floeckspectively and it is from

these studies that the effects of heat stress on reproductive performance in the #eldl under
Australian conditionsgan best beassessed.

In both studiesewe fertility (number of ewes lambing per 100 ewes joined) was negatively correlated
with the number of days per week during the mating period when ambient temperatures were
32.C°C. Additionally,Lindsay et al. (197%9btained a negative correlatiobetweenheat stress during
mating and the number dambs born per 100 ewes joined. The equations developddrmsay et al.
(1975)are used later in this document to establish the effect of heat stress around joining on the
number of lambs born and the number of ewes lambindgsection 3.3.7 and 3.3.8 Of particular
interest in the latter studywasthe finding of a negative correlation between the number of lambs
born per 100 ewes joined and daily maximum temperatures in the three weedsrafiting indicating

an ongoing effect of heat stress aeproductive wastage

A positive association betweelhe proportion of ewes returning to oestrus/servicmdicative of
fertilisation failure, and the number of dayg32.0°C during the mating periodvas detected by
Kleemann and Walker (2005Further evidence that heat stress affects fertilisation rates in the field
is providedby data from over 150 flocke Spainin which ewes underwent artificial insemination (Al)
(Santolaria et al., 2014; Palacios and Abecia, 20b5}hese studiespregnancy rates declined
significantly when maximum daily temperatures wa@0°Cfor two days before inseminatiof©n the
other hand, there is no evidence that the incidence of oestrus in the field is affected by heat stress
(Yeates, 1956; Kleemann and Wa|k2005)even though oestrous activity in Merino ewes in hotter
regions of Australia can be irregul@mith, 19@; Lamond et al., 1963; Smith, 196dhd ewe and ram
behaviour is impaired during heat stre@sowler, 1984) Furthermore, the efct of heat stress on
ovulation rate is equivocalevidence of a negative association was detectel@gmann and Walker
(2005)but no association was found hindsay et al. (1975)

BothLindsay et al. (1978nd Kleemann and Walker (2008)ncluded that high temperatures during

the mating periodadversely impact embryo survival and it is likely that this loss continues for several
weeks after fertilisationThis information, together with that dbantolaria et al. (2014)nd Palacios

and Abecia (2015)indicate thatunder field conditionsheat stress immediately prior to, during and
shortly after oestrus severely impairs mating outcomes, as well as lambing and pregnancy outcomes.
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2.6. Effects of heastressaround mating on components of e reproduction

Numerous hotroom studies have examined the effects of heat stress on the components of
reproduction but, as mentioned, care in interpretatiaa neededbecause of the difficulties in
simulating field conditions.

2.6.1. Oestrous cycle

Parameters bthe cycle that may be affected by heat stress are the number of ewes in oestrus
(incidence), the intepestrous period (length of cycle) and the duration of standing oestrus.

The incidence of oestrus is affected by both the timing and intensity of teegs(Table5-1). When

heat stress was applididom -d5 to dO (dO = day of oestrus), the percentage of Merino ewes in oestrus
was reducedSawyer et al., 1979; Sawyer, 1979a)these studies, approximately 250% of ewes

failed to display oestrus following heat stress. This effect only occurred when heat stress was applied
in the -d5 to dO periodOn the other hand, heat stress applieither ¢d5 to d5 or¢d35 to dOwith

diurnal relief had no effect on the incidence of oest(&éch and Alliston, 1970; Indu et al., 201 %)

a metaanalyses of published datéRomeBarron et al., 2019¢oncluded that thermeneutral ewes

were five times more likely to express oestrus than were ewes stressed for short periods but,
somewhat paradoxicallywhen ewes were exposed to heat stress for longer periods, expression of
oestrus was more likely than in control ewes.

The length of the cycle can be increased by heat strEabl¢5-1), and in a recent eta-analyses,
RomoBarron et al. (20190ound that heat stress increased the length of the cycle by an average of
0.57days.When heat stress was appliedb to dQ mean cycle length was increased bgaly (Sawyer,
1979a)and 1.7days(Sawyer et al., 1979Dutt etal. (1959)lso reported that, when heat stress was
applied five days before oestrus, cycle lengths longerin shorn (16.81.20d) and unshorn sheep
(17.1+0.281) compared with control sheep (1&2.13d). However, here is no evidence that heat
stressapplied outside this fivelay period or applied in a diurnal mannérespective of its duration,
affects cycle lengtfiSawyer et al., 1979; Indu et al., 2015)

Consensus from the literature is that heat stress reduces the duration of oeStale(-1), with
(RomeBarron et al., 2019)eporting decreass in the length of oestrus by an average B09h.
However, the timing of heat stress relative to the day of oestrus (d0) affects this resp@aestiess
applied either-d5 to dO or¢d3 to dO reduced the duration of oestrus (by approximately/9h) but

there was no comparable effect when heat stress was apietdveen ¢d7 to ¢d4 (Sawyer et al.,

1979) These authorsilso observed a seemingly less intense oestrus in ewes exposed to heat stress.
Heat stress applied 35 days before oestrus has also been recorded to reduce the duration of oestrus
by approximately & 8h in Indian native breeddNaqvi et al., 2004; Indu et al., 2015pn the other

hand, Rich and Alliston (197Qeported a nonsignificant increase (6.5h) in duratiowhen heat
treatmentwasapplied five days before oestrus although cycles were artifyjcsgihchronised.

Sawyer (1979ajoncluded that the effects ofdat stress are greatest when ewes are exposed to heat
stress during the five days before oestrus with all three parameters (incidence, length of cycle and
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duration of oestrus) being affectetf.exposure is for three days, the response is limited to acgdn

in the duration of oestrus. Underlying mechanisms for these effects are not understood but heat stress
during the final stagesf follicle maturationaffect circulating hormone level§hese banges include

a reduction in LH secretidischillo et al., 1978; Wise et al., 1988)well as a reduction in the number

of LH pulse¢Ozawa et al., 2005yhich reduces stimulation dbllicle growth and developmentNot
surprisingly, the concentrations of oestradiol and aromatase activity in dominant folliclésvegein

heat stressed ewefBadinga et al., 1993; Ozawa et al., 20D5association withlower circulating
oestradiolconcentratiors (Wolfenson et al., 1995; Wolfenson et al., 1997; Wilson et al., 1998a;rWilso
et al., 1998b)These changes could impact both the incidence of oestrus as well as the duration of
oestrus.Changes in the length of the cycle might result fratteredrates of progesterone production
and/or clearanceTo this end, several studiéAlliston et al., 1961; Sawyer et al., 1979; Hill and Alliston,
1981; Sheikheldin et al., 19883ve reported higher levels of circulating progesterone during the luteal
phase in ewes exposed to hyperthermia compared with control ewdtgrations in progesterone
production and/or clearance maglsoresult in asynchrony between embryonic development and the
uterine environmentesulting inimpaired implantatiorrates

2.6.2. Follicle growth and oocyte quality

Most of what is known of the effects of heat stress on follicle dynamics has been obtained fidigsst

in dairy cows exposed to seasonal variations in ambient tempergéBadinga et al., 1993; Wolfenson

et al., 1997; Trout et al., 1998; Roth et al., 2000; Wolfenson et al., 2000; Hansen, D& studies
indicate that seasonal heat stress affects follicle growth and development in multiple ways. These
include enhancement in the number of large follicles in the first follicle wave, an increase in the
number of small and medium follicles, suppression of the dominant follicle of both the first and second
waves, an earlier emergence of the dominant folliefdhe second wave as well as a decline in both
aromatase activity and plasma concentrations of oestradiblese changes are likely to operate
through either changes to the function of follicular cells and/or changes in the secretion of
gonadotrophins(Hansen, 2009)In the field,these changes in follicle dynamics are implicated in
reduced rates of embryo survival and increased rates of infer(Mitiebold, 1988; Ryan et al., 1993;
Sartori et al., 2002put the extent to which these findings can be myolated to the sheep with its
lower metabolic demands is debatable.

Despite numerous studies on the effects of seasonal heat stress on ovarian function in the dairy cow,
studies on the effects of acute heat strem® largely limited to observations dartility and embryo
development. High temperatures 10 d& before oestrus were associated with low fertil{#k
Katanani et al., 1999yhereas a 10h exposure from the beginning of oestrus increased the incidence
of abrormal embryos(Putney et al., 1989)Similarly,embryo development was impaired in cows
exposed tcheat stress one day after oestrbat exposurehereafter(day 3, 5 or 7) had no effe(Ealy

et al., 1993)a result very similar to that obtained in she@putt, 1964; Thwaites, 74). That ovarian
function is adversely affected by short term heat stress is supportad tyjro studies in cattleHeat
stress applied for 2@ 26 daysreduced steroid production from follicle ce(Roth et al., 200Whilst

heat stress for 12h induced early activation of prigtial follicles, reduced the rate of oocyte nuclear
maturation and disrupted steroid productio(Paes et al., 2016)Comparable impaired nuclear
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maturation of oocytesn vitro has been reported in other stuesé b 6 SYAa KA S | &2
Serrano et al., 2013; May@oriano et al., 2013)

One study in the goafOzawa et al., 2009)as examined theffects of acute heat stress on follicle
dynamicsduring synchronised oestrous cycléteat stresg36°C, 70%elative humidity;rh) applied

from -48h to Oh relative to the last prostaglandin injection (i.e. approximatelyg 22h before onset

of oestrus)delayed recruitment of follicles for ovulation by 24dnd tended to delay the timing of
ovulation. These changes in follicle dynamics occurred in conjunction with lower concentrations of
oestradiol in plasma and follicular fluigndlower aromatase actity and LH receptoevels

2.6.3. Ovulationrate

Ovulation rate appears not to be affected by heat stress, a finding that is surprising given the effects
of hyperthermia on follicle dynamias the cow When heat stress was applied sheepbefore
oestrus, oy small reductions in ovulation rate were reportédutt et al., 1959; Ryle, 1961; Duitt,
1964; Rich and Alliston9T0; Sawyer, 1979bgimilarly, m a studyof superovulaéd ewes(Nagvi et

al., 2004) the mean ovulation ratedid not differ between control8.14t1.27) and diurnal heat
stressed ewes6(71+1.12). These findings are in general agreement with those observed in field
studies(Lindsay et al.1975; Kleemann and Walker, 2005)

2.6.4. Fertilisation

Heat stress applied either shortly before the onset of oestrus or during early oestrus reduces
fertilisation rate Table5-2; Dutt et al., 1959; Alliston and Ulberg, 1961; Dutt, 1963; Dutt, 19849
magnitude of fertilisation failure was greater when heat stress was apgli&dto dO(d0 = day of
oestrus)(Dutt et al., 1959; Dutt, 1964)ompared with eithergd3 to dO or dO(Alliston and Ulberg,
1961; Dutt, 1963; 1964 ) ailure rates in these studies doubled from approximately 25% to 50% as
treatment was extended from the dO tqd5. Losses were also gater in unshorn sheep (51.9%)
compared with shorn sheep (28.6&4;tt et al. (1959) On the other hand, significant differences were
not recorded when heat stress was appliadassociation witldiurnal relief(Rich and Allistan1970;

Nagqvi et al., 2004)

In severastudies, heastressapplied before and/or during oestriasduced amarked increase in the
percentage of abnormal ova including cytoplasmic vacuoles and globules, ruptured oolemma and
cracked zonae pellucidd4ble5-3; Dutt et al., 1959; Alliston et al., 1961; Dutt, 1963; Dutt, 1964

one other similar study where ewes where exposed to diurnal relief from heat stdlisstdn and
Ulberg, 1961)the increases in the percentage of abnormal ova wamificant. Inall studies, the
percentage of abnormal ova may have been artificially high due to the age of the ova at the time of
collection (three or seven days after mating).

Aberrant maturation ofoocytes during or following hyperthermia is the most likely cause of
fertilisation failure.In the mouse, heat stress disrupts nuclear maturation to metaphase Il and causes
retention of the first polar bodyBaumgartner and Chrisman, 1981a; 198H¢at stress of bovine
oocytesin vitro (Lenz et al., 1983; Payton et al., 2004; Roth and Hansen, 2005; Wang et al., 2009)
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affected both nuclear and cytoplasmic maturation. Similarly, with ovine oocytes, heat stresedesul
in a significantlecrease in the percentage of oocytes progressing pas(@hharibzadeh et al., 2015;
Ahmadi et al., 2019)nterestingly, in the study oAhmadi et al. (2019)ocytes collected in summer
were more resistant to thermal stress durimgvitromaturation than were oocytes dlected in winter.
This delay in oocyte maturation is likely a consequence of elevated concentraticeesctife oxygen
species (ROS), whidire increased in embryos and/or oviducts following heat stré@ssmice
(Matsuzuka et al., 2005a; Ozawa et al., 2Q0%)cattle (Sakatani et al., 2008)n the sheep, ROS levels
increased significantly in oocytecumulus complexes when maturéa vitro at 42°C compared with
39°C(Barakat et al., 2016)An associated reduction in thetracellularconcentration of glutathione
(Ozawa et al.,, 2002and the ameliorating effects of antioxidant treatment& oocyte meiotic
maturation and developmental competenéMatsuzuka et al., 2005b; Sakatani et al., 2008; Barakat
et al., 2016suppot the likely involvement of ROS in haatluced effects on oocyte maturation.

2.6.5. Ovumand Embryowastage

Applying heastress before and during oestrus or shortly after oesingseasedboth ovum wastage
and early embryo log3 able5-4). Limited data indicatethat the effects of heat stress are most severe
when applied on the day obestrus. In the study dbutt (1964) embryo mortality figures of 100%
(12.2% in control sheep) were obtained irrespective of whether heat stress was applied befaeen
to dO or on dO alone, indicating that heat stress before oesisufar less important than during oestrus.
In other studies that examined the effects of heat stress leading up to and includi(igutiOet al.,
1959; Dutt, 1963; Thwaites, 1968mbryo mortality rates of 100% were similarly obtained.

Embryolossalso occurs when heat streissapplied after estrus with the extent oembryo mortality

decliningas the time between oestrus and the start of heat stress increébabkle 5-4). Thwaites

(1971)found that ovum wastage was greatest when heat treatment commenced dyutithat heat

stress commencing even a day later did not significantly incleases compared with contro{Bigure

5). An examination of the effects of heat stressmmencingon days0, 1,3, 5 and &nd continuing

to d24 (1924 days of heat exposurdédund that estimates of embryo nwality decreased as time
between oestrus andtart of heat stress induction increasggigure5; Dutt 1963; 1964)
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Figure5. Embryo loss is greatest when heat stress starts close to oestrus. Ewes were house
non-heatstressed conditions (teal bars) or hyperthermic conditions (orange bars). Abbreviat
CON, control group, HS, hesttessed group, RH, relative humiditygrgficant differences from
controls are indicated by symbols; *, P<0.05; **, P<0.01. Data areBnatin(1964)and Thwaites
(1971)

Thwaites (1967¢xamined the effect of heat stress for the first 20 days of pregnancy and fallind
ova/embryos were lost in Merino and Southdown ewsturnto-service records indicate that most

of this loss (75%) occurred before the time of maternal recognition (day 12) but that there was some
later loss attributed to heat stress. In a subsequent stlidhyyaites (19693onducted two experiments
applying heat stres$or the first 15 days of pregnhancyeat stress for 8 hours each day did not
significantly increase ovum wastage in the first year of experiments, but continuousttessis the
second yearcaused an average loss @fa/embryosof 83%, comparedvith <20% in control ewes

with unshorn ewes far more susceptible to continuous heat stress than were shorn(Eigeise6).

The author concluded that appreciable embryo mortality in the field, as a consequence of heat stress,
is likely only under severe heat wave conditions.
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Figure6 Ovum wastage ismcreased by continuous heat stress (year 2) but not by diurnal pa
allowing heat loss overnight (year 1). From d1 to 15 of pregnancy, ewes were housedhirat
stressed conditions (teal bars) or in diurnal (yellow bars) or continuous (orangehygesrthermi
conditions. For year 2, solid bars indicate shorn ewes (0.5 cm fleece length) with brok
indicating unshorn ewes (5 cm fleece length). Abbreviations: CON, control group, HStréese
group,RH relative humidity. Significant effés of continuous heat stress are indicated by sym
*** P<0.001. Data are frorithwaites (1969)

Meta-analyse§RomaeBarron et al., 2019)ndicate that ewes exposed to short term heat stress are
12.4 times more likely to experience embryo mortality or to have unfertilieeal compared with
control ewes. This figure increases to 26.3 with moderate periods of heat stress. Whilst the cause(s)
of embryo mortality following heat stress are not known, it is likely that compromised oocyte
maturation due to heat stressiot only afects the processes of fertilisation but also has cawgr
effects on the survival of embryoStaigmiller and Moor (1984¢ported that immature oocytes can

be fertilised and undergo cleavage without developiogthe blastocyst stage. Additionally, the
production of ROS in the ovidudi¥latsuzuka et al., 2005ais also likely to increase mortality whilst
embryos are still inthis region, and is consistent with the greatest effects of heat stressnaloryo
wastage occurring in the days immediaté®owing oestrugDutt, 1963; 1964; Woody and Ulberg,
1964; Thwaites1971) That heat stress adversely affects the oviduct environment is further evident
in the study oDutt et al. (1959)vho found fewer sperm in the oviducts of ewes exposed to heat stress
in association with an increase in the percentage of ova without sperm.

2.6.6. Pregnancyrates

Pregnancy rates are a function of the rates oftifisation and ova/embryo wastage. Again, it is

apparent that heat stress applied on either dO and/or d1 after oestrus has a marked effect on
pregnancy rate
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Table5-5). For example, heat stress applied @b to dO or dO alone resulted in 0.0% pregnancies
compared with 87.5% in control animgButt, 1964) Similarly, heat stress on d0 + d1 resulted in a
10% pregnancy rate compared with 85.0% in control eg@stt, 1963) Significant reductions in
pregnancy rates have also been obtained with hyperthermia applied aft¢Ddft, 1963; 1964pbut

the reductionswere significantly less than obtained on either dO and/or d1. Several other studies
(Ryle, 1961; Rich and Alliston, 1970; Sawyer et al., 1979; Sawyer, 1979a; repi@tad reduced
pregnancyratesin response to hyperthermia but low numbers prevented the detection of significant
differences. Overall, metanalyses indicate that heatressed ewes are 2.4 times less likely to get
pregnant than thermeneutral eves (RomeBarron et al., 2019).

2.7. Interaction of heat stressaround matingwith other environmental stressors

Most studies on the effects of heat stress on ewe reproductive performance have useddmes
where the effects of heat stress can be examined with minimal involvement of confoundiogsfac
However, the potential for other stressors to have an influence in the field is substdritistly,
animals exposed to acute heat stress can experience reduced feed (Statiih et al., 1966; Thwaites,
1967; Ozawa edl., 2005) Secondly, as pointed out [8ejian et al. (2012ewes that are exposed to
heat stress in the field, can not only be exposedutritional deprivation and loss of appetite but also
experience the stress of having to walk long distancescess both food and watdduring the hotter
periods of the year, the food available is typically dry and highly fibrous, dietary chastictekinown
to increase internal heat loafSilanikove, 2000)Thesesecondary stressors can produce responses
that potentially confound and/or exacerbate the effects of heat strggs seon reproductive
performance.

There is very little information on how these stressors inter8pies et al. (196®xamined the effects

of forced exercis€30 or 60 min daily) and ambient heat stress applied immediately before and after
oestrus. Exercise stress and heat stress independently reduced fertilisation rates (P < 0.05) with the
worst result being obtained when the two stressors were combined. t iodryo mortality occurred

within three days of mating, a finding that agrees with other findi(@st et al., 1959; Dutt, 1963;

1964; Thwaites, 1971Pther studiegSejian et al., 2011; Kumar et al., 20t8ye found that combined
stressors (heat and nutrition) adversely affect reproductive performancerbaeither study did the
design allow for the separation of individual effecBejian et al. (2011¢xamined the effects of
thermal stress and nutritional stress (30% k#® over two oestrous cycles and found that combined
stress significantly (P <0.05) reduced duration of oestrus and increased cycle length as well as
oestradiol and progesterone concentrat@nSejian et al. (2013ubsequently examined the effects

of ambient heat stress combined with both a restricted diet (30% intake) and walkikign pér day

on the reproductive performance of Malpaisheep in India. All parameters examined were adversely
affected by this combined stressthe percentage of ewes that came into oestrus was reduced from
66.7% to 41.7%, the duration of oestrus was reduced from 32h to 14.4h, conception rates were
reducedfrom 83.3% to 50.0% (P > 0.05) and steroid levels were significantly altered.

Sejian et al. (20119oncluded that sheep are better able to adapt to nutritional stress than to heat
stress.This conclusion is supported by observations on numerous biochemical parameters (Hb, PCV,
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and concentrations of glucose, cholesterol, phosphatase, cortisol, thyraddeinsulin) used to
measure the adaptive capability of ewéSejian et al., 2010)These latter authors found that
nutritional stress had a less significarffeet on these parameters than thermal stress but, notably,
when these two stressors were combined, the impact was severe.

2.8. Effects ofheat stresson ram reproduction

In most mammals with scrotal testes, including sheep, testicular temperature must beaingiat
below core body temperature for optimal production of motile and morphologically normal
spermatozoa (Setchell, 1998)Intra-testicular temperatures of 335°C are reported in the ram at
ambient temperatures of 2@0°C representing a retal-testicular temperature gradient of ~@°C
(Waites and Moule, 1961; Waites and Selth&964; Fowler, 1968a; Coulter et al., 198@ultiple
studies have described the negative effects of elevated testitcataperature on semen production

in the ram. Similarly, physiological mechanisms contributing to thermoregulation of the ovine testis
are welldescribed. However, as with studies of heat stress on ewe reproduction, most studies have
been conducted usinglimate-controlled rooms, or for the male, through scrotal insulation or heating.
Thus, how the heat load applied in these studies compaitsthat experienced by sheep maintained
under Australian grazing and natural mating conditions is often diffioudetermine.

2.8.1. Regulation of testicular temperature

Insheep, as in many mammals, the testes are located external to the body within the scrotum. Scrotal
responses to temperature have a primary role in thermoregulation of the ovine testes, providing a
reguatory pathway that is largely independent of regulation of whole body tempera{8edchell,
1978; Maloney and Mitchell, 1996)crotal surface area and distance of the testes from the body are
regulated by the tunica dartos muscle, a smooth muscle layer beneath the scrotal skin, and the
cremastermuscle(Waites, 1991)Positive correlations between degree of a¢al retraction to the

body and subcutaneous scrotal temperature are evident in sheep exposed tetehorheat (400

or cold (60 conditiongMaloney and Mitchell, 1996Apocrine sweat glands in the scrotal skin release
sweat for evaporative cooling when scrotal temperature increa@¥sites and Voglmayr, 1962;
Waites and Voglmayr, 1963)nd this is facilitated by the increase in scrotal surface éfeavler and
Waites, 1971)When scrotal skin temperature is experimentally elevated te83%C in Merino rams,
scrotal sweat glands synchronously discharge up to 10 times per hour, with concomitaiteshor
decreases in scrotal skin temperature of up to °€.§Waites and Voglmayr, 1962; Waites and
Voglmayr, 1968 Tunica dartos muscle and sweat gland responses to elevated temperature are
mediated through cutaneous scrotal thermoreceptdi#aites and Voglmayr, 1962; Waites and
Voglmayr, 1963; Maloney and Mitchell, 1996; Gibson et al., 2@G®)itionally, heating the scrotum
above 36Cincreases respiration rate of th@oolledram, a response that is also regulated by scrotal
thermoreceptorgWaites, 1961; Waites, 1962; Maloney et al., 206®)ally, the pampiniform plexus
within the spermatic cord provides countercurrent heat exchange between arterial blood entering the
scrotum and the cooler venous blood exiting, under normothermic condit{Wvisites and Mule,
1961) and the degree of scrotal retraction may contribute to the efficiency of heat transfer within the
plexus(Maloney and Mitchell, 1996)
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When capacity of these thermoregulatory mechanisms is exceeded, as occurs in many experimental
protocols used to assess effects of hyperthermia on testicular function, significant increases in scrotal
and testcular temperature can result. Scrotal insulation through application of an insulating bag to
the scrotum, and scrotal heating, using a temperature controlled chamber, are two approaches used
to assess heat effects. Scrotal insulation for 8 to 24h eleatastal temperature by ~Z (Mieusset

et al., 1991)Scrotal heating allows for aare controlled increase in testicular temperature, and this
approach has been used in some studies to elevate scrotal or testicular temperatureBb@(Yéaites

and Voglmayr, 1963; Fowler, 1968b; Fowler and Setchell, 191gr studies use climateontrolled
rooms, thus aiming to assess the effects of whole body tewedpee increase on testicular
thermoregulation. For exampl&owler and Kennedy (196@kaced Merino rams in dimate room for

3h with increasing temperatures from 20 to@5 at 17 mm Hg, with 45h between tests. Both scrotal
and testicular temperatures were elevated by-5#Cwhen exposed to 4% for 3 h, comparedvith
20°Cfor 3h, while variation in rectal temperature in response to this heat load was less fitan 1
Rectaltesticular temperature gradient was reduced to ~Lhy 3h exposure to 3%, and abolished

by 3h exposure to £&in these studiegFowler and Kennedy, 1968)/hen these experiments were
repeated with temperature exposure starting at’€sand decreasing, a greater elevationtésticular
temperature occurred at 4%, suggesting that rams were less able to regulate testicular temperature
in response to a rapid elevation to a high temperat(@ifewler, 1968a)How these findings compare

with temperature effects on scrotal or testicular temperature under field conditions has been little
studied.Brown (1971Yyeported subcutaneous scrotal temperatures of 33 to 3Z.éver 5 days, ~4
5°Cbelow rectal temperature, ithree rams under grazing conditions in central west&lSW, where
maximum daily air temperatures ranged from 32.5 to°@5Setchell (1998%imilarly describes
preliminaryfindingsthat air temperature and scrotal temperatur@e lineary related in rams in the
Australian summer, it with loss of the abdominadcrotal temperature gradient when air
temperature exceeds 4(C.

2.8.2. Effects of heat stress on spermatogenesis

Multiple studies have applied local or whdbedy heating to assess the effects of elevated testicular
temperature onram semen production and quality-lowever, few studies have systematically
assessed temperature effects on semen quality under Australian field condifonse variation in
semen quality between seasons has been summarised in Egyptian breeds and nefiiticai et al.,
2008) In Augralia, no consistent trend was observed in semen characteristics in rams studied for 18
months in 196661 (Fowler, 1965)However, individual rams did vary, with 4 of 11 rams showing
evidence of seminal degeneratiauring the summer month@owler, 1965)Of note,(Lindsay et al.,
1975) observed no relationship between the number of ewes lambing amghn maximum
temperature in the three weeks preceding matifidpis contrasts with their findings, discussed earlier,
of significant associations of reproductive outcomes with maximemperature(Lindsay et al., 1975)
around the time of mating, and suggests a minimal contribution of semen quality to variation in
pregnancy outcomes in their extensive field studies.

Despite this, experimental studies provide clear evidence foeféact of heat exposure on semen

production and quality(Table 6-1). Significant variation exists between studi@sduration of heat
exposure temperatures appliedthe increase in testicular temperature induced and the timing at
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which outcome measures are assessed. Magtlies report a reduction in semequality; evident
through adecreased percentage of motile speramd an increase in thproportion of abnormal sperm.
RathoreRathore (1969; 1970akported increased proportions of pyriform spermatozoa and -mid
piece abnormalities when rams were heated to 4@,515% humidig for 8 h per day, for 2 or 4 days,

with abnormal sperm apparent from 9 days after heating. Levels of abnormal sperm peaked at >30%,
18 days after heat treatment in these studies. Acrosome abnormality was also observed, but only
when rams were heated fot or 5 daygRathae, 1970b) Increased proportions of abnormal sperm

are reported across a range of heat exposures, including scrotal insulation fo{Kdstelic et al.,
2017) and hot room &posure at 41Cfor 9 or 13.5HSmith, 1971)or 32Cfor 4 daygHowarth, 1969)

with effectspeakingat 18-24 days aftertreatment andpersisting untiB0-35 days Spermatozoa take

up to 14 days to transit the ovine epididymis (Ortavant 1958, cited by Smith, 1971; Rath6gg, 19
suggesting that abnormalities appearing al@dayspostheating may originate in the epididymis
Thecontinued presencef sperm abnormalities until 30 daafter heat stressuggestshat heat stress

can also induce damage during ttransition of spermatids to spermatozd&athore, 1969; 1970a;
1970b)

Effects on sperm motility are also evident from24 days following the heat insult in many studies.
For example, semen samples collected following 21 days of scrotal insulation for 16h per day contain
~20% motile spernfMieusset et al.,, 1992; Arman et al., 2006gsser effects are observed when
scrotal insulationd applied for 8h per day, with a mean motility of 58% across 160 days of scrotal
insulation, compareavith 73% in control¢Mieusset et al., 1991Heating to 32C, 65%h for four days
reduced motile sperm from 80% to <10%tab weeks postreatment (Howarth, 1969)Sustained
effects on motility are also reported in some studies, viittee days at ~3%Creducing motility score

from 1535 days posheating in a line of Merino rams with a high skin fold sagrewler and Dun,
1966) Effects of heat exposure on sperm concentration are more variable between studies, and can
be influenced by the frequency of semen collection for follgvassessmentVaites and Ortavant
(1968) histologically assessed damage foliog 150 min scrotal heating at £C and detected
degeneration ofpachytene spermaicytes and partial lossf round spermatids, commemg 12h
posttreatment. Mitosis of Bspermatogonia was also pacted, indicating that earlier stages of germ
cell developnent can be affected. Cell loss at the spermatocyte and spermatid stages would be
expected to influence content of the ejaculate from ~35 days jgagtosure(Howarth, 1969; Braden

and Mattner, 1970)Consistent with this, sperm numbers in the ejaculate are decreasedZEq80

days afterscrotal heating to 4082 | Y R R 2 Yy Q (itrediiiit el uniil 2lys SONGS60
(Braden and Mattner, 1970n contrast, no effect of scrotal insulation for 8h per day for 162 days was
observed on sperm concentration, howey scrotal insulation for 16h per dagduced concentration

from day 100, and when insulation was continuous for 8480 days, concentration fell from day 12

of treatment and showed a marked decrease, to near zero levels, betwagsi18-58 (Mieusset et

al., 1991)

Some studies have attempted to relate sperm quality measures to the induced temperature increase,
by considering the association @fmean composite semen score (based on motility, morphology and
concentration measures) with scrotal temperature achieved during hedtioigexampleSmith (1971)
exposed rams to 4, 6, 9 or 13.5h at@iMinimal effects were observed after 4h, but 9h and 13.5h at
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41°C increased the proportion of abnormal sperm and reduced motility. Across all treatments a
negative correlation was observed between the mean semen composite score and maximum
subcutaneous scrotal temperaturgSmith, 1971)Moule and Waites (19633lso report a positive
correlation of maximum scrotal temperature and semen damage score (difference between seminal
scores prereatment and éiys13-52 postheating). These authors also observed significant variation
between ramgTable6-1), with some rams showing significant seminal degeneration following two 6h
exposure to 40.5C, at differing humidity, while others exhibitedrlited effects. Rams with lower
levels of heainduced seminal effects were able to maintain scrotal temperatur@Clower than
affected rams during heating.

2.8.3. Effects of heat stress during spermatogenesis on fertility and pregnancy rates

Some tudies have extended these observations of reduced semen quality following exposure of rams
to heated rooms or scrotal heating to assessment of fertilisation and pregnancy rates. Similar to
studies of semen quality, these studies vary in the timing and degreeabElposureHowarth (1969)
exposed rams to 3Z, and 65%h, forfour days. Fertilisation (assessed at 30h) and embryonic survival
(at day 34) did not differ in ewes mated to rams one week pesating. In contrast, fertilisation rates
were low whenrams were matedwo weeks postheating, and no fertilised embryos were detected

at 3 weeks posheating. In another study, ewes mated to ramstthad been heated to 40°%, 45%
humidity for 8h daily for 1, 2, 3 or 4 days,-20 days prior to mating, had fertilisation rates av6h
postmating of 66%, 42%, 23%, 6%, comparét 93%for acontrol ram(Rathore, 1970chese rates
reflect the increased percentages of avymal spermatozoa observed with increasing duration of
heating (Rathore, 1969; 1970a; 1970@}heir followup studies assessed pregnancy outcomes from
rams exposed to 40°Efor 8h for 2 or 4 daysl0-16 days prior to matingHeating of rams reduced
pregnancy rates, with 3/20 ewes lambing following mating to rams exposeebtdays of heatsess,

and 0/20 ewes pregnant following mating to rams exposefbto days of heat stress comparedth

12/20 ewes pregnant after mating to unheated control rams. While fertilisation rates were reduced,
some ewes apparently pregnant aayl23 (nonreturn to oestrus) were identified as ngoregnant at

day 40 (2 d ram: 6 ewes, 4 d ram: 3 ewes, control: 2 ewes), suggesting that embryonic loss may also
contribute to the reduced pregnancy rates in heaiposed ramgRathore, 1969)

Others have studied the effects s€rotal heating on fertilisation and pregnan8raden and Mattner
(1970) heated the scrotum of two Merino rams in a chamber with-442C water for 1.52h and
assessed mating outcomes over 60 days. Ejaculates from sheattdd rams contained increased
proportions of dead or abormal spermatozoa frompproximately 15until 50 days after heating and
reduced spermatozoa numbefeom around day 25Table 6-1). Scrotatheated ramswere infertile
between ¥ to 47 days posheating. Some suppression of fertility was also evident from 15 to 35 days
postheating, with pregnancy rates varying from-13%, across rams, time points, and experiments.
In contrast, 4h scrotal heating with 39C water in two rams, had no effect on fertilisation or
pregnancy ratesAn association between the thermal loagplied to the testes and later pregnancy
rates was also reported by Fowler (188/Nhen the intratesticular temperature of Merino rams was
heated to 3842°Cfor 2h, an increase of ~B0°C, pregnancy rates of 485% were obtained when ewes
were artificially inseminated with semen collected betweenaltl 35 days posteating, compared
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with pregnancy rates of 69% using semen from control rahie most marked effects occurred
between 14 and 21 days after heating, with pregnancy rates <88. In contrast, scrotal heating of

an additional group of rams to an inttasticular temperature of 380°C an increase of ~3°C for

2h had minimagéffects on pregnancy ratedlo assessment of whether losses were due to fertilisation
failure or embryonic loss was performed. Calculation of a corrected heat load for all rams, using area
under the curve of testicular temperature, demonstrated a signific@egative association between

heat load and pregnancy ra{&owler, 1968byvith this association confirmed in a subsequent study
(Fowler and Setchell, 1971)

Results of later studies using intermittent scrotal insulation contrast with earlier reports of an effect
of heat exposure on féitisation. Mieusset et a[(1991; 1992) performed intreuterine insemination in

636 ewes with frozen semen from Merino rams submitted to scrotal insulation, to elevate scrotal
temperature by ~2C, for 16h per day for 4, 15, or 21 days. Pregnancy ratesdtidiffer significantly

at day 17, suggesting minimal effects on fertilisation. However, 65 days post insemination, pregnancy
rates were reduced when semen was used from rams heated for 4, 15 or 21 days, and embryonic
mortality from day 17 to 65 was ineased (79, 79, 93%espectively) compareavith insemination

with semen from control rams collected on equivalent days (55, 59, 66%). Embryo losses following
insemination with control semen were high 65%), suggesting potential issues with the frozen
semen and/or insemination; however, higher losses from heat treated rams indicate an additional
impact of heat exposure. Semen samples collected at day 21 had reduced motility and increased dead
spermatozoa; however, minimal differences in semen quality messwere evident at days 4 and 15.
Effects on embryonic mortality following insemination with samples collefdaddays postheating
suggest effects on epididymal sperm that alter the capacity of the spermatozoa to produce a viable
embryo, but not capaty to fertilise the oocyte. Increased DNA fragmentation index and increased
susceptibility of DNA to denaturation are reported following scrotal insulation for 24 ofMeébonald

et al., 2007)However, these effects appeat€1 days posinsulation, thus occuing before sperm
entered the epididymisAs Mieusset et a[(1991, 1992) used frozethawed semen, it is possible that
scrotal insulation increased the sensitivity of sperm to freezing induced damage. In support of this, a
greater fall in percent motile sperm was reported following fre¢izawing of semen from mas that

were insulated for 16lper dayfor 21 days, comparedith controls(Arman et al. 2006A preliminary

report suggests that ovine sperm collected during, or within two weeks following;35 2ihy period

of scrotal insulation for 8 or 16h per daycheeduced ability to fertilise oocytan vitro, and embryos
produced had a higher rate of degeneration and delayed developii&atthell, 1994)The potential

for embryonic effects following fertilisation with heaffected sperm is also suggested by rodent
studies, where exposure of male mice to wholedly or scrotal heating reduces developmental
competence of embryom vitroandin vivo(Zhu and Setchell, 2004; Zhu et al., 2004; Paul et al., 2008)

While these studies suggest effects of ram heat exposure on the fertilisation and/or embryonic
development, the field based stighb of Lindsay et al. (19759nd Kleemann and Walker (2005)
observed no relationship between number of ewes lambing or lambs born and mean maximum
temperature in the three weeks preceding mating, suggesting a minimal contribution of the ram to
variationin lambing performance. The number of days in a week above@G2xeeded four on at
least two occasions during thgtudy ofLindsay et al. (1975Howarth (1969)eported significant
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effects on fertility 23 weeks after exposing rams to “‘€for four days; however, heat treatment was
continuouswith 65%h, highlighting the potential fovariation between climate room studies and field
conditions.

2.8.4. Mechanisms of heat stress effects on spermatogenesis and other factors

Exposure of the testes to elevated temperature can affect spermatogenesis through germ cell
apoptosis and perturbations ofperm maturation, including induction of structural and functional
abnormalitiesand DNA damag@Naites and Ortavant, 1968; Rathore, 1969; 1970a; 1970b; Setchell,
1998; Druery et al., 2007)Effects vary with cell stage, with pachytene spermatocytes and round
spermatids identified as particularly susceptible to haatuced loss and damag@Vaites and
hNI I @FyGsS mobcy T 18;FHbBtOnret aNBoA @xgl cofsequeénted af latar exposs
including structural and functional abnormaliti€Rathore, 1969; 1970a; 1970)ypoxia has been
suggested as a possible mechanism through which hyperthermia affects testes function and induces
germ cell damag@NVaites and Setchell, 1964; Setchell, 1994 earlystudy indicated that when ram
testes were heated to 3€, blood flow did not increase to meet the increase in metabolic and oxygen
demands, leading to hypox({@Vaites and Setchell, 1964jowever, this contrasts with recent reports

of increased testicular blood flow anolkxygen extraction in anaesthetised rams with sequential
increases in testicular temperature to AD(Rizzoto et al., 2018F5permatozoa are vulnerable to
oxidative stress induced damage, including lipid peroxidation of sperm membranes and DNA damage
(Aitken et al., 2016)and rodent models of scrotal heat stress demonstriamguction of markers of
oxidative stresgPaul et al., 2009; Houston et al., 2018he effects of heat stress on testosterone
levels vary between studies, with 72h scrotal insulation in White Dorper (Ahass et al., 201&nd

6h per day at 42, 55%h in Malpura rams in Indiailaurya et al., 2016)yassociged with reduced
testosteronelevels while 6h per day exposure of Garole x Malpura rams to temperatures increasing
from 38C to 44°C did not affect testosterone concentratiofDe et al., 2Q7). In Merino rams,
testosterone levels were not affected by constant scrotal insulation for 7d, but levels were reduced
following 14daysof insulation(Byers and Glover, 1984h general, Leydig cells are thought to be less
susceptible to heainduced perturbation when comparedith the spermatogenic cell§Setchell,
1998; Hansen, 2009)

Testis function can also be affected by nutrit{@uan and Martin, 2017and as discussed earlier heat
stress reduces appetite and feed intake. In Malpura ram%;485%h for 6 h per day, reduced semen
mass motility and concentration, averaged across d¥sdwhile nutritional restriction to 30%d lib
intake over the same time period had minimal effects on these measures, when compitir@dntrol
rams(Maurya et al., 2016)Semen quality in rams exposed to both heat and nutritional stress did not
differ from those exposed to heat stresooaé (Mauryaet al., 2016)indicating thermal stress as a
more significant stressor for sperm producti@pecific nutrient deficiencies, including Vitamin E and
selenium, may also influence the susceptibility to hetaess induced effects on spermatogendsis

et al., 2014) with one study suggesting improved semen characteristics when Awassi rams were
supplemented during the hot seas@Ali et al., 2009)
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In cattle, testicular thermoregulatory capacity varies betwderindicusand B. taurusbulls (Brito et

al., 2004) In sheep, a reduction in semen motility occurnetien Border Leicester and Merino rams
were exposed t@8°Cunder hotroom conditions while sperm motility in Dorset Horn rams was not
affected until the temperature reached 43 suggesting variation between breeds in effects of heat
on semen qualitfLindsay, 1969While some studies have considered variation between breeds in
adaptability of rams to tropical, sufpopical or hot arid conditions in other countri¢Marai et al.,

2007; Moura et al., 2019kffects of breed on adaptation to Australian conditions have been less
studied. In Merinos, studies in the 1960s demonstrated greater susceptibility to-imdated
infertility in rams selected for a high degree of skin fold (Folds) piisen comparedvith low skin

folds (Folds minus)Fowler and Dun, 1966)This was associated with altered scrotal and testicular
thermoregulatory capacity, including differences in testicular blood flow, scrotal surface area, sweat
gland size and density, and capacity for fluid loss when temperature was elg¥aeter and Dun,
1966; Fowle, 1968a; Fowler and Kennedy, 1968; Fowler and Setchell, 1971; Fowler and Waites, 1971)
highlighting the capacity for variation in scrotaérmoregulatorymechanisms

2.9. Impact of heat stressluring pregnancy oramb birthweight and survival
2.9.1. Birthweight
Exposing ewes to elevated ambient temperatutl@®ughout sustained periods of pregnancy impairs

fetal growth, severely reducing the weights of fetuses near term (atclB2L d of gestation, gD, term
145150 gD) and of new born lambs
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Table2-1). This suggests that increasing duration of heat stoegtng pregnancycauses a greater
reduction infetal growth, with the possible exception of heat stress that persists throughout the entire
pregnancy. Amcreasing impact dbngerdurationsof heat stress is supported by data from the single
study in which effects of differing durations of maternal heat stress have beepared.Galan et al.
(1999)exposed ewes to relatively severe heat stress conditions (18 h°&@ 8Ch at 35) starting at

gD35, for either 55 or 80 days, before retumg themto thermoneutral conditions. Fetaveights in

late gestation (~gD130) were reduced by 45% in ewes exposed to heat for 55 days, and 74% in ewes
exposed to heat for 80 days. Given the reduced fertility of ewes exposed to heat around mating, it is
possible that the smaller reduction in larblsthweight in ewes exposed to heat throughout pregnancy
NBETtSOGa | &adz2NDA gadhbteS svEsandeive In adaitioR tyf larger dedtehsedirs A
birthweight as an increasing proportion of pregnancy is subjected to heat exposure, theiosduict
birthweight are more severe when heat remains elevatlesbughout the day with no diurnal relief
(Figure?).

Page30of 151



L.LSM.0024 Effects of heat stress, and predicted climate change on reproductive performance of the Australian sheep flock

Table2-1. Maternal hyperthermia during pregnancy reduces newborn/late fetal and placental weights
in sheep

Timing of hyperthermia

. Middle 1/3

Pregnancy outcome No. Mating No. of No. Lastl1/3of No. Last2/3of

Ewes toterm Ewes pregnancy Ewes pregnancy Ewes pregnancy
SLamb / fetal weight
Control, kg 26 3.67 10 3.57 27 4.27 121 3.96
Heated, kg 25 3.03 10 2.67 25 2.97 131 2.55
Difference from Control
kg -0.58 -0.91 -1.30 -1.41
% -15.9 -25.3 -30.5 -36.0
*Placental Weight
Control, g 8 413 34 487
Heated, g 6 390 28 190
Difference from Control
g -23 -297
% -5.5 -61.0

Weighted means calculated from studies in which hyperthermic conditions were induced using
approximate circadian rhythms, and measures were taken from either new born lambs, or fetuses
within 15 days of predicted birth day. $ Data derived from the follguld studies(Yeates, 1953;

Yeates, 1956; Yeates, 1958; Shelton and Huston, 1968; Alexander and Williams, 1971; Cartwright and
Thwaites, 1976; Brown et al., 1977; Bell et al., 1987; Bell et al., 1989; Early et al., 1991; Thureen et al.,
1992; Abdalla et al., 1993; McCrabhbaét 1993) # Data derived from the following 5 studi€Yeates,

1953; Bell et al., 1987; Bell et al., 1989; Early et al., 1991; Thureen et al., 1992)
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Figure7 Lambing and weaning percentages and birthweight decrease with increasing duration of heat
stress(HS; 320Q. Ewes were maintained under thermoneut(@N)conditions (n=21) or at 3Zfor
either 12 or 24 h/d during the last two thirds ofggnancy Data fromShdton and Huston (1968)

Although heat exposure throughout pregnancy consistently reduces birthweight, effects are variable,
and direct comparison between studies is complicated by variation in the extent and duration of the
hyperthermic conditiongTable7-1) breed of sheep and the timing at which measures were collected.
In the majority of the studies pregnant ewes were housed in climate controlled chambers, and a
circadian rhythm of temperaie was enforced with a hotter day (rangesi8 h, 35¢ 44.4Cand THI

of 83.2 to 97.0) and cooler night (ranges; 68 h, 16.4; 35.0°C THI of 38.8 83.5). Interestingly, the
impact of hyperthermia during pregnancy on fetal growth appears to be unaffdmtditter size, with
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Figure8 Effect of heat stresgHS)comparedwith thermoneutral (TN) conditionduring pregnancy on
birthweight and survival of singleton and twin lami@ata fromShelton and Huston (B3).
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2.9.2. Lamb Survival

Birthweight is one of the main risk factors contributing to neonatal loss of Igviapi et al., 1990;
Fogarty et al., 2000; Geenty et al.,, 2014)ith mortalities higher for lambs outside the ideal
birthweight range of 4.@ 6.0 kg. Low birthweight lambs typically have disproportionately lower brown
adipose stores, expend their glycogen and lipid stores more rapidlykirdist take longer to stand
and suckle and ingest less colostrum during the critical 24 hour peréder birth (Mellor and
Cockburn,1986; Scales et al., 1986; Dwyer, 2003; Refshauge et al.,. 2ab@)s weighing less than 4
kg are, therefore, more susceptible to starvatiorismothering, hypothermia and, ultimately death
(Scales et al., 1986pnly two studies have reported the impact of pregnancy hyperthermia on lamb
viability and poshatal survival. Consistent with these adverse effects of low birthweight on survival,
maternal hyperthermighroughout the last two thirds of pregnhancy reduced survival by >@Sétire

7; SheltonShelton and Huston (1968)he effects of the proportion of pregnancy affected Hmat
stress (number of days or months) on survival have not been reported. However, the impacts of
elevated temperature during the last two thirds of pregnancy°(32were more severe when
hyperthermic conditions were maintained for 2dther than12 hoursper day (100% survival in TN
conditions cf. 80% in 12 h/day HS and 55% in 24 h/dayig&.e8; Shelton and Huston (1963At
least some of the impact of maternal hyqleermia on lambmortality occurs du¢o peripartum death.

In Targhee x Suffolk crebsed ewes, the proportion of lambs born alive fell from 97% in ramyesed
ewes to 67% in ewes housed under 16K@8h 2832°Cconditions(Brown et al., 1977)Since most
studies have not reported survival, weusaused a model of the relationship between birthweight and
lamb survival, based on records from 24,699 lambs across eight sites in Southern AiGtaitity et

al., 2014)to predict the impact of maternal hyperthermia during pregnamcy survival. Using this
model, the mean reported 1.32 kg reduction in birthweight in ewes exposdt/perthermia for at
least a third of pregnanadg predicted to reduce survival by 26Rigure9). Depending on the duration

of exposure maternal hyperthermia is predicted to reduce survival by 12 .&fer(HSthroughout
pregnancy) 19% éfter HSonly in middle third of pregnancy, 23% &fter HSonly inlast third of
pregnancy, and 28.5% &fter HSthroughoutlast two thirdsof pregnancy.
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Figure9 Predicted and reported impacts of maternal hyperthermia on lamb survival. Dotted line shows
survival as a function of birthweight fro@eenty et al. (2014)Paired symbols indicate birthweight
and survival data from normothermic (2IF°G blue symbols) and hyperthermic pregrées
(continuous at 2°C orange symbols) within groups of comparafdgd ewes from(Shelton and
Huston, 1968)Drop lines show weighted mean birthweights derived freavenpublished studies in
sheep and predicted survival for lambs from normothermic (blue line) and hyperthermic (diaepe
pregnanciesHeat stress wasnposed during the middle third of pregnan@dexander and Williams,
1968) the final twothirds of pregnancyShelton and Huston, 1968; Cartwright and Thwaites, 1,976)
the last third of pregnancf¥eates, 1953; Alexander and Williams, 1971; Bretal., 1977)or the
entirety of pregnancyYeates, 1956; Yeates, 1958)

2.9.3. Mechanismdor effects of heat stress during pregnanoy fetal growth:

It is likely that several mechanisms contribute to the reduced birthweight of lambs in ewes that
experience ongoingdat stresgshroughoutpregnancy. These impact fetal growth from rgielstation,

with normal fetal weight at gD55, but reduced abdominal circumference evident from gD70 and
reductions in long bone lengths and skull width emerging at gD80 and gD90, reslyd&arbera et

al., 1995) By late gestation, fetal sigenHS ewesvere 2 standard deviatios or more below those of
fetuses gestated bthermoneutralewes(Barbera et al., 1995Lonsigent with an increasing severity

of restriction with advancing gestation, newborn lambs and late gestation fetuses frorrstreased
ewes have altered morphology, includitige brain sparingeffects(Thureen et al., 1992; Regnault et
al., 1999; Regnault et al., 2002; De Vrijer et al., 2004; De Vrijer et al.,,2B86are also seefollowing
intrauterine growthrestriction (IUGR)n humars (Miller et al., 2016}and in experimentalymduced
IUGR in fetal and newborn she@pobinson et al., 1979; Cock and Harding, 1997; De Blasio &04;, 2
Carr et al., 2012Reduced fetal growth in heattressed ewes apes to be primarily due to impaired
placental development and function, with relatively minor effects of maternal food intake. Elevated

maternal temperatures may also directly suppress fetal metabolism by restricting fetal ability to shed
heat.
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2.9.3.1. Nutrition

Nutrition during pregnancy is a key determinant of placental and fetal grq&ymonds et al., 2010;
Herring et al., 2018pand undernutrition during the last twithirds of pregnancy can impair placental
and fetal growth(Vonnahme et al., 2013Nonpregnant sheep reduce their voluntary feed intake
when exposed tthigh ambient emperatures and humidity levetsrd, under experimental conditions,
hyperthermia reduced the voluntary feed intake of pregnant ewes lgy38%(Shelton and Huston,
1968; Alexander and Williams, 1971; Bell et al., 1988Wwever,most studiessuggest the negative
effects of heat stress on placental and fetal growth are largely independenttioént intake (Shelton
and Huston, 168; Alexander and Williams, 1971; Brown et al., 1977; Bell et al., 19g8¢ifically,
despite the effect of heat stress on food intakehen the feed intake of ewes housed in thermo
neutral conditions was matched to that of hestressed eweghe effects of heat stress on birthweight
were far greater than those of the reded feed intake alondn comparison witlad libitum-fed ewes
housed under thermoneutral conditions, birthweight was not significantly reduced (av€&rdég®g)

in pairfed ewes, but was substantially reduced (aver@di8509) irewes housed undédryperthermic
conditions (Figure 10; Shelton and Huston (1968); Cartwright and Thwaites (1976); Brown et al.
(1977). Similarly, reduced fetal weight®@4-27%@ at gD9093) and (23 53%@ I (i Fabens@en 0
in ewes housed in hyperthermic conditions relative to thermoneutesbes pair-fed to the
hyperthermic grougRegnault et al., 1999; De Vrijer et al., 2004; De Vrijer et al., 2006jherefore
clear that reduced maternal feed intakenst the primary cause of heat stressduced reductions in

birthweight.
6
— 51 a
g . 2
= 47 a - / b
% 3 % - % / .
3 37 /
= / /
£ 2- / /
s /
1 -
0
Shelton & Huston Cartwrlght & Thwaites Brown et al.
1968 1976 1977
HS: 12 h at 41°C: HS: 8 h at 42.2°C: HS: 16 h at 38°C:
12 h at 24°C 16 h at 32.2°C 8 h at 28-32°C
TN: 24°C CON: -2-16°C CON: range-housed

Figurel0 Reduced feed intake is not the major mechanism for reduced birthweight indteztsed

ewes. Ewes were housed in nbeat-stressed conditions (blue bars) and either fed ad libitum (solid
bars) or paifed (striped bars) to ewes housed in hyperthermicditions. Data are means, error bars
indicate SEM, and significant differences are indicated by differing superscripts where stated in the
source. Data are derived fro®helton and Huston, 1968; Cartwright and Thwaite§,61Brown et

al., 1977)
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2.9.3.2. Placentd growth and function

Maternal hyperthermia impairs placental development and placental function, depending on the
stage/s of preghancy at which ewes are exposed. Exposure duringnedrlgregnancydoes not
reduce either placental or fetal weight two weeks latét. these early stages of pregnancy, there
appear to be compensatory placental adaptationsn@intain fetal growth. For examplewhen
hyperthermia is induced froraboutday 35 of pregnancyhe ratio of fetal to placental weight 180

days later impproximately40% higher than in control ewes and fetal weight is not different from that
of control ewegRegnault et al., 1999; De Vrijer et al., 2006freased expression of growth factors
within the placenta at gD55, specifically instlike growth factors, placental growth factor and
vascular endotheliagjrowth factor (VEGF) suggest candidate mechanisms for initial compensatory
mechanismgRegnault et al.2002; De Vrijer et al., 2006 onversely, decreased expression of the
VEGF receptdvEGFRImight impair angiogenic responses to VEB&gnault et al., 2002Measures

of vascularity in the placenta throughout pregnancy are needed to determine whether reduced
angiogenesis contribugeto later impairments in placental function. After 55 days of heat stress, fetal
weights are reduced by 227%, with similar decreases in placental weight-88%6), although the
latter were nonsignificant(Regnault et al., 1999; De Vrijer et al., 200Bpnsistent with impaired
placental growth evident by midestation, maternal circulating placental lactogen is reduced from
gD62 and circulating progesterone is reduced from gR&gnault et al., 1999Wwhenthe placenta
replaces the ovary (corpus luteum) as the main source of progest¢Bassett et al., 1969Hacental
effects of hyperthermia commencing later in pregnancy are less well characterised. The 30% reduction
in fetal weight that occurs despite unchanged placental weight after maternal hyperthermia is
imposed throughouthie last third of pregnancly
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Table2-1) implies that this exposure substantially impacts placental function.
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Table2-1. Maternal hyperthermia during pregnancy reduces newborn/late fetal and placental weights
in sheep

Timing of hyperthermia

. Middle 1/3

Pregnancy outcome No. Mating No. of No. Lastl1/3of No. Last2/3of

Ewes toterm Ewes pregnancy Ewes pregnancy Ewes pregnancy
SLamb / fetal weight
Control, kg 26 3.67 10 3.57 27 4.27 121 3.96
Heated, kg 25 3.03 10 2.67 25 2.97 131 2.55
Difference from Control
kg -0.58 -0.91 -1.30 -1.41
% -15.9 -25.3 -30.5 -36.0
*Placental Weight
Control, g 8 413 34 487
Heated, g 6 390 28 190
Difference from Control
g -23 -297
% -5.5 -61.0

Weighted means calculated from studies in which hyperthermic conditions were induced using
approximate circadian rhythms, and measures were taken from either new born lambs, or fetuses
within 15 days of predicted birth day. $ Data derived from the follguld studies(Yeates, 1953;

Yeates, 1956; Yeates, 1958; Shelton and Huston, 1968; Alexander and Williams, 1971; Cartwright and
Thwaites, 1976; Brown et al., 1977; Bell et al., 1987; Bell et al., 1989; Early et al., 1991; Thureen et al.,
1992; Abdalla et al., 1993; McCrabhbaét 1993) # Data derived from the following 5 studi€Yeates,

1953; Bell et al., 1987; Bell et al., 1989; Early et al., 1991; Thureen et al., 1992)

Placental consegnces of chronic maternal hyperthermia that persist from early through to late
pregnancy have been characterised in detail at late pregnancy, where substantial impairment of both
placental weight and function are evident. Reduced placental weights gilaggancy reflect smaller
rather than fewer cotyledonéBell et al., 1987)with evidence for inhibition of placental cell division
resulting in fewer placental cel{&arly et al., 1991Decreased maternal circulating concentrations of
placental lactogen from mid gestation further suggémpairments in development of binucleated
trophoblast cells, which produce this hormone. Both active and passive transport across the placenta
from maternal to fetal circulations is markedly impaired at #aite pregnancy following heat stress
imposed fom early pregnancy. In late gestati@@D133, placental clearance of ethanol, a measure of
placental diffusion capacity, is reduced by 47% in ewes exposed46°88or 9h/d and 3632°C for

15 h/d between gD 45 and 12Bell et al., 1987)Similarly reductions of47-52%were obtainedin

ewes maintained under more severe hyperthermia°@fr 18 h/d and 38Cfor 6 h/d) from ~gD40

until gD126gD125(Thureen et al., 1992; Regnault et al.03) This reduction in diffusion acrodse
placenta is proportional to fetal and placental weigkit$ureen et al., 1992; Regnault et al., 2003)
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Oxygen extraction from maternal blood by the placenta is also lower after chronic hyperthermia, and
although uterine oxygen delivery is proportional to fetal weight, lower umbilical bloodsflesult in

fetal hypoxia, with 2342% reductions in fetal arterial.@aturation in late gestatiofBell et al., 1987;
Thureen et al., 1992; Regnault et al., 2008¢duced umbilical blood flow is associated with elevated
markers of resistance to blood flow, which becomes apparent in longitudinal ultrasound studies by
~gD8090 (Galan et al., 1998)and implicates resistance to blood flow within the placental bed.
Placental transport of glucose is likewise impaired in fetEssed ewes, resulting ai37%reduction

of fetal plasma glucos€Thureen et al., 1992Placental uptake and transfef the branchedchain
amino acid analogue ACP, which is actively transported via sysénino acid transporters, is also
impaired in ewes after chronic heat stress through most of pregnédeyrijer et al., 2004)

Importantly, although the impacts are less severe than those of continuing heat stress, effects of heat
stress in earkmid pregnancy persist even when ewes return to thermoneutral conditions in mid
pregnancy. In ewes exposed to 50 days of heat stresal fatd placental weights at gD80 were
reduced byl0%and 29%respectively(McCrabb et al., 1993Although ewes were then returned to
thermoneutral conditions, fetal and placental weights at gD140 were still 26% and 4286, low
respectively, than those of ewes maintained in thermoneutral conditions throughout pregnancy
(McCrabb et al., 1993Based on these data, it is evident that the negative impacts of maternal heat
stress on fetal and plaogal growth and development are not recovered when ambient temperatures
are lowered This implies that hyperthermic conditions occurring ONLY during the middle third of
pregnancy as is likelywhen ewes are joined in spring or early summee likely to educe lamb
birthweights.

2.9.3.3. Temperature

The chronic hyperthermic conditions reported in these studies increased ewe core temperature by
between 0.6 and 21 (Alexande and Williams, 1968; Cartwright and Thwaites, 1976; Brown et al.,
1977; Brown and Harrison, 1981; Bell et al., 1989; Vatnick et al., 1991; Thureen et al., 1992; Regnault
et al., 1999; Regnault et al., 2002; De Vrijer et al., 208 rectal temperatures were between 40
41°Cafter six hours at 44C(THI 97Alexander and Williams (1968%0.2 and 40.8C afer 9 hours at
40°C(THI 90Bell et al. (1989)and still elevated after 15 hours at 3(THI 77Bell et al. (289). The
metabolically active fetus produces heat, 85% of which is lost via the circulatory systems of the
umbilical cord and placentéGilbert et al., 1985)The remaining 15% dissipates across the amniotic
fluid and into the uterine wallGilbert et al., 1985)a process which is facilitated by the fact that fetal
temperatures exceed those of the dam. Under thermoneutral conditions the differestveden fetal

and maternal temperature (fetonaternal temperature gradient) is approximately 0c40.7°C
depending on the stage of pregnan@akes et al., 1976; Laburn et al., 1992; Laburn et al., 2BG2)

core temperature and fetal temperature both rise in response to short periods4hours) of heat
exposure; however, at progressively higher ambient temperatures the-rfedternal gradient
decreases. Four hours of exposure t6BEHI 83) decreased tHeto-maternal temperature gradient

but still allowed maintenance of a positive gradient from fetus to daaburn et al., 1992However,

after 2.5 hours at 4% (THI 92fetal and maternal temperatures became eqqlhburn et al., 2002)

and 1 hour of 42C(THI 96) resultechia negative fetematernal gradient{Oakes et al., 1976)his
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reduction in the fetematernal gradient has been attributed to changes in uterine and umbilical blood
flow in response to heat stre¢®akes et al., 1976; Laburn et al., 1992; Andrianakis and Walker, 1994;
Laburn et al., 2002) £t G SN GA2ya Ay o0f22R Fft2¢ FINB LI NI 27F
elevated temperaturgBell and Hales, 1985etal capacityo dissipate heat is positively related to
the rate of blood flow away from the placenta and uterus as well as umbilical bloodGlakes ¢eal.,

1976; Laburn et al., 1992; Laburn et al., 2002)der moderate heat stress, when the maternal
temperature increase is less thaflRand when hyperthermia is induced gradually, uterine blood flow
increaseqgAndrianakis and Walker, 199difectively increasing fetal heat loss vigethirculation. In
contrast, one hour of severe heat stress1@2THI 96) significantly reduced both uterine and umbilical
blood flow (Oakes et al., 1976), with uterine blood flow reduced approximately 78 minutes following
exposure to 46C (Brown and Harrison, 1981l seems likely that accumulation of heat in theus

will result in suppression of fetal metabolic rate to reduce heat generation, and that this may
contribute to impaired fetal growth, particularly under conditions of extreme or rapid increases in
heat.

Interestingly, changes in core temperatureresponse to elevated temperature vary between ewes
HopkingHopkins et al., 1980; McCrabb and Bortolussi, 198&umably reflecting differences in their
tolerance, and thermoregulatory response, to temperature elevations. There is a significant, negative
relationship between ewe rectal temperature during periods of higimperature and both lamb
birthweight (Alexander and Williams, 1971; Hopkins et al., 1@8d)placental weigh{McCrabband
Bortolussi, 1996)Depending on the year, lamb birthweight decreased by 1.42 to 1.59 kgCper
increase in ewe rectal temperature in response to high ambient temperature, and ewes which reared
a lamb had lower rectal temperatures than those whiahefd to do sqHopkins et al., 1980)

2.9.4. Progenyperformanceand thermotolerane

The negative impact of exposure to heat stregssiteroon lamb birthweightand, potentially, post
natal survival are clear. Howeveqg the best of our knowledge the impactsiofuteroheat stress on
postnatal growth, body compaosition, wool growth,peductive potential and thermoregulation have
received little attention in sheepn contrastjt is evident that exposing dairy cows to heat stress during
late pregnancy alters the physiology and performance of their progeny, both as neonates andss adul
(Tao et al., 2018As is the case in sheep, exposing pregnant cows to sustained pertogseothermia
reduced uterine and umbilical blood flofiReynolds et al., 1985)ith heat stress during the middle
(Reynolds et al., 198%)nd end(Tao et al., 2012)f pregnancy reducing birthweigliReynolds et al.,
1985; Tao et al., 2012; Monteiro et al., 2018¢at stress during the last 50 days of pregnaeciuced

the efficiency of immunoglobulin absorpticand impaired passive immunity dairy calvegTao et al.,
2012; Monteiro et al., 2016Heifers experieningin uteroheat stressor the 46 days prior to birth
required more services per pregnandonteiro et al., 2016)and produced less milk during thérst
lactation(Monteiro et al., 2016; Skibiel et al., 2018)e to alterations in mammary glamdorphology
(Skibiel et al., 2018)nterestingly, there is also preliminary evideno€lower core temperature
(Ahmed et al., 2017; Skibiel et al., 2048§improved thermatolerance(Ahmed et al., 2017h adults
cowsthat hadexperiened in uteroheat stresdor the 50 days prioto birth (Ahmed et al., 2017)n
contrast to cattle, however,in utero heat stress impairs rather than improves progeny
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thermotolerancein pigs,increasingthe postnatal core temperature set pot, and reducing their
ability to thermoregulate in response to elevated ambient temperature and humfddiinson et al.,
2013; Johnson et al., 201%)is also evident from a number of studies in pigs fhaiteroheat stress

can impair reproductivelevelopment of male and female progeny, increase fat and decrease lean
deposition, and impair milk yield (reviewed bghnson and Baumgard (201Bpsed on the literature
available, and discussed @k, it is clear thain uteroheat stress has the potential to alter progeny
phenotype sufficiently to alter their productivity, and ability to cope with extreme thermal
environment. To the best of our knowledge, the impact @i utero heat stress on postatal
physiology, performance and thermotolerance has not been investigated in sheep.

2.9.5. Subsequent lactation

The impact of pregnancy heat stress on mammary function and, thus, colostrum and milk production
and preweaning lamb growth has not been investiga in sheep.n dairy cattle, heat stress (THI ~

75) during the last 50 days of pregnancy compromises mammary development, such that alveoli
number are reduceqDadoSenn et al.,, 2019)mammary cell proliferation is decreasé@ao et al.,
2011)and colostrum and milk production are lowerd4 kg, reduction; Tao et al., 2011; Daem

et al., 2019). These negative effects of heat stress during pregnancy on mammary development and
milk production have been attributed to altered placental hormone production and reduced dry
matter intake(Dahl et al., 2017)As previously discussed, heat stress alters endocrine function of the
sheep placenta and reduces feed intake of pregnant ewestlaerd is good evidence #t both factors

impair mammary developmentand subsequent milk productionPlacental lactogen promotes
mammary development and milk production in shegjkers, 1985nnd the decreased placental
lactogen evident by miggregnancy in heastressed ewegRegnault et al., 1999 therefore likely to

impair mammary developmentn the absence of heat stress,40% reduction in feed intaladuring

the last two thirds of pregnancy decreased mammary weight and colostrum production by 20% and
43%, respectivelgSwanson et al., 2008and a 50% reduction in feed intake during the last 42 days of
pregnancy reduced the volume @blostrum and milk produced by 68% and 33%, respectively
(Tygesen et al., 2008} is, therefore,possiblethat heat stress induced reductions in voluntary feed
intake may also impair mammary development and colostrum production.

2.10. Impact of heat stress duringactation

Although the majority ofthe Australian sheep flock is managed that lamhing occurswhen
temperatures are cooler, for spring lambing flocks the later stages of lactation coincide with elevations
in temperature andrHI Table3-8 to Table3-10). The sensitivity of ewes to thermal stress is higher in
lactation compared with late pregnancy, reflecting the high metabolic, and thus heat, load associated
with milk production(Abdalla et al., 1993)Despite this, da describing the impact of elevated
temperature and humidity on lactation is sparse for wool and meat producing sheep breeds. In
contrast, it is evident that thermal stress during lactation decreasiék production of dairy breeds of
cow(Tao et al., 2018 nd sheefSevi and Caroprese, 201Pjairy cows exposed to heat strekging
lactation (THI> 68) produce 25 to 40% less milk, primarily due to heat induced reductions in feed
intake, alterations immetabolism and impaired mammary gland developméRao et al., 2018)n

dairy sheep, milk mrduction appears to be optimal at mean daily temperatures of, P2°C(Ramoén
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et d., 2016) with modest variations in temperature sufficient to reduce milk yield. Milk volume
reduced by 0.%, 0.3 g/d per°’Cincrease above ZZ(Ramén et al., 2016with milk volume 15%, 20%

and 20% lower, respectively, when maximum temperatures exceedeg24tC and THI increased

from 60¢ 65 to 72¢ 75 (reviewed bysevi and Caroprese (201Rjterestingly, for every°Cdrop below

10°C, milk volume decreased by 020.6 g/d (Ramoén et al., 2016which may have implications for
ewes lambing and laating during the colder parts of the year. Lactating dairy goats are also affected
by thermal stress, eating 29% less feed, drinking 41% more water and producing 8% less milk when
exposed to thermal stress (THI @B83) for 32 day¢Contreraslodar et al., 2018}t is apparent that

milk production of cows, sheep and goats is sensitive to thermal stress. Based on this, it is, therefore,
suggested that rising temperatures during spring may impair the lactation performance of a
proportion of the Australian sheep flecand thus praveaning growth of their lambs.

3. Currentandprojected exposure of the Australian flock to heat stress

The literature reviewed and discussed previously demonstrate a clear, negative impact of heat stress
on ewe and ram fertility, as well &mb survival and postatal growth and performance. The primary
function of this section is to determine the impact of the current and future Australian climate on
reproductive performance of the Australian sheep flock.

3.1. Thermal Heat Index as an appropte measure of stress in extensive livestock

According toHahn et al. (2009 there have been more thah00 thermal indices for humans and
animals developed over the last 150 yeahs shown in{Error! Reference source not foundthese
indices range from the use of a critical ambient temperature to indices such as Thermal Humidity Index
(THI) that consider temperature and humidity. More compleridas that take into account
temperature, humidity, radiation and wind are available, but these are commonly used in more
intensive livestock systems, in which routidaily observation of animals is possibExamples from
Australia include feedlot cattléMeat & Livestock Austhia, 2006; Gaughan et al., 200&)airy
(Dunshea et al., 2013ndlive export ofsheep(Caulfield et al., 2014; Phillips, 201&ome of the more
complex indices have constants and adjustments that are specific to the sex breed and age of the
animal (Gaughan et al., 2008)nternationally, the heat balance of intensive livestock has received
much more attention than extensive livestock systegf@sanikove, 2000)

For extensive sheep productiofiHI isselected for further analysis as it represe@tsompromise
between robustness and complexity. The index is robust as current and future measures of
temperature and humidity are easy to access and relatively reliable. Although the index is a simple
addition of temperature and a fraction of humidity, taking humidity into account includes the major
pathway of heat dissipatiaon

THI wagalculated using the following equation:

4()0 ™ @ T &

where0 is the daily maximum temperature, arid is the diily dew point temperature,
calculated from ClausitSlapeyron equation as follows:
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The daily dew point temperatur®  was determined from the 9am and 3pm recordings of mean
vapour pressureVapour pressure is a direct measure of the moisture in the air, and thus an indicator
of specific humidity. The daily dew point was calculdt#ldwing estimation of theClausiusClapeyron
equation.

NN 0)
V4
o S0 o
NNV
whereU f{Js the daily vapour pressure calculated as the average dfaheand 3pnvapour pressure
recordings.Vapour pressurés a direct measure of the moisture in the air, and thus an indicator of
specific humidity.

Although wind and radiation can also be important aspects of the energy balance, their relative
importance depends on the position of the paddock in the landscape, access to shade trees, and
animal behaviour. Thus, obtaining precise measurements of thagables is often problematic. In
contrast, not only is THI robust, it is widely used in animal physiology literature and thresholds are
understood by many in the sheep industry. Moreover, after consulting the livestock industries, the
Australian Bureaufavieteorology is currently issuing a fortnightly forecast of THI as an experimental
product as part of the Rural R&D for Profit projdébrewarned is Forearmeflinded by the
Commonwealth Government and managed by Meat & Livestock Australia.
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Table3-1. Summary oEommonly usedndices for calculating heat stress

Benefits

Limitationsfor this study on extensive sheep Reference

Index Variables used
Critical Temperature  Tpax

Excess Heat Factor  Tyax, Tmin
(EHF)

Temperature Tmax Tdew

Humidity Index (THI)

THI adjusted Thmax Tdews WS,
sr
Dairy heat load index T, rh, ws

(DHLI)
Wet bulb temperature T,

Wet bulb globe Measured as

temperature (WBGT) T, T,
Ty can be
estimated T,
Tw, WS& sI.
Heat load indexHLI) Ty, rh, ws

- Readily available and easy to
understand and communicate

- Data is readily available

- Relatively easy to understand

- Used by BoM for human heat wave
alerts

- Includes potential heat loss from
evaporative cooling

- Data is readily available

- Thresholds for extensive livestock are
definedin literature

- Includes potential heat loss from
evaporative cooling, wind and shade

- Includes potential heat loss from
evaporative cooling, and wind

- Reflects the maximum cooling of a w
body in a strong wind

- Data is readily available

- International standard for human
work, health and safety.

- Takes into account full heat balance
(temperature, humidity, radiation and
wind).

- Standard in Australian cattle feedlot
industry
- Based on WBGT

- Does not takénto account night

temperature, humidity, radiation or wind.
- Does not account for humidity, radiation or

wind.

- Does not account for wind and radiation

-wsandsrare not widely available

- most thresholds in the literature refer to the

non-adjusted THI
- wsis not widely available

- Thresholds defined for extreme human hes

stress but few thresholds for livestock.

- Direct measurement of (globe
temperature) is expensive and rarely

recorded. Estimates requings andsrwhich

are not widely available.

- Ty andwsare not widely available

Lindseyet al. L1975, Kleemann
and Walker(2005
Nairn and Fawcef(2015

Silanikovg2000, Hahn et al.
(2009,

Thom (1958)
Dunsheg2013

Berry et al. (1964)

Mader et al. (2002)

Dunshea et al (2013)
Sherwoa and Huber (2010),

Caulfield et al(2014)

Budd, (2008)

MLA 2006, Gaughan et al. 200

Ta ¢ ambient temperature/drybulb temperature at a point in timelmax ¢ daily maximum temperaturelmin ¢ daily minimum temperaturey ¢ Wet-bulb temperatureTgew
¢ Dew point temperaturerh ¢ Relative humidity (noterh, Teew, Tw are all measures of the moisture content of the aw$¢ Wind speedsr ¢ Solar radiation]y ¢temperature
of standardblack globe that takes into account radiation and wind
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3.2. Description of Current and Future Climate

As discusseth SectionError! Reference source not foundhe primary drivers of heat stress are
temperature and humidity. Investigating the current and projected exposure of the Australian flock to
heat stress requires an understanding of both the current climate conditions for these drivers, and
how they are likef to change into the future. In this section, a description of the historical period of
climate used as a baseline is given, as well as a description of current conditions, and likely future
change in temperature and humidity.

3.2.1. Meteorological data used toriform analysis and establishing a climate baseline

Throughout this report, the Australian Gridded Climate Data (AGDC) is used as a data set to evaluate
current climate across Australia. This dataset provides daily historical records of climate variables at

5km resolution as part of the Australian water availability project (AW&R) has been obtained by
interpolating from historical gauged weather recordse climate variables that are used in the THI
calculation of heat stress are specific vapour ptee (hPa) at 9anvph09 specific vapour pressure

(hPa) at 3pmyph15 and the daily maximum temperaturéQ),tmax The daily minimum temperature

(°C), and daily rainfall (mm) were also obtained to report on current climate conditions across
Australia. TKS ! D5/ RFGF 6SNB 2060GFAYSR (KNP dzIHasetl 9wb ! d
ecosystem observatory delivering data streams to enable environmental research and management
andA & | LI NI 2F ! dza0NFXtAlFIQa bl dA2tggyt / 2tf 102N GAD

The baseline perioddopted in this reportvas 19862005, to be consistent with the period used by

the Climate Change in Australia data @8IRO and Bureau of Meteorology, 2045y this period is
KSYOSTF2NIK NBFSNNBR (2 [ & It NBripidEatS el thay tHe globidlS W O dzN.
averagetemperature over the period from 198@005 is0.61°Cwarmer than the1850-1900 pre

industrial baselingIPCC, 2013)This difference will therefore need to be taken into account when
assessing results of change scenarios presentdusmeport relative to a préndustrial baseline

3.2.2. Description of baseline climate for key meteorological variables

In order to understand possible future exposure to heat stress, it is necessary to understand how the
key drivers currently varyoth sea®nally and spatially across Austrakdgurell shows the historical
seasonal averages of maximum daily temperature across Australia, for the baseline period (1986
2005). The daily maximum temperature is strongly heterogeneous across Wajsivith a range of

30°C between the warmest and coolest regions. The contours of temperature change largely follow
the latitude, indicatingthat distance from the equator ia key factor in determining temperature
although orography (e.g. the Great Divig Range), proximity to coastline and various micro
meteorological factors also play an important role in determining temperature
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Figurell. Seasonal averages of maximum temperature in Australia.

Figure 12 shows the average of the 9am and 3pm vapour pressure across Australia. The vapour
pressure is lowest in the middle of Australia,part becausehe air is furthest from the oceans and
there are no open water surfacesi@ure 12). Vapour pressure does not vary as strongly as
temperature across Agiralia, although the largest pressure still occurs in the tropical regions in the
north most coastal areas due to the wetter climate. Throughout the year, the vapour pressure is lowest
in the winter and springand is often constrained by temperature amker air cannot hold as much
moisture
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Average of Daily 0900 and 1500 Vapour Pressure

Vapour pressure (hPa)

S Aut
ummer utumn 39
C}_ C}_
T T
w 0 36
T T
8 § 23
w uwy
D ]
30
%1 ? 1
- 27
@ 8
I I
7 7
w wn
il T - 21
— 18
C}_ C}_
T T
w - — 15
T T
7 3
uwy wy
D Y7
9
o o
Sl T
6
% %
¥ § - 3
wy
T T 0

T T T T T T T T
120 130 140 150 120 130 140 150

Figurel2 - Seasonal averages of vapour pressure in Australia.

From these two recorded climate variables, the current THI levels can be calculated (given by the
eqguation inSectionError! Reference source not foundrigure13 shows the variation of THI across
Australia for each season. When considetimg contours ofFigurel2 and Figurel13, the THkan be

seen to be mostly dominated by temperature, whichajgparent from the relative weighting of
temperature and dew point in the equation of TBloth temperature and humidityary a lot across
Australia,nence it § important that a localised approads used to understanthe impact
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Average of Daily Maximum THI
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Figurel3- Seasonal averages of THI in Australia.

3.2.3. Future climate

To understand possible changes to heat stress in the future, the climate projections from the Climate
Change in Australia report are us@dSIRO and Bureau of Meteorology, 20F5pjections are not
provided directly for measures of heat stress indices like THI, but they are availathle ket drivers:
temperature and humidity.Regarding the specific variables in the historical data setjepted
changes to maximum temperature are availgthewever, changes to specific vapour pressure are
not. The measure of humidity that is reported by Climate Change in Australia is relative humidity,
which is the ratio of the specific vapour pressure compared to the saturation vapour pressure given
the temperature.

The climateprojections detail potential changes to these variables until the erfdtlee century,
however, there is large uncertainty associated with the assessment. This is due keyweasons
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9 Uncertainty surrounding possible greenhouse gas emiss@immate Change in Australia
project how the climate might change in response tarfaepresentative concentration
pathways (RCPs)known as RCP2.6, RCP4.5, RCP6.0 and RCP8.5. The pd#sesapse
plausible emissions scenarios and the resuljregnhouse gasag tothe end of the century,
where RCP2.6 is a low emissions scenario a@GB&R5 is a high emissions scenario. While no
RCP is deemed more likely than another, the lower emissions scenarios require rapid
decreases in emissions to be achieved. It can be seenHrgunel4 that the pathways largely
agree about emissions leading up to reiehtury, butthey diverge substantially substantially
towards the end of the century.

9
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Figurel4. Radiative forcing for the different RCPs. The numbers on the right show the final radiative
forcing at 2100 and give each scenario its name (8.5, 6.0, 4.5 and 2.6.\80ufeCSIRO and
Bureau of Meteorology (2015)

1 Uncertainty amongst the models that project changes imate. In order to generate
projections of change to atmospheric variables such as temperature and humidity for a given
RCP, mensemble of climate models are used. The end result is that for an assumption about
greenhouse gas levelgiven by an RCP), tleeis still uncertainty in how the individual climate
variables will respond. Interestingly, this uncertaioain beless than expected fan analysis
of heat stress, as itelies on jointvariablestemperature and humidity Becausd¢hese two
variablesare physically related, changes in the two are not fully independent, and it has been
observed that the climate models that project a greater warming in temperature also show a
stronger reduction in relative humiditys a result there can be less uncéntst in projected
changes to heat stregfischer and Knutti, 2012; Brouillet and Joussaume, 2@ifipared to
a range of other climate variables.
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Figure 15 and Figure 16 show the projected changes in daily maximum temperature and relative
humidity in Australia, respectively. FoNatural Resource and Management regioNR{) clusters

are shown: the Monsoonal north, Central slopes, Murray basin and southern and-weathrn
flatlands. RCP2.6, RCP4.5 and RCP8.5 are shown, with the spread in climate model results indicated by
the boxplots.

It can be seen that projected changesmaximum temperature range from a one degree warming to
a fourdegree warming by the end of the century, relative to the 128685 baseline. The effect of
change is broadly the same across the year, showing little seasonal variation. The incredig#lstre s
larger for the Murray basin and Central slopes regions.

Projected changes in relative humidity are much smalled less consisteniThe median change is a
slight decrease, but some models predict an increase. The largest projected changetharenat of

the century(in the order of2% and 4% occurring in winter and spring. While no information on
specific humidity is given, temperature and humidity are physically related. Given a projected warming
of temperature, the air will be able to holchore water under these conditions, as given by the
ClausiusClapeyronrelationship. If relative humidity is to remain unchangaddecrease by only a
small amountit means that the specific vapour pressure will increase as temperature(débstt et

al., 2007) Therefore, although projections for specific vapour pressure are not provided by CSIRO, the
conclusions from combiningigurel5andFigurel6 are at specific vapour will increase at close to the
rate predicted by the ClausitGlapeyron relationship assuming neamstant relative humidity.
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3.3. Current and futue exposureof the Australian flock to heat stress

3.3.1. Developing exploratory climate scenarios

The current exposure to heat stress measuredt@THI is provided in this section with reasonable
confidence, given the high quality of observed climate dataustralia. Asliscussed in Sectidh2.3

the projected changes in climate are much more uncertdifthough the projections could be
modelled direcly, there would be a very wide bound of confidence on the findings, particularly
through to the end of the century. Instead, the approach taken is to develop a small number of
representative climatégcenarioQ Scenarios are defined here as hypothetical future changes, but
without an indication of the probability of occurrencéhe scenarioproposed here are developed
relative to current conditions (a baseline of 198605).Importantly, the climate scenarios dwot
represent a point in time, butather they describa plausibleset offuture climate conditiors that can

be used to identify the potential impacts on sheep reproductive performambés way, should that
change in climate occur, the effects of thagp@sure will be known and can be prepared for.

As has been discussed, temperature and saturation pressure are physically related to one another.
This is given by th€lausiusClapeyron relationshipwhich described how the air can hold more
moisture as iwarms. To explore the impact of future changes in these variables on the heat stress of
livestock in Australia, it is necessary to explore plausible changes to both temperature and humidity
together, so that the scenariassed for the remaining analysase internally consistent.

3.3.2. Temperature

To explore the effect of changing temperature on heat stress, two scenarios are formed from the
Climate Change in Australia projectiq@@SIRO and Bureau of Meteorology, 2015)

9 The firstscenariois a 1°C Celsius warming of current temperature retativthe 19862005
baseline. As can be seen from Figure 5, this warming level is reached under all RCPs as soon
as midcentury. Relative to préndustrial climate, this igquivalent toa 1.6°C warming in
temperature(Section3.2.3). To place these results into conteat,the 2015Paris agreement
in 2015 governments agreed to limit global warming to 2°C degrees relative teiladustrial
period, witha goal of 1.5°C.

1 The secondcenarids a 3°C warming comparedth current temperature. This warming level
is a more extreme casef possible changebut still falls below the median of the highest
emission end-of-centruy RCP8.5 scenarias provided bythe CSIRO Climate Change in
Australia projections

3.3.3. Humidity

The measure of humidity most commonly reported on, and available from the climate change in
Australia projections, is relative humidity. Using these projections, the following changes to relative
humidity are indicated:
9 Itis projected that there will be little to no change in relative humidity by the middle of the
century (under all RCPs).
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1 By the end of the century, changes in relative humidity across Australia are projected to occur,
but the amouwnt varies based on the time of year. In summer and autumn, there is little change
projection, typically less than a 1% decrease. In winter and spring, the relative humidity is
projected to decrease by-2%, depending on thiecal governmentegion.

The historical data set used in this report provides measures of vapour pressure, which is also used in
the calculation of the THI index used in this repétahn et al., 2009 Change in vapour pressure, or
specific humidity, is less widely reported on by climate change projections. Hovegvarcreasen

specific humidity is strongly inipd given a change in temperature and constant relative humidity
(given by theClausiusClapeyron equationIPCC, 2013)As the air temperature increases, the
saturation point of the air is higher, and so for the relative humidity to stay constant the specifi
humidity must increase.

Using an estimation of the daily saturation pofBingman, 2015)Jncreases in maximum tempetage

of 1 and 3 degrees correspond to increasevapour pressureof ~6% and 18% (based on 30°C)
respectively This is consistent with the findings on how specific vapour pressure will change in
literature (Willett et al., 2007; Sherwood and Huber, 2080 the IPCC indicating an increase of
around 5% by migentury (IPCC, 2013)Therefore, there ardikely to be significanincreases to
specific humidity even under scenarigissmall changes in relative humidity.

Given the uncertainties in the projections of relative humidity, particularly at the end of the century
(Figurel?), the sensitivity of the THI calculations to humidity assumptions in the developed climate
scenarios is examined. The following figure shows the current annual THI for the Bendigo airport BoM
weather station, and THI in the above defined scenario with 3°C warming and no change in relative
humidity, 2% decrease in relative humidity, and a 4% decrease in relative humidity.

80
75
— 704
8 Scenario
T 1. Current THI
— 651 2. Temp: +3 RH:0
% — 3. Temp: +3 RH:-2
% — 4. Temp: +3 RH:-4
60
554
504

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Figurel?. Impacts of relative humidity assyotions on THI
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The changes in THI due to relative humidity assumptions are most pronounsechimer, when the
THI is highest;dwever, the projected changes to relative humidity are lowest in this time period, and
are largest in winter and spring when there is very little effect.

3.3.4. Selectedexploratory scenarios

Based on the Climate Change in Australia projections, and a sepsitidlysis on relative humidity,
the following scenarios will be used to explore future heat stress, in addition to the baseline of current
climate, and using the THI threshold providedable3-2. Categories of livestock weather safetgex
associated witlTHI Valueg¢Table3-2):
9 1°C increase in temperature, 0% change in relativaidity (implies ~6% increase to specific
humidity)
1 3°C increase in temperature, 0% change in relative humidity (implies ~18% increase to
specific humidity)

Table3-2. Categories of livestock weather safetgéx associated witifHI Values
Temp Relative Humidity (%)

°C| 5[10(15] 2025|3035 |40 |45|50[55|60| 65| 70| 75| 80| 85| 90| 95| 100
21| 64| 64| 64| 65|65|65|66|66|66|67|67|67| 68| 68|68 |69 |69 | 69| 70| 70

22| 65|65 |65|66|66|67|67|67|68|68|69|69| 69|70 |70 | 70| 70 | 70| 72| 72
23| 66|66 |67|67|67|68(68|69|69|70|70|70| 71 | 71 (72 | 72| 73 | 73 | 74 | 74
04| 67|67 |68|68|69|69[70|70|71|71|72|72| 73 | 73
26| 68| 68|69 |69|70|70|71|71|72|73|73|74]| 74
57| 69|69 | 70| 70| 71| 72|72|73|73|74
28| 69|70 71| 71| 72|73
o9 | 70| 71| 72| 73| 73
30| 71| 72| 73
31| 72| 73
32|73

33

79¢ 83 Severe Heat Stres X ynY 9EGNBY
Modified from Associated Livestock Weather Safety Intdasestock Conservation Inc (1970)

i X c¢ctY b2 1St i 68¢ 74: Mild Heat Stress - 75¢ 78 Moderate Heat Stress
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3.3.5. Exposure to current and future climate

When analysing specific BoM weather station sites, all climate data comes from the closest data point
in the Australian Gridded Climate Data dataset.r€hare three types of sitgpecific climate analysis
presented in this report. The first details the known effects of heat stress during early (joining/d0 to
50), mid (d51-100) and lategestation (d101150), as documented biindsay et al. (1975and
summarises the effects on the selected sites. The second details the heat stress experienced during
early and latdactation (d 050 and 56100, respectively)The thirdis an indepth analysis of how the
climate variables and heat stress indices vary annually for eactEsitdign8).

3.3.6. The identification and selection of key sheep producing sites across Australia

Twentysix sites across Australia were selected within 23 Natural Resource Management (NRM)
regions which rem@sent the main sheep producing regions across Austf@igure18). For each of

these sites, a BoM weather station was select€dhle 8-1) from which climate data was obtained

and changes in THI scenarios were developed.
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Figurel8. Map of BoM weather stations selectedthin the sheep producing regions across Aust
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The 26 sites listedh Table3-3 were selected based on: (1) the overall sheep population adiess

NRM regions, and (2) sites that were currently or likely to be affected by high THI or increased number
of hot days into the future. The remaining three sites were selected to reflect extremes in THI
occurrences; Longreach in the [@es Channels regiorfnorth QLD) which currently experiences
extreme high THI, and Launceston and Hobart in TAS which are largely unaffected by heat stress. For
each selected site, sheep information was obtaifredn ABARES 2018)16census data for theocal
Government AredThe Australian Bureau of Statistics, 2015 updated sheep populationgwWes

mated to produce lambs, and total lambs marked) per state was obtained ABARES 2012018

data (The Australian Bureau of Statistics, 2018mbing percentages were calculated using the
number of lambs marked against the number of ewes mated to produce lambs

Locations within large NRM regions were not selected for specific heat stress climate change scenarios
as the climate conditions within a single region were variable, and a single location would not have
provided an accurate representation of the effect éflTon sheep production within that region. For
example, the Rangelands in WA covers 85% of the state (2.2 mill®rakohonly consistsfe 200k

sheep. Similarly, SA Arid Lands makes up half the state of SA and shares borders with NSW, QLD and
NT. Whilethere are >800k sheep over 400 000 %rthis one region has a variety of different
ecosystems including sandy deserts, stony plains, as well as the Gawler, Flinders and Olary ranges. In
both cases, one or two locations within a large area would not haweviged an accurate
representation of the effects of THI on sheep productwithin the region While some sites/NRM

regions were not included in the specific climate change projections presentddbte 3-3 to

Table 3-10, the seasonal effects fathe decreasedpercentage of ewes joining due to heat eds
(Figure22 to Figure25), the decreased percentage tdmbs born due to heat stress events during
joining (Figure26 to Figure29), andthe seasonal differencie the number of days at moderate and

severe THI thresholddigure30 to Figure37) are presented on a national scale, and data can be
extrapolated for these xcluded regions.

3.3.7. Key reproductive events and breeding management calendars

Breeding management calendars weateveloped for each site using data extrapolated frGmoker

et al. (2009)as well as information provided by regional livestock consultants, industry partners and
commercial producers. In th€roker et al. (200MepoNIi = € F YoAy I GAYSE F2NJ S| «
division was calculated for 10, 50 and 90% ewes lambing, as well as the range of months that lambing
occurred. Using a modified methodology here, the statistical regions for each of the sites in the current

report were updated to match the current 2042018 ABS divisions, and key reproductive events
established based on the information provided for the 2005 statistical division to match the current
division. For example, in 2007, seven statistical divisionsesgmted sheep producers in NSW,

whereas the 20122018 census data reports 13 shepmducing statistical divisions across 13 NRM

regions within NSW
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Table3-3. Key/major sheep producing sites/regions acrAsastralia. Number of animals represented as thousand

Site Information

Key Reproduction (month)

Site estimates

State Map # Location NRM Region Joining Lambing Rangé Total f) Ewes() State% Marked lambsif) Lambing (%)
QLD 1 Longreach DesertChannels Mar Aug 7 146.8 54.6 6.2 30.9 57
2 Cunnamulla South West Mar Aug 6 76.2 44.7 5.1 22.2 50
3 St George Q. Murray Darling Basin ~ May Oct 8 3607 154.6 17.6 138.8 90
Total number of ewes mated produce lambs within QLI  878.3

NSW 4 Wilcannia Western Feb Jul 7 5481 288.2 24.1 242.3 84
5 Gunnedah North West Apr Sep 6 50.5 31.9 2.7 33.8 106
6 Armidale Northern Tablelands Apr Sep 4 5534 298.7 25.0 278.2 93
7 Trangie Central West May Oct 7 3015 149.1 12.5 1445 97
8 Dubbo Central West Mar Aug 7 8701 401.8 33.6 410.7 102
9 Griffith Riverina Dec Apr 6 438 20.7 1.7 20.1 97
10 West Wyalong Riverina Dec Apr 6 608.5 283.1 23.7 269.7 95
11 Young Riverina Mar Aug 5 1597.3 800.7 67.0 802.9 100

Total number of ewes mated producelambs within NSW 1 194.7
VIC 12 Walpeup Mallee Apr Sep 4 203.1 84.1 1.2 86.5 103
13 Bendigo North Central Mar Aug 6 229.8 108.5 1.6 100.1 92
14 Shepparton Goulburn Broken Dec Apr 5 117.4 58.7 0.9 64.1 109
15 Hamilton North Central Apr Sep 6 2041.2 10685 15.8 1 069.5 100
16 Ballarat Corangamite May Oct 6 85.9 37.5 0.6 40.7 109

Total number of ewes mated produce lambs within VIC 6 748.1
SA 17 Minnipa Eyre Peninsula Dec Apr 5 168.3 70.9 1.3 64.5 91
18 Rosedale Adelaide/Mt LoftyRanges  Dec Apr 4 91.5 41.7 0.8 39.3 94
19 Renmark SA. Murray Darling Basin  Feb Jul 4 208.2 96.4 1.8 92.7 96
20 Struan South East Dec Apr 4 1018.1 502.7 9.2 552.3 110

Total number of ewes mated produce lambs within S; 5 455.3
WA 21 Geraldton Northern Agricultural Feb Jul 4 179.9 79.7 11 66.3 83
22 Northam Wheatbelt Feb Jul 4 155.6 75.4 1.0 70.1 93
23 Katanning South West Feb Jul 4 214.4 103.4 1.4 94.6 92
24 Esperance South Coast Feb Jul 4 623.5 302.7 4.2 276.1 91

Total number of ewes mated produce lambs within W£ 7 199.9
TAS 25 Launceston North Apr Sep 3 4.7 19.7 1.7 221 112
26 Hobart South May Oct 3 2.9 1.1 0.1 343 30

Total number of ewes matdd produce lambs within TA 1 129.5

*Reproduction rangéetermined by the number of months that 10 and 90% of ewes had lambs. Data extrapolated from Croker et al. (2009)
I KS aAdSQa O2yGNROdziAaA2y G2 GKS G2GFf ¢dzyoSNI 2F S¢Sa YIGSR (G2 LINPRdzOS fFYoa 6AGKAY
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The joining and lamhg periods reported iTable 3-3 were estimated based on the month 5086

ewes had lambs, then badated 150 days to account for gestationdetermine estimated joining
month. The range of lambing, and/or joining period, was determined by the month where 10 and 90%
ewes had lambs. For example, in Armidale (statistical division 130 irZ0WA, peak lambing was
reported to occur during Septenab. Therefore, we estimate that the peak joining period is April.
However, lambing was observed/recorded over four months, which suggests that for this site, joining
periods are between February and May, and would be subject to individual producer marnageme
strategies.

The weaning periods estimated in the current report represents the youngest lambs to be weaned
based on the month 90% ewes had lambs. Therefore, the weaning dates depicted on the current
management calendars are indicative of a time when all breeding elesld be dry from the

AAAAA

A4St SOGSR WogSIyAyaQ Y2y iK G2 (GKS 0S3IAYYAYy3d 2F (KS
3.3.8. Maximum tempeature and decreases to birth rates/lambs lost

3.3.8.1. Data calculation and summary for each site

To demonstrate the effects of heat stress, site specific plet® developed for an &onth calendar
to visually demonstrate periods of pregnancy and lactaffeection8). Monthly average faxand tmin
rainfall and temperature data for the 2fear period was obtained from the BoNh the following
paragraphs an explanation of these calendars for one site (Wistiong) will be described as an
example Figurel9depictsWest Wyalonga climatewith hot, dry summers and cool winters.ggding
management practicewere overlayed based on peak lambing month reporte@imker et al. (2009)
For West Wyalong, ped&mbingoccurs during winter whenainfall within the regions at itshighest,
which would coincide with pasture availabilitthroughout lactation through to weaningn the
Riverina region, lambing occuoser a five to six month periodyhich indicates joining occurs from
late spring through summer.
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Figurel9. Monthly average temperature and rainfédr West Wyalong, NSW
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The measurement of heat stress usedUiydsay et al. (1978nd Kleemann and Walker (200@)as
the number of days in a week thdt¢ maximum temperature exceed 32.2°C. For each sitemnonth
when joining mostlyoccured was determined andthe average number of days per week thatt
exceeded 32.2°@as calculatedThis was first calculated at the daily time stdpr the week catred
on each daythen averaged across each month for all 20 gekigure20 shows the mean weekly
count of dayswith tmaxabove 32.2°@or West Wyalong. The mean number of days @®22°Cpeak
during joining and early pregnancy.

Variable
10th percentile Count
90th percentile Count
— Mean Count
— Median Count

Weekly count > 32.2 (days)
o - N w E (4] N ~

A

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun

Figure20. The mean, median, 10th and 90th percentile of the weekly number of days above 32.2°C at
West Wyalong, NSW.

To determire the effects of heat stress for each of the selected sites,average count of days with
tmax above 32.2°@vasused with the following two equationfsom Lindsay efl. (1975)o calculate
the number of ewes lambing per 100 ewes join&g @nd the number of lambs born per 100 ewes
joined.

QO O ™O RO W
O LV T oL o0BW

where X is body weight (kg),>Xs age (yrs) andsX the mean days per week withabove 32.2C

The mean number of days pereek that thaxexceeded 32.2°C was calculatetd the daily time step

was calculated for the weeky centering on each day themveragng across each month for all 20
years.Considering only the heat stress component of these findings, multiplying the days per week
with tmax above 32.2C by 2.7 gives the percentage decrease mumber of eweslambing, and
multiplying by3.5gives the percentage decrease in the numbelaofibs wrn. The average count of
days with haxabove 32.2°@r each month was used to determine the effects on the number of ewes
lambing and lambs born shouijdining occur in that monthThe percentage decreaséor both
variables washen multiplied by the anual number of ewes mated to produce lambs to estimate the
number of ewes and lambs affectétable3-4).

The current heat stress effects for West Wyalong shtves the mean THI, and frequency above
moderate and severe THI thresholds, increases throughout joining and early preghaqog21).

Under current climate conditions, the frequency of moderate heat stress increases from November,
with the frequency of severe heat stress eventgéasing approximately a month later.
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A) 1001 25

Scenario
— Current Climate

One Degree Warming
— Three Degrees Warming

904 20

(Lambing] /Weanin'gl.-"':'Joinihg'

(Lambing

THI (°C)

Variable
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(%) @seaiaq aley yuig
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Scenario
— Current Climate
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[Lambing | (Weaning] / [Joining) 2 (Lambing]
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o
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Figure21.The THI measure and thresholds frequency for West Wyalong oweohés for the three
climate scenariosA) The monthly mean THI (°C) and associated decrease in birth rateB)(Phe
frequency and duration of moderate and severe THI events.

Thecurrentfrequency andduration of days oveB2.2°Cduring the joining periodn West Wyalong
results in over 20,000 ewes (7%) unsuccessfully mated, leading to a 9% decrease in lamigkitlor
equates to a loss of 26,000 lam@@ble3-4). For the two projected climate scenarios, the number of
ewes unsuccessfully mated will increase to 9 and 11% at +1°C and +3°C warming, respeitkively,
the number of potential lambs lost@neasing tal1 and 15%.

Calendars for each of the 26 sites are availabfeaationO.

3.3.8.2. Heat stress during mating and decreases in birth ratesfibs lost

The effect of days over 32.29Geat stressyuring the month when 50% of ewes are joined on the
number of ewes lambing and the number of ewes born per mated ewes are preseniadble3-4.
In addition, plots for the percentage of ewdsdure22to Figure25) lambing and the percentage of
lambs lost Figure26 to Figure29) demonstrate the effects heat stress has on both variableso
national scaleA summary of the effects of heat stress by state and for flocks joining in spring through
early autumn (October to March) or Late autumn / winter (April to September) is as follows:
1 Queensland.
o For flocks mating in spring through to early autumn, theragedecrease in the
number of ewes lambingt current, +1°C and +3°C climates was 15% (n = gxé§,
16% (8,05@we9 and 17.5% (8,658we9, respectively, with thaveragedecrease in
the nunber of lambs born calculated to be 19% (9,&0bs, 20.9% (10,50Gambs,
and 22.5% (11,30@mbsg.
o For flocks mating in late autumn through winter, the decrease in the number of ewes
lambing at current, +1°C and +3°C climates was 0%, 0% and 1% (@0=vieh
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respectively, with the decrease in the number of lambs born calculated 084 ®.1%
(n=200lambg, and 1% (n = 1,508mbg.
1 New South Wales
o For flocks mating in spring through to early autumn, theeragedecrease in the
number of ewes lamipig at current, +1°C and +3°C climates s (20,70@®wes),
8.2% £5,380eweg and 11.4% (37,188weg, respectively, with theveragedecrease
in the number of lambs born calculated to 986 (26,800 lambs), 10.8% (32,900
lambs) and 14.8% (48,180 lambs)
0 Fa flocks mating in late autumn through winter, theeragedecrease in the number
of ewes lambing at current, +1°C and +3°C climatesO#®9.3% (n = 67 ewes) and
1% (367 ewegkespectively, with theaveragedecrease in the number of lambs born
calculatedto be 0%, 0.23% (67 lambs) and 1% (467 lambs).
1 Victoria
o For flocks mating in spring through to early autuntime averagedecrease in the
number of ewes lambing at current, +1°C and +3°C climate2%g2,100 ewes), 3%
(2,900 ewes) and 5% (5,500 ewes3pectively, with theaveragedecrease in the
number of lambs born calculated to 1886 (2,700 lambs), 3.5% (3,800 lambs) and 7%
(7,200 lambs).
o0 For flocks mating in late autumn through winter, theeragedecrease in the number
of ewes lambing at current, +1°C and +3°C climatedviza8s (950 ewes), 1.5% (1,450
ewes) and 3.25%8(575 ewesjespectively, with thewveragedecrease in the number
of lambs born calculated to be5% (1,250 lambs), 2.2% (1,87%®kes) and 4% (4,625
lambs).
1 South Australia
o For flocks mating in spring through to early autumn, thesragedecrease in the
number of ewes lambing at current, +1°C and +3°C climate$\886 (6,775 ewes),
6.3% (8,125 ewes) and 8.3% (10,925 ewespectiely, with theaveragedecrease in
the number of lambs born calculated to Be3% (8,775 lambs), 8.3% (10, 500 lambs)
and 10.8% (14,175 lambs)
0 Flocks were not mated in late autumn through winter in the areas studied
1 Western Australia
o For flocks mating inpsing through to early autumn, the decrease in the number of
ewes lambing at current, +1°C and +3°C climates6&#% (7,000 ewes), 8% (8,075
ewes), and 10.5% (10,725 ewes}pectively, with the decrease in the number of
lambs born calculated to b8% (9075 lambs), 10.2% (10,450 lambs) and 13% (13,925
lambs).
0 Flocks were not mated in late autumn through winter in the areas studied
1 Tasmania
o There were no reductions in either the number of ewes lambing or the number of
lambsborn.

Combining the data fronthe sites investigated in Queensland, New South Wales, Victoria, South
Australia and WesterAustralig for flocksjoined duringspring through early autumn, la¢ stress at
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joining is responsible for a@17% decrease in the number of ewes lambing and 8996 decrease in
the number of lambs born under current climatic conditions. This increases 19®% decrease in
ewes lambing and a § 24% decrease in the number of lambs born undef34C increase in
temperatures. In flocks which join during lateatamn or during winter, the impacts of heat stress
during the joining period are less severe, with the maximum decrease in ewes lambing and lambs born

approximately 1% under current conditions and increasing to 3% should temperatures increase by
3°C
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Table3-4. Estimated decrease in the number and percentage of ewes joining, and subsequent lambs lost, due to heat stress Nuimizdés of@esented as thousand

Decreasern{and %) of ewekmbing Decreaser{and %) in lambs born
State Current +1°C +3°C Current +1°C +3°C
Site__Joining Ewes ) (n) (%) (n) (%) (n) (%) (n) (%) (n) (%) (n) (%)
QLD
Longeach Mar 54.6 9.2 17 9.8 18 10.1 19 12.0 22 12.8 234 13.2 24
Cunnamulla Mar 44.7 5.6 13 6.3 14 7.2 16 7.2 16 8.2 18.3 9.4 21
St George May 154.6 0.0 0 0.1 0 1.1 1 0.0 0 0.2 0.1 1.5 1
NSV
Wilcanna Feb 288.2 38.1 13 41.6 14 46.8 16 494 17 54.0 18.7 60.7 21
Gunnedah Apr 31.9 0.1 0 0.2 1 0.8 3 0.1 0 0.2 0.7 1.0 3
Armidale Apr 298.7 0.0 0 0.0 0 0.1 0 0.0 0 0.0 0 0.2 0
Trangie May 149.1 0.0 0 0.0 0 0.2 0 0.0 0 0.0 0 0.2 0
Dubbo Mar 401.8 18.8 5 25.1 6 42.9 11 24.3 6 32.5 8.1 55.6 14
Giiffith Dec 20.7 15 7 1.7 8 2.3 11 1.9 9 2.2 10.7 29 14
West Wyalong Dec 283.1 20.2 7 24.4 9 32.3 11 26.1 9 31.6 11.2 41.9 15
Young Mar 800.7 24.9 3 34.1 4 61.6 8 32.3 4 44.2 5.5 79.8 10
VIC
Walpeup Apr 84.1 0.4 1 0.7 1 1.8 2 0.6 1 0.9 1.1 2.4 3
Bendigo Mar 108.5 2.1 2 2.9 3 55 5 2.7 3 3.8 3.5 7.2 7
Shepparton Dec 58.7 2.0 3 2.6 4 4.1 7 2.6 4 3.4 5.7 54 9
Hamilton Apr 1068.5 1.1 0 2.0 0 7.4 1 14 0 2.6 0.2 9.5 1
Bdlarat May 375 0.3 1 0.5 1 1.0 3 0.4 1 0.6 1.7 1.2 3
SA
Minnipa Dec 70.9 4.1 6 5.0 7 6.4 9 5.3 8 6.4 9.1 8.3 12
Rasedale Dec 41.7 1.8 4 2.2 5 2.8 7 2.4 6 2.8 6.7 3.7 9
Renmark Feb 96.4 8.9 9 9.9 10 12.0 12 115 12 12.9 13.3 155 16
Struan Dec 502.7 12.3 2 15.4 3 22.5 5 15.9 3 19.9 4 29.2 6
WA
Gealdton Feb 79.7 6.5 8 7.2 9 9.1 12 8.5 11 9.3 11.7 11.9 15
Northam Feb 75.4 8.6 11 9.7 13 11.8 16 111 15 12.6 16.8 15.3 20
Kaanning Feb 103.4 5.4 5 6.7 7 9.8 10 7.0 7 8.6 8.4 12.7 12
Egerance Feb 302.7 7.5 3 8.7 3 12.2 4 9.7 3 11.3 3.7 15.8 5
TAS
Launceston Apr 19.7 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0

Haobart May 1.1 0.0 0 0.0

o

0.0 0 0.0

o

0.0 0 0.0 0
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3.3.9. Mild, moderate and severe THI during pregnancy and lactation

To determine the effects of heat stress during the key reproductive stages, the number of days above
the mild (THI 68Table3-5 and Table3-8), moderate(THI 75Table3-6 and Table3-9) and severe Hl

79: Table3-7 and Table 3-10) thresholds were calculated\ote that an assumption here, is that the
timing of the daily maximum temperature being different from the mean of the vapour pressure does
not influence the accuracy significantly. With the daily THI values calculated, the number of days above
thresholds can be counted. The definitiomoild, moderate and severe THI thresholds W& 75 and

79, respectivelyTable3-2).

Gestation and lactation were divided into five-88y increments (first 58ays of gestation, middle 50

days of gestation, last 50 days of gestation, first 50 days of lactation and second 50 days of Jactation
For each of the 26 selected sites, we evaluated the number of days at mild, moderate and severe THI
thresholds(Table3-5to Table3-10). Seasonal plots provided belashow the number of days at each

THI threshold for each climate scenario, demonstrating the cuseasonagffects of heat stress on

a national scale at well as the effect at +1 and +3°C war(Riggre30to Figure37).

Table 3-5 demonstrate that all sites are affected by mild heat stress throughoulyegestation
regardless of the joining monthzor many sites which join ewes over the summer/early autumn
period, the number of days at the mild THI threshold during early gestation can exceed 40 days
(Table3-5). For those sites joining ewes in autumn, the numtfetays at the mild THI threshold tends

to increase during late gestation, then throughout early and late lactation. While the effect of
moderate and severe heat stress events affect gestation, mild heat stress events are more like to affect
lactation Section2.10).

In QLD, two of theselected sites have peak joining periods during early autumn; however, as joining
occurs over a six to sevanonth period, the effects of moderate and severe heat stress would affect
some ewes at all stages of reproduction at these sites (Longreach &k Cunnamulla 44.6k
ewes). Longreach is the only site where mild, moderate andevere heat stress events are present
from joining through to weaning. Ewes in this region experience an average of 46 days at the mild THI,
and nearly 10 days at the sere THI threshold (moderate: 27.8 days). While Cunnamulldeveer

total ewes, the effects are similar, in that 12% of ewes are unsuccessfully joined resulting in 16%
decrease in lambs born.

The national plotsKigure 22 to Figure25) show that in other sites across central and arid QLD,
currently > 10% ewes are unsuccessfully joined, which will increase up to 17% at +3°C warming if
joined in late summer/early autumn. Whikites along the east coast and inland, such as the Darling
Downs, currently have more ewes successfully mated during the same joining period, by +3°C
warming, up to 15% of ewes in these regions will be unsuccessfully joined.

In contrast, the peak joing period for St George occurs in late autumn (Magy while joining can
happen over an eightonth period, the current low level of lambs lost (1%) indicates the effects of
gestational heat stress is less likedyoccurfor ewes in this region. Howeviea high number of mild,
moderate and severe heat stress events currently occur throughout lactatitimclose to 23laysat
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the severe THI threshold during late lactation. At +3°C warming, this number of days will increase to
over 40daysat the severeTHI threshold.

Five of the selected sites for NSW join ewes during the summer/autumn period (Wilcannia, Dubbo,
Griffith, West Wyalong and Young). As a result, many ewes at these sites experience mild, moderate
and severe heat stress events throughousgion, whereasn the other three selected sites that join

later in the year (Gunnedah, Armidale and Trangie) heat stabseffect lactation rather than
gestation. Under current climate conditions, Wilcannia experiences the highest number of moderate
and severe heat stress eventsith an average of 50 days at or above the moderate THI threshold
during early and migdjestation. Dubbo and Young, has20 days at these THI thresholds during early
gestation. In contrast, Griffith and West Wyalong experéeadonger duration of heat stress events,

100 and 106 days, respectively, at both moderate and severe THI thresholds from joining to late
gestation. Of the 1.7 million ewes at these combined sites, between 3 and 13% of ewes are currently
unsuccessfully joed, resulting in a 4 to 17% decrease in lambs born; approximately 92k lambs lost.
At +1 and +3°C warming thewill increaseo 162kand 239Kost lambs due to heat stresd ewes at
joining, respectively

For Gunnedah, Armidale and Trangie, joining oc&cluring mid to late autumn resulting in a spring
lamb drop, which indicates heat stress events occur during lactation to weafinite the number of

ewes mated and latvsborn are higher for these three sites, growth and development of the lamb(s)

is compromised as lactation, specifically milk production and yield, are affected when ewes reach mild
THI thresholdswhile Trangiereported 144k lamis marked, this site experiees over 65 days at the
moderate and severe THI threshold during lactation+ Aand+3°C warming, the number of days at
these thresholds will increase to 80 and 110 days, respectively, indicating thabetes sitewill be

under constant heat stresthroughout lactation. For Gunnedah, the effects of heat stress are only
prominent during late lactatioywith over 20 days at moderate and/or severe THI threshotdswill
increase to over 50 days at +3°C warming. The ewes at Armidale are largelgtaolffe heat stress,

with < 1% ewes unsuccessfully joined and lambs lost, and 3 day at a moderate THI threshold from
joining to weaning.

Four of the five sites in VIC (Walpeup, Bendigo, Hamilton, Ballarat) have autumn joining periods, and
subsequently, Ave less moderate and severe THI heat stress effects during early gestation; each site
experiences < 5 days at moderate THI threshold (less than 1 day at severe THI threshold). Due to the
later joining periodthe effects ofheat stresswould be present duing lactation. Bendigo has the
greatest number of days at mild THI threshold (25 days), whereas Walpeup has the longest heat stress
effects with up to 13 days at the moderate and severe THI during early and late lactation.

Shepparton, on the other handexperiences moderate and severe heat stress events throughout
gestation (early: 27.4; mid: 34.4; late: 4.1 days, respectively). This equates to a 3% decrease in ewes
joining and 4% lambs bodue to heat stress event#t +1 and +3°C warming, the numioérdaysat

or above a moderate THI increases to 8@ 423 days, respectivelgquatingto a 7% decrease in

ewes successfully joined and a 9% decrease in lambs born due to heat stress events.
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For both SA and WA, the joining period is shorter (4 mehtompared to the other states. While
joining begins during late spring, peak joining predominantly occurs during summer (late summer in
WA). The seasonal winter rains across the southern parts of the states means pasture availability for
the winter/spring lamb drop. As a tradeff to feed availability in winter, ewes experience mild,
moderate and severe heat stress events prior to, and during, joining, early angestation. For the

SA region, ewes at Renmark reach moderate or severe THI thresholdpdmximately 30% of
gestation The intensity of tlis heat stressevent results in a 9% decrease in the number of ewes
successfully mated, and a 12% decrease in lambs dwerto heat stress event&wes in Struan are

also affected by heat stress for 3@¥fwgestation however, comparable to Renmark, only 2% of ewes

are unsuccessfully mated and 3% lambs lost due to heat stves#s In contrast, ewes in Minnipa

and Rosedale experientetween50 and 60% of gestation at or above the moderate THI threshold
(Minnipa: moderate THI: 60 days; severe THI: 32 days; Rosedale: THI: 51 days; severe THI: 25 days).
Further, Rosedale ewes experience a high number of days at the mild THI threshold during early
lactation Thiswill impact lamb growth and survival to weiag at Rosedalewhereas the other three
sitesacross SAave very minor (if any) heat stress event during lactation.

For the two climate change scenarios for SA, the impacts of heat stresaffedt all stages of
reproduction. For example, at Minnigthe number ofdays at moderate and severe THI will increase
from 90 days currently to 109 and 149 daystdatand +3°@varming respectively. In the SA regions,
the forecasted heat stress events will result in a 9% to 12% decrease in ewes successfdllgumate
to 6k lambs) and over 40k lost lambs due to heat stressed ewes unsuccessfullydmatedoining

As joining occurs during late summer at the WA sites, the impacts of heat stress occur during early
and midgestation. Two of the four WA sitesdfaldton and Northam) have > 50 days at moderate
and severe THIs during early gestation, suggesting that ewes are heat stressed prior to the joining
periodas well as througbharly gestation. For these sites combined, nearly 14k ewes are unsuccessfully
mated during thejoiningperiod, and close to 20k lambs lost due to these unsuccessful mating. At +1°C
warming ewes will experience moderate and severe THI threshold§@86 gestation, and at +3°C
warming, this will increase to 90% gestation under modeeatd severe heat stregonditions

Comparable to Geraldton and Northam, ewes at Katanning and Esperance currently experience
moderate and severe heat stress evettisoughout approximately 30% gestation; <15 days at the
severe THI threshold. As a resultily 5% ewes are unsuccessfully mated at Katanning, and <3% at
Esperance. This equates to <10%, or 9k lambs, lost due to heat stress events during joining.

During gestationheat stress restricts the growth and weight of the conceptus, as well asityiait
therefore survivabilitylUnder current climate conditions, thewe three sites (Wilcannia, Geraldton
and Northam) where ewes reach moderdteat stress for ¥0%of early gestationand an additional

5 sites where the moderate THI threshold makgs50% early gestation. This equates to over 900k
ewes experiencing moderate TEbnditionsfrom joining to d50 gestationWhen evaluating the
effects of heat stress througto mid-gestation(d0 to d100) there areover 400k ewes frord sites
(Griffith, West Wyalong, Minnipa, Geraldtomhere half ofthis gestationalperiodis undermoderate
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heat stresconditions.At +1 and +3C this number increases to 7 sites (>800k ewes) and 12 sites (1.1
million ewes), respectively.

While these specific site deggations have detailed the effects on regions or producer sites across
Australia during gestation and lactation, for many sites that join in late spring, summer and early
autumn, the negative effects of heat stress begin prior to the joining period. Fos,@®ete heat
stressperiods can havedetrimental effects on thequality to the ovum, reducedertilisation, and
increaseembryo wastageWhereas irthe working ram, the effects of high heat are delayed (between

6 and 90 days), with significadiecreass in seminal quality such amotility, sperm number and
fertilisation rate This suggests that for the sites which join ewes in autumn to avoid heat stress
reproduction failures, ram fertilisation may still be compromised from previous moderate and severe
heat stress events during the summer. The national plots fraynre22to Figure37 providevaluable
information of whernthe effects of heat stress are limited and may be used to develop or adapt current
management practices to optimiske number of ewes successfully joined, and increase the number
of lambs born. While shifting joining times to a cooler period may reduceymbastage, the effect

of heat stress during lactation will impact lamb growth, development and survival to weaning.
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Figure23. Decrease in ewes lambing (%) due to heat stress in autumn
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Figure24. Decrease in ewes lambing due to heat stress in winter
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Table3-5. Number (n) oimild heat stress (THI8) occurrences throughowgestation calculated for 26 sheep producing sites across Australia

Ewes Joining Early gestation (d80) Mid-gestation (d51100) Late gestation (d10150)
State Site (n) Month Current +1°C +3°C  Current +1°C +3°C  Current +1°C +3°C
QLD Longreach 54.6 Mar 45.8 47.8 49.8 24.0 27.7 37.5 23.7 28.4 36.8
Cunnamulla 447 Mar 47.6 48.4 49.6 23.7 28.9 38.2 3.5 6.1 14.9
St George 154.6 May 19.0 24.2 34.3 4.0 7.6 17.1 21.4 25.8 36.1
NSW  Wilcannia 288.2 Feb 48.6 49.2 50.0 33.9 39.0 45.0 4.2 7.7 16.4
Gunnedah 31.9 Apr 28.7 33.9 43.5 1.1 2.7 11.0 15 3.0 9.3
Armidale 298.7 Apr 3.3 6.8 19.3 0.0 0.1 0.1 0.2 0.3 0.9
Trangie 149.1 May 5.4 9.0 20.7 0.1 0.3 3.1 9.6 12.8 21.6
Dubbo 401.8 Mar 42.3 45.7 48.6 10.8 15.2 28.4 0.0 0.1 1.8
Griffith 20.7 Dec 46.1 47.8 49.5 47.2 48.3 49.7 31.7 36.4 44.1
West Wyalong 283.1 Dec 46.6 48.1 49.4 47.4 48.4 49.6 32.9 37.6 44.7
Young 800.7 Mar 35.6 40.0 45.6 4.9 8.0 17.4 0.0 0.0 0.0
VIC Walpeup 84.1 Apr 13.5 17.4 28.1 0.2 0.3 2.3 0.4 0.7 2.5
Bendigo 108.5 Mar 23.6 29.0 37.1 1.8 2.9 7.4 0.0 0.0 0.0
Shepparton 58.7 Dec 40.3 43.4 48.1 43.4 46.2 48.7 24.6 29.1 38.6
Hamilton 1 068.5 Apr 17.1 21.4 31.4 1.7 3.0 5.9 0.0 0.0 0.0
Ballarat 375 May 14.5 17.8 26.5 0.8 1.2 3.5 0.0 0.0 0.0
SA Minnipa 70.9 Dec 42.8 45.8 49.0 46.1 48.3 49.8 32.6 38.0 46.3
Rosedale 41.7 Dec 30.5 34.1 42.7 42.1 45.5 49.1 39.3 43.2 48.7
Renmark 96.4 Feb 46.1 47.9 49.6 25.0 31.0 41.1 1.6 3.2 9.8
Struan 502.7 Dec 30.9 36.1 43.3 37.2 40.3 47.8 17.3 22.1 34.0
WA Geraldton 79.7 Feb 49.9 49.9 50.0 46.3 48.3 49.8 16.5 25.4 41.2
Northam 75.4 Feb 49.5 49.8 50.0 38.7 43.3 48.1 4.6 8.6 22.2
Katanning 103.4 Feb 45.2 46.8 49.2 37.3 41.7 46.3 10.6 14.7 26.7
Esperance 302.7 Feb 34.7 40.5 48.1 23.7 30.5 42.4 3.1 6.1 17.2
TAS Launceston 19.7 Apr 1.0 2.3 7.8 0.0 0.0 0.0 0.0 0.0 0.0

Hobart 1.1 May 0.1 0.4 14 0.0 0.0 0.0 0.5 0.7 2.2




Table3-6. Number (n) of moderatbeat stress (THI 75) occurrences throughout gestation calculated for 26 sheep producing sites across Australia

Ewes Joining Early gestation (d80) Mid-gestation (d51100) Late gestation (d10150)
State  Site (n) Month Current ) +1°Cirf) +3°Crf) Current ) +1°Cr) +3°Crp) Current ) +1°Cr) +3°Cif)
QLD Longreach 54.6 Mar 25.8 31.0 40.0 1.8 3.9 12.3 2.2 4.3 11.4
Cunnamulla 44.7 Mar 29.8 34.1 41.4 2.0 3.7 11.6 0.1 0.1 0.4
St George 154.6 May 0.5 15 6.1 0.0 0.1 0.7 3.7 5.6 11.9
NSW  Wilcannia 288.2 Feb 35.9 38.9 44.9 10.7 14.2 23.4 0.0 0.2 0.8
Gunnedah 31.9 Apr 1.9 4.2 14.3 0.0 0.0 0.0 0.0 0.1 0.4
Armidale 298.7 Apr 0.1 0.1 0.3 0.0 0.0 0.0 0.0 0.0 0.0
Trangie 149.1 May 0.0 0.1 0.7 0.0 0.0 0.0 0.7 1.3 3.9
Dubbo 401.8 Mar 15.5 20.6 321 0.0 0.2 2.5 0.0 0.0 0.0
Griffith 20.7 Dec 28.4 32.8 39.2 32.4 36.3 42.5 7.5 111 20.4
West Wyalong 283.1 Dec 30.4 34.0 40.7 33.7 37.0 43.4 7.2 10.8 20.8
Young 800.7 Mar 8.6 13.2 23.3 0.0 0.0 0.7 0.0 0.0 0.0
VIC Walpeup 84.1 Apr 1.1 2.0 5.6 0.0 0.0 0.0 0.0 0.0 0.1
Bendigo 108.5 Mar 4.5 6.9 13.0 0.0 0.0 0.5 0.0 0.0 0.0
Shepparton 58.7 Dec 19.4 22.7 30.7 22.9 28.1 36.5 3.5 5.8 13.1
Hamilton 1 068.5 Apr 4.4 6.1 10.0 0.0 0.0 0.5 0.0 0.0 0.0
Ballarat 37.5 May 1.9 3.8 7.8 0.0 0.0 0.0 0.0 0.0 0.0
SA Minnipa 70.9 Dec 23.7 27.3 334 27.6 30.8 38.7 9.1 11.9 20.1
Rosedale 41.7 Dec 12.0 14.8 21.7 22.0 25.7 32.3 17.8 20.4 28.1
Renmark 96.4 Feb 25.8 29.0 37.0 4.8 7.0 14.0 0.0 0.0 0.3
Struan 502.7 Dec 12.8 15.2 21.1 16.6 20.0 27.2 3.4 5.2 9.3
WA Geraldton 79.7 Feb 35.5 40.0 47.7 16.2 21.7 35.4 0.4 1.0 4.3
Northam 75.4 Feb 37.4 40.9 47.2 111 15.8 25.1 0.0 0.1 0.7
Katanning 103.4 Feb 22.5 27.5 36.2 12.1 15.8 25.4 1.0 2.0 4.3
Esperance 302.7 Feb 11.9 14.7 21.9 4.5 6.4 12.5 0.0 0.1 0.4
TAS Launceston 19.7 Apr 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0

Hobart 1.1 May 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1




Table3-7. Numberof severe heat stress (THI 79) occurrences throughout gestation calculated for 26 sheep producing sites across Australia

Ewes Joining Early gestation (d80) Mid-gestation (d51100) Late gestation (d10150)
State  Site (n) Month Current +1°C +3°C  Current +1°C +3°C  Current +1°C +3°C
QLD Longreach 54.6 Mar 5.8 12.2 25.5 0.0 0.2 1.7 0.2 0.5 2.0
Cunnamulla 447 Mar 134 18.0 294 0.0 0.2 1.8 0.0 0.0 0.1
St George 154.6 May 0.0 0.0 0.3 0.0 0.0 0.0 0.2 0.9 3.7
NSW  Wilcannia 288.2 Feb 24.7 27.5 35.5 3.2 4.8 10.4 0.0 0.0 0.0
Gunnedah 31.9 Apr 0.0 0.2 1.7 0.0 0.0 0.0 0.0 0.0 0.0
Armidale 298.7 Apr 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0
Trangie 149.1 May 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.5
Dubbo 401.8 Mar 3.8 6.0 15.3 0.0 0.0 0.0 0.0 0.0 0.0
Griffith 20.7 Dec 154 18.9 28.1 17.8 22.7 31.8 15 2.7 7.3
West Wyalong 283.1 Dec 17.4 21.0 30.1 18.5 24.4 33.5 1.3 2.6 7.0
Young 800.7 Mar 2.2 3.1 8.5 0.0 0.0 0.0 0.0 0.0 0.0
VIC Walpeup 84.1 Apr 0.2 0.3 1.0 0.0 0.0 0.0 0.0 0.0 0.0
Bendigo 108.5 Mar 0.9 1.8 4.3 0.0 0.0 0.0 0.0 0.0 0.0
Shepparton 58.7 Dec 8.0 11.2 19.1 9.5 13.5 22.7 0.6 0.9 34
Hamilton 1 068.5 Apr 0.9 1.7 4.2 0.0 0.0 0.0 0.0 0.0 0.0
Ballarat 37.5 May 0.3 0.6 1.9 0.0 0.0 0.0 0.0 0.0 0.0
SA Minnipa 70.9 Dec 14.3 16.6 23.4 15.9 195 27.2 2.6 4.1 8.8
Rosedale 41.7 Dec 4.8 6.8 11.8 11.8 15.0 21.7 7.9 10.7 17.6
Renmark 96.4 Feb 14.3 17.9 25.5 0.8 1.7 4.5 0.0 0.0 0.0
Struan 502.7 Dec 6.0 8.3 12.6 8.3 10.5 16.2 0.8 1.4 3.3
WA Geraldton 79.7 Feb 20.0 24.2 35.3 3.9 7.3 15.9 0.0 0.0 0.4
Northam 75.4 Feb 22.9 27.5 37.1 2.9 4.8 10.9 0.0 0.0 0.0
Katanning 103.4 Feb 10.9 13.7 22.2 4.9 6.4 11.9 0.0 0.1 0.9
Esperance 302.7 Feb 5.2 6.8 11.8 0.6 1.2 4.4 0.0 0.0 0.0
TAS Launceston 19.7 Apr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Hobart 1.1 May 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0




Table3-8. Numberof mild heat stress (THI8) occurrences throughout lactation calculatiEnt 26 sheep producing sites across Australia

Ewes Early lactation (dé0) Late lactation (d511L00)
State Site (n) Lambing Current +1°C +3°C Current +1°C +3°C
QLD Longreach 54.6 Mar 44.8 46.7 48.9 49.8 49.9 50.0
Cunnamulla 44.7 Mar 13.8 18.2 29.1 41.8 445 48.3
St George 154.6 May 45.1 47.2 49.4 49.6 49.8 50.0
NSW Wilcannia 288.2 Feb 1.0 2.2 7.8 17.8 22.5 33.1
Gunnedah 31.9 Apr 22.1 26.0 37.8 43.1 45.3 48.7
Armidale 298.7 Apr 4.8 7.9 15.9 22.1 27.2 37.1
Trangie 149.1 May 34.6 38.8 45.8 48.0 48.6 49.8
Dubbo 401.8 Mar 3.1 51 12.1 27.6 33.3 41.2
Griffith 20.7 Dec 3.7 6.5 15.1 0.0 0.1 0.8
West Wyalong 283.1 Dec 2.8 5.3 12.9 0.0 0.0 0.4
Young 800.7 Mar 0.7 2.0 5.1 16.8 21.8 31.8
VIC Walpeup 84.1 Apr 8.5 11.6 19.8 29.0 33.2 43.0
Bendigo 108.5 Mar 0.2 0.5 1.7 8.0 10.7 18.7
Shepparton 58.7 Dec 0.9 2.4 7.6 0.0 0.0 0.0
Hamilton 1 068.5 Apr 0.1 0.3 13 5.8 7.3 12.7
Ballarat 37.5 Ma 0.0 0.0 0.5 3.4 5.6 9.5
SA Minnipa 70.9 Dec 5.3 8.4 18.6 0.2 0.4 2.9
Rosedale 41.7 Dec 15.3 19.5 31.6 0.4 1.0 3.7
Renmark 96.4 Feb 0.5 0.9 3.1 9.8 13.3 23.1
Struan 502.7 Dec 1.4 2.5 6.7 0.0 0.0 0.0
WA Geraldton 79.7 Feb 3.6 7.8 26.6 11.9 19.6 38.1
Northam 75.4 Feb 0.3 1.2 7.6 8.5 12.7 25.8
Katanning 103.4 Feb 0.1 0.1 2.3 0.2 0.6 2.3
Esperance 302.7 Feb 0.5 1.2 6.8 6.7 9.9 19.1
TAS Launceston 19.7 Apr 0.1 0.4 2.1 5.4 8.5 17.9
Hobart 1.1 May 4.1 5.7 111 10.9 14.4 25.1




Table3-9. Number of moderate heat stress (THI 75) occurrences throughout lactation calculated for 26 sheep producing sites aaibias Austr

Early lactation (dé0)

Late lactation (d511L00)

State Site Ewes(n) Lambing Current +1°C +3°C Current +1°C +3°C
QLD Longreach 54.6 Aug 27.1 31.2 38.9 44.0 46.4 48.6
Cunnamulla 447 Aug 1.3 2.5 6.7 19.0 23.6 32.3
St George 154.6 Oct 23.1 27.7 37.1 41.9 45.4 48.0
NSW Wilcannia 288.2 Jul 0.0 0.0 0.2 3.0 4.8 9.6
Gunnedah 31.9 Sep 3.0 5.0 11.2 19.9 24.8 34.4
Armidale 298.7 Sep 0.1 0.2 0.9 2.4 4.3 11.1
Trangie 149.1 Oct 11.9 15.2 23.6 33.3 37.0 43.8
Dubbo 401.8 Aug 0.0 0.1 0.6 5.2 8.3 15.7
Griffith 20.7 May 0.0 0.1 0.6 0.0 0.0 0.0
West Wyalong 283.1 May 0.0 0.0 0.5 0.0 0.0 0.0
Young 800.7 Aug 0.0 0.0 0.1 2.1 3.6 8.2
VIC Walpeup 84.1 Sep 1.2 1.7 3.8 9.7 13.2 20.2
Bendigo 108.5 Aug 0.0 0.0 0.0 0.9 14 3.6
Shepparton 58.7 May 0.0 0.0 0.2 0.0 0.0 0.0
Hamilton 1 068.5 Sep 0.0 0.0 0.0 0.5 1.1 2.4
Ballarat 37.5 Aug 0.0 0.0 0.0 0.3 0.4 1.7
SA Minnipa 70.9 May 0.0 0.2 15 0.0 0.0 0.0
Rosedale 41.7 May 1.6 2.6 7.3 0.0 0.0 0.0
Renmark 96.4 Jul 0.0 0.1 0.1 1.1 2.0 4.5
Struan 502.7 May 0.0 0.0 0.2 0.0 0.0 0.0
WA Geraldton 79.7 Jul 0.0 0.0 0.4 0.7 14 3.9
Northam 75.4 Jul 0.0 0.0 0.0 0.3 0.5 2.7
Katanning 103.4 Jul 0.0 0.0 0.0 0.0 0.0 0.0
Esperance 302.7 Jul 0.0 0.0 0.0 0.3 0.6 2.3
TAS Launceston 19.7 Sep 0.0 0.0 0.0 0.2 0.6 1.8
Hobart 1.1 Oct 0.4 0.5 1.1 1.7 2.4 4.8




Table3-10. Number of severe heatress(THI 79) occurrences throughout lactation calculated for 26 sheep producing sites across Australia

Ewes Early lactation (d®0) Late lactation (d541L00)
State Site (n) Lambing Current +1°C +3°C Current +1°C +3°C
QLD Longreach 54.6 Aug 33.9 38.3 43.6 11.0 16.5 26.5
Cunnamulla 44.7 Aug 5.7 9.7 18.7 0.1 0.2 1.3
St George 154.6 Oct 28.6 33.6 41.4 9.5 13.2 22.7
NSW Wilcannia 288.2 Jul 0.7 1.1 2.7 0.0 0.0 0.0
Gunnedah 31.9 Sep 7.2 10.5 19.6 0.2 0.5 2.9
Armidale 298.7 Sep 0.1 0.3 2.3 0.0 0.0 0.1
Trangie 149.1 Oct 19.0 23.8 33.1 2.9 5.3 115
Dubbo 401.8 Aug 0.8 1.8 5.1 0.0 0.0 0.0
Griffith 20.7 May 0.0 0.0 0.0 0.0 0.0 0.0
West Wyalong 283.1 May 0.0 0.0 0.0 0.0 0.0 0.0
Young 800.7 Aug 0.2 0.4 2.0 0.0 0.0 0.0
VIC Walpeup 84.1 Sep 3.6 5.2 9.4 0.2 0.4 1.2
Bendigo 108.5 Aug 0.2 0.3 0.9 0.0 0.0 0.0
Shepparton 58.7 May 0.0 0.0 0.0 0.0 0.0 0.0
Hamilton 1 068.5 Sep 0.1 0.2 0.4 0.0 0.0 0.0
Ballarat 37.5 Aug 0.0 0.0 0.3 0.0 0.0 0.0
SA Minnipa 70.9 May 0.0 0.0 0.0 0.0 0.0 0.0
Rosedale 41.7 May 0.0 0.0 0.0 0.3 0.6 1.6
Renmark 96.4 Jul 0.1 0.2 1.1 0.0 0.0 0.0
Struan 502.7 May 0.0 0.0 0.0 0.0 0.0 0.0
WA Geraldton 79.7 Jul 0.0 0.1 0.7 0.0 0.0 0.0
Northam 75.4 Jul 0.0 0.0 0.3 0.0 0.0 0.0
Katanning 103.4 Jul 0.0 0.0 0.0 0.0 0.0 0.0
Esperance 302.7 Jul 0.0 0.1 0.3 0.0 0.0 0.0
TAS Launceston 19.7 Sep 0.0 0.0 0.2 0.0 0.0 0.0
Hobart 1.1 Oct 0.4 0.7 15 0.0 0.0 0.4
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4. Summary ofthe effects of heat stress on reproduction of ewes and rams

It is clear that shortand long term exposure to high ambient temperatures and humidity significantly
impairs the fertility and fecundity of ewes, and decreases semen production and quality of rams,
resulting in fewer lambs born per ewe mated. Furthermareductions in lamb birthweight and ewe
mammary development resulting from heat stress during pregnancy, are likely to significantly
decrease lamb survivahdweight at weaning.

For the purposes of this review, the reproductive cycle of the ewe wparated into three fairly
broad periods: the eight week period around oestrus/ mating, pregnancy and lactation. The impacts
of heat stress during these periods on ewe and ram reproduction are summarised below. However,
the majority of this work involved thuse of hotrooms, where the severity and duration of thermal
stress experienced by the sheep was not reflective of temperature and humidity typical of the
Australian climate. During summer, both chronic and acute heat stress are common and yet the
relative impacts on reproductive function remains uncleaqually importantthe additive effects of

other stressors which sheep typically experience during summer, including nutritional deprivation and
walking long distances, were also rarely taken into actddawever, there is general agreement that
reductions in feed intake account fainly a relatively minor portion of the negative effects of heat
stress on reproduction and lactation

4.1. Heat stress around matingecreaseswe reproduction

The results of filel studies indicate that high ambient temperatureg2°C) during the mating period
adversely affect ewe fertility, resulting in fewer lambs bomddewer ewes lambingThis effect
appears to be manifested around the time of fertilisation and early emigelopment although

the evidence to support this contention is limited. On the other hand, neither the incidence of oestrus
nor ovulation rate is significantly affected by high ambient temperatures. Studies conducted to
examine the effects of acute tempesures (using hetoom conditions) clearly identify the
reproductive processes that are vulnerable to hyperthermia. These include the lengthadgtreus

cycle, duration of oestrus, quality of the ovum and its ability to fertgisevell as thesurviwal of the
embryq particularly during the early stages of development. The period during which heat stress is
most destructive extends from five days before oestrus until five days after oestrus. The parameters
of oestrus are more affected the earlier hesttess is appliedhilst ovum quality and fertilisation are
most vulnerable when heat is applied around the time of oestand embryo wastage is greatest
when heat stress is applied on the day of oestrus and during the ensuing five days. A numbeeg of thes
hot room studies used extremely high temperatures (approximateROAMHowever, reductions in
ovum quality, fertilisation rate and embryo survival were also observed in ewes houketirooms

at temperatures of 32.ZC, which supports evidence from fiestudies that ewe fertility is negatively
correlated with the number of dayg32°C occurring during the mating period.

The identification of these critical period(s) provides a useful basis for the development of strategies
for the future management oflocks as ambient temperatures increase. However, it is noteworthy
that in the few hotroom studies where high temperatures were moderated by diurnal relief the
negative impacts on specific sources of reproductive wastage were less severe. This indatates
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extreme weather events (e.g. prolonged hemves withoutsomediurnal relief)during the mating
periodare likely to have the most significant impacts on flock reproductive performance.

4.2. Heat stress around matingnpairs rmam fertility

Experimentallyexposing the testes of rams to an increased heat load reduces semen quality. However,
in contrast to the immediate effects of hyperthermia on ova quality, reduced sperm motility and
increased abnormalities are not observed until day 9 day-pesting. Thee negative effects can be
sustained for & weeks, with the most significant effects observed aRl4lays posheating. Sperm
numbers can also be reduced and may not return to normal levels ur@Dafays post heatingThe
reduction in semen qualitgffects fertility of the ram when mating occurs from approximately504
days postheat event, with reduced fertility due to both fertilisation failure and embryonic loss.
Importantly, the effects of heat exposure on spermatogenesis, sperm quality, ara mam fertility,

are closely related to the increase in testicular temperatuféere is variation between rams in the
capacity to regulate scrotal temperature, with some rams able to maintain scrotal temperat3€s 2
lower than others.Scrotal thernoregulatory capacity, its variation between rams and the level of heat
exposure required to elevate testicular temperature above@G%has been little studied under
Australian field conditions.

Experimentally induced hyperthermia and increased scrotal pemrature clearly impair semen
production and quality. However, the application of these results to field conditions and the ability to
extrapolate the impacts on the productivity of the Australian flock is complicated for the following
reasons. One, the ¢ant and duration of heat stress differ from conditions igglly experienced in

the field. Two,variation in the response of individual rams to heat stress conditions and the use of
teams of rams for natural joining may effectively reduce the impact oe éantility indices (eg
pregnancy rates)Three, the delayed impact of heat stress on sperm quality compared with the
immediate effect on ewe fertility may make it difficult to idéy the effects and timing of heat stress
under field conditions.

4.3. Pregnarcy and lactationheat stress decreasdsirthweight, survival andmilk output

The impacts of heat stress during pregnancy on fetal and lamb development are restricted primarily
to studies using hetooms. In these studies, pregnant ewes were typically eegds prolonged
periods of hot days (ranges:18 h, 35¢ 44.4°C and THI of 83.2 to 97.0) with cooler réghanges: 6

¢ 18 h, 16.4¢ 35.0°C, THI of 388383.5), similar to those experienced in the field. However, in the
majority of these studies heatrgtss conditions were maintained for 50 to 150 days, a continuity of
heat stress which is unlikelynder the current climate. Despite this, it is clear from these studies that
even several hours of heat stress are sufficient to increase fetal temperataralgar blood supply

to the fetus. Furthermore, mlonged periods of heat stress at any stage of pregnancy consistently
reduced lamb weight and viability at birth, thus decreasing their chance of surviving to weaning.
Similar to rams, ewes vary in thebility to thermoregulate when exposed to heat stress conditions,
with lower core temperatures during periods of heat stress associated with heaver lamb birthweights
and increased lamb survival. Phenotypic variation in lambs born to heat stressed ewegi®hhble,

and likely to be sufficient to alter thepostnatal performanceand productivity. Studies in cattle

Paged2 of 151



indicate that ewe milk production may also be impaired by gestational heat stress, and based on
evidence from dairy cattle and sheep, expastw THI greater than 6668 during lactation may also
impair milk production of the Australian sheep flock.

4.4. Heat stress reducereproductive performance of the Australian breeding flock

In this review, the impacts of heat stress on reproductive functiame been discussed for distinct
periods of the reproductive cycle (around mating, pregnancy and lactation). From a production
perspective, heat stress two to nine weeks prior to mating retards semen production by rams, whilst
heat stress around mating deices ewe fertility and, thus, the number of ewes lambing and lambs
born resulting in lower weaning rates per ewe mated. In addition, heat stress during pregnancy has
the potential to decrease lamb birthweight angability, thus also reduag the number d lambs
weaned per mated ewe. Furthermore, heat stress during both pregnancy and lactation may also
impair milk production and, therefore, lamb weight at weaning. Importantly, under Australian
conditions the majority of breeding ewes and rams will expargeerepeated periods of heat stress
during more than one of the periods described above, especially in those flocks mated during spring /
summer. It is, therefore, expected that the impacts of heat stress will be additive. For example, in
flocks which expeence heat stress around mating and during pregnancy the number of ewes which
lamb and the number of lambs which are born will be lower, and the birthweight and survival of these
lambs will also be reduced, profoundly reducing weaning rates.

Using AGCDiconjunction with management data from 26 NRM sites across Australia and equations
modified fromLindsay et al. (197%)e impacts of heat stress during the matioeriod on ewe fertility

were calculated. This was conducted for the current climate, and &€ o +3C increase in
temperature. ForQueensland, New South Wales, Victorian, South Australian and Western Australian
flocks, which join ewes in spring and early autumn (October to March), the incidence of heat stress
experienced under current climate conditions decreased the numblanabs orn by 3¢ 22% (mean:

9%), with this expected to rise tbe 23% (mean: 11%) and@&4% (mean: 1%) should temperatures
increase by AC or 3°C respectively. In flocksvhich join during late autumn/winter (April to
September), the impacts of heat stressrithg the joining period are less severe, causing@l®o
(mean: 03%), 0¢ 2% (mean: 0.5%) and©3% (meani1.6%) decrease in lambs born under current,
+1°Cand +3C

The impacts of heat stress during gestation on lamb birthweights andnadal surwal were difficult

to quantify given the differences between experimental and field conditions. There is considerable
variation in the frequency and duration of heat stress events experienced during the gestation of ewes
joined ketween October and Marchavies For flocks joined in October to March, days of moderate
heat stress account for 875% (mean: 45%) of the first 50 days of pregnancy, with this increasing to
14 ¢ 82% (mean: 52%) and 2697% (mean: 67%) should temperature increase Bg dr 3°C
respectively. Of the sites studied, days of moderate heat stress accounted for < 5% of the middle third
of pregnancyat 5 sites with this reducing to 4 sites should temperature increase 16 Bowever for

the remaining sites days of moderate heat strassounted for & 67% (mean: 36%), X374 (mean:

43%) and 25 87% (mean: 59%) of the middle third of pregnancy. Predictably, ewes mated during late
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autumn (April¢ September) experienced very few days of moderate heat stress during gestation.
However, das of mild heat stress (THI > 68) sufficient to impact milk production of dairy sheep and
cattle breeds accounted for a reasonable proportion of lactation for spring lambing flocks. Specifically,
for the currentclimate 33% and 58% of the first 50 and set &0 days of lactation had a THI > 68,
with these values increasing to 38% and G2¥éuld temperatures increase byQand 49% and 72%

if temperatures increase by’& Whether this heat stress translates to a reduction in milk production
by meat and woobreeds of sheep is not known, but is worthy of future investigation.

In conclusion, ased on an extensive review of the scientific literature and detailed asatysihe
impacts of current and future climaten ewe fertility it is clear that heat stress profoundly impairs the
reproductive performance of the Australian Flockisltlear that under current and future (3Cor

+3°C) temperatures, the fertility of the Australian shefgek is and will besignficantly impacted by

heat stress during the mating period. This impact of heat stress on ewe fertility and fecundity is
particularly profound for flocks which join during spring/summer and early autumn. However, based
lambs are lost due to heat stress under the current climate. In addition to this, heat stress during
gestation is likely to retard conceptus development, particularly for flocks matsgring/summer,

with the potential to reduce lamb birthweights by8X; 1.4 kg and decrease survival to weaning by 20

¢ 30% Should a ICor 3°Cincrease in temperatures occur, as is likely basegmjections from
climate models, th number of potentialdmbs lost will rise to 1.5 and 2.0 million, respectively. In
conjunction with this the severity of fetal growth retardation due to heat stress during gestation will
increase, further decreasing the weaning rates of the Australian Flock. Based on the esitobinis
review, it is clear that the profitability of the Australian sheep flock is extremely vulnerable to heat
stress. In light of this, the next steps for this review process will be to identify potential strategies to
ameliorate andmitigate the rik associated with heat stress, and establish the economic costs of
current and future heat stress for the Australian flock.
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5. Supplementary Material 1The dfects of heat stres®n ewe reproduction

Table5-1. Summary of the effects of heat stress on the parameters of oestrus

Heat treatment

Outcome

Parameter Thermal conditions Difference % Referencgbreed)
(dO=day of oestrus) Control Heat stress
90°F 100.0 (shorn) 0.0 Dutt et al. (1959)
60%h -d5 to dO 100.0 100.0 (unshorn) 0.0 (Northwestern)
85.0 65.0
41.9+0.4C -d5 to dO 95.0 -20.0 (P<0.05)
2.07-3.00 kPa dltod9 70.0 +10.0 ns
Combination +15.0 ns
100.0 75.0
42.0+0.34 -d5 to dO + d14 72.0 25.0 (P<0.05) Sawyer et al. (1979)
) 2.583.08 kPa -d5 to dO +d5-8 28.0 (P<0.05) (Merino)
Incidence of
oestrus(%) -d5 to dO 87.0 65.2 -21.8 ns
40.0+0.2141.5+0.32C -d5 to dO 95.6 66.6 -29.0 (P<0.05)
2.65 3.60 kPa -d7 togd4 85.0 95.0 +10.0 ns
Multiple expts -d3 to dO 85.0 100.0 +15.0 ns Sawyer (1979b)Merino)
21.1:32.2C
65%h Rich and Alliston (1970)
Max. temp. betwea 100601600hDiurnal -d5 to d5 73.1 74.1 1.0ns (unknown)
38.044.0C -d35to d0
Applied 10081600h 1st cycle 100.0 100.0 0.0 Indu et al. (2015)
Diurnal 2nd cycle 100.0 87.5 -12.5ns (Malpura)




Table5-1. Cont

Heat treatment

Parameter Thermal conditions Outcome Difference % Referencgbreed)
(dO=day of oestrus)
90°F 16.8+0.20 (shorn) 0.6 (P<0.05) Dutt et al. (1959)
-d5 to dO 16.2+0.13
60%h 17.140.28 (unshorn)| 0.9 (P<0.01) (Northwestern)
42.0+0.34C -d5tod0+dltod4 | 16.9+0.20 18.2+0.30 1.3 (P<0.01) .
Sawyetret al. (1979)Merino)
Lenath of 2.583.08 kPa -d5 to dO + d5 to d8 17.610.20 0.7 (P<0.05)
ength o
c clz 40.0+0.2141.5+0.32C -d5 to dO 17.340.37 19.04+0.55 1.7 (P<0.05)
(;/a s) 2.65 3.60 kPa -d5 to dO 16.4+0.16 17.0+0.19 0.9 (P<0.05)
Y Multiple expts -d7 togd4 17.1+0.30 16.6+0.14 -0.5ns
-d3 to dO 17.1+0.30 17.1+0.22 0.0 Sawyer (1979b)Merino)
38.044°C -d35to d0
Applied 10001600h 1st cycle 13.4+0.18 13.3£0.25 -0.1ns
Diurnal 2nd cycle 16.1+0.27 15.7+0.44 -0.6 ns Indu et al. (2015)Malpura)
40.0+0.2141.5+0.32C -d5 to dO 24.5+1.05h 16.1+1.44h 8.4h (P<0.05)
2.65 3.60 kPa -d7 togd4 20.9+1.14h 21.2+1.54h 0.3h ns Sawyer et al. (1979Merino)
Multiple expts -d3 to dO 20.9+1.14h 15.4+1.08h 5.5h (P<0.05)
21.1:32.2C
65%h Rich and Aiston (1970)
Oestrous
Duration Max. temp. between 1000600hDiurnal -d5 to d5 28.8h 35.3h 6.5h ns (Columbia, Rambouillet)
40.00C Nagqvi et al. (2004)
Applied 10081600h dailyDiurnal -d28 to dO 37.7+£1.6h 31.7+3.6h 6.0h (P<0.05) Maurya et al(2005)
-d35to dO
38.044.00C 1st cycle 48.0+1.66h 43.5%2.71h 4.5h ns
Applied 10061600hDiurnal 2nd cycle 45.0+1.43h 36.9+£3.34h 8.1h (P<0.05) Indu et al. (2015]Bharat)




Table5-2. Summary of the effects of heat stress on rates of fertilisation

Thermal conditions

Heat treatment

Fertilisation %

Difference

Referencebreed)

Applied 10001600h dailyDiurnal

(dO=day of oestrus) Control Heat stress
Dutt et al. (1959)
90°F 64.0 (shorn) -28.6 (P<0.05)
-d5to dO 92.6 (Northwestern)
60%h 40.7(unshorn) -51.9 (P<0.01)
70°F 88.4 59.0 -29.4 (P<0.01)
70°C or 96C 90°F
65%h Embryo transfer d3: Alliston and Ulberg (1961)
Applied up to d30 70°F to 70F (unknown)
70°F to 90F 56.5 24.0 -32.5ns
90°F to 70F 9.5 -46.0 (P<0.05)
92°F -d7 to d2 88.2 71.4 -16.8 ns Alliston et al. (1961junknown)
90°F do to d3 96.3 69.2 -27.1 (P<0.01)
Dutt (1963)(crossbred)
60-65%h d1tod3 100.0 +3.7ns
32C -d5 40.7 -563.5 (P<0.01) )
94.2 Dutt (1964)(Rambouillet cross
60-65%h do 69.2 -25.0 (P<0.01) bred)
re
Applied up to d24 dl 100.0 +5.8 ns
21.1-32.2C
65%h . .
Rich and Alliston (1970)
Max. temp. between 100Q600h -d5 to d5 77.8 100.0 +22.2 ns , )
i (Cdumbia, Rambouillet)
Diurnal
40.00C .
-d28 to dO 71.4 714 0.0 Naqvi et al. (2004)




Table5-3. Summary of the effects of heat stress on rates of abnormal ova

Heat treatment

Abnormal ova %

Thermal conditions (do=day of cestrus) Control Heat stress Difference Referencgbreed)
90°F 45 to do 37 32.0(shorn) 28.3 (P<0.01) Dutt et al. (1959)
-d5 to .
60%h 55.6 (unshorn) 51.9 (P<0.001) (Northwestern)
92°F -d7 to d2/14.5 29.4 85.7 -56.3(P=7?) Alliston et al. (1961junknown)
90°F
do to d3 46.2 42.5 (P<0.01)
60-65%h d1 to d3 3.7 30.8 27.1 (P<0.05) Dutt (1963)(crossbred)
0 . . .
Applied until d24 (max)
32°C -d5 to d3 55.6 51.8 (P<0.01) Dutt (1964)Rambouillet cross
60-65%h do to d3 3.8 46.2 42.4 (P<0.01) bred)
dltod3 30.8 27.0 (P<0.01)
90°C -d5 to d3 Alliston and Ulberg (1961)
18.4 7.7 -10.8 ns
65%h (unknown)
21.1-:32.2C
65%h 45 to d5 111 28.6 175 Rich and Alliston (1970)
-d5 to . . .5ns
Max. temp. between 100Q600h (Columbia and Rambouillet)
Diurnal




Table5-4. Summary of the effects of heat stress on ratesmbryo mortality

Thermal conditions

Heat treatment

Embryo mortality %

Difference

Referencg(breed)

(do=day of oestrus) Control Heat stress
90°F -d5 to do 16.7 85.7 (shorn) 69.0 (P<0.01)
60%h 100.0(unshorn) 83.3(P<0.01)
Dutt et al. (1959]Northwestern)
0.0 (shorn) 0.0 ns
ds8 to d24 0.0 38.5 (unshorn) 385 ns
70°F or 906F Embryo transfer d3:
65%h 70°F to 70F Alliston and Ulberg (1961)
Applied fromgd5 to d3 70°F to 90F 435 76.0 32.5ns (unknown)
90°F to 70F 90.5 47.0 (P<0.01)
90°F do 100.0 80.8 (P<0.05)
60-65%h dl 77.8 58.6 (P<0.05)
, 19.2 Dutt (1963)(crossbred)
Applied up to d24 d3 61.5 42.3 (P<0.05)
d5 65.4 46.2 (P<0.05)
32C -d5 100.0 87.8 (P<0.05)
60-65%h do 100.0 87.8 (P<0.05) Dutt (1964)(Rambouillet crosbred)
Applied tol d24 (max) dl 122 77.8 75.6 (P<0.05)
d3 61.5 49.3 (P<0.05)
d5 55.4 43.2 (P<0.05)
ds 38.5 26.3 ns
100.0+PF (inc. ova wastage]
55-60%h do to-d20 100.0 Thwaites (1967(Merino)
Merino 28.6 100.0 71.4 (P<0.001)
Southdown 36.4 63.6 (P<0.001)
36.1-38.6C -d2 to dO (inc. ova wastage| (P<0.001 ages combinec (Thwaites, 1969)Merino)
42-54%h Maiden ewes 375 100.0 62.5
Mature ewes 50.0 100.0 50.0




Table5.4. Cont.

_ Embryo mortality %
Heat treatment (do=da
Thermal conditions ( Y Difference Referencgbreed)
of oestrus) Control Heat stress
35.0
106.0F do to d15 22.2 12.8 ns
40%h
Applied for 8h followed b
pp . y (Thwaites, 1970)
95°F/30%h overnight _
. (Merino)
Diurnal
do to d15 66.6
96.5F Shorn 0.0 100' 0 66.6 (P<0.001)
63%h Unshorn 33.3 _ ' 66.7 (P<0.001)
(inc. ova wastage)
9.1 54.5 45.4 (P<0.05
dlto d4 ( )
40.6C 20.0 10.9 ns .
d2tod5 Thwaites (1971)
30%h 36.4 27.3 ns .
, o d3 to d6 (Merino)
Applied during first week after 44 1o d7 36.4 27.3ns
mating d1 1o d7 18.2 83.3 65.1 (P<0.01)
(inc. ova wastage) (inc. ova wastage)
41.1°C
60%h Ryle (1961§Merino)
Increased over 9d to 8h -d17 to d6 18.0 39.0 21.0ns
heat/day
Diurnal
21.1:32.2C . ,
Rich and Alliston (1970
65%h 14.3 57.2 42.9 ns .
-d5 to d5 (Cdumbia and
Max. temp. 100a1600h 34.6 41.2 6.6 ns .
_ Rambouillet)
Diurnal
40.0C 53.8 (P<0.05) :
: . . Nagu et al. (2004)
Applied 10001600h daily -d28 to dO 1.0 54.8 (data for poor quality (Bharat)
Diurnal embryos)




Table5-5. Summary of the effects of heat stress on pregnancy rates

Heat treatment (do=day

Pregnancy %

Thermal conditions Difference Referencegbreed)
of oestrus) Control Heatstress
90°F d8 to d24 100.0 Dutt et al. (1959)
60%h *shorn 100.0 0.0 (Northwestern)
*unshorn 90.0 10.0 ns
92°F -d7 to d2/14.5 30.0 13.0 -17.0 (sig. difference but Alliston et al. (1961)
level not given) (unknown)
41.1°C -d17 to d6 83.0 62.0 -21.0 (P="?) Ryle (1961§Merino)
60%h
Increased over 9d to 8h
heat/dayDiurnal
90°F Control 85.0 Dutt (1963)(crossbred)
60-65%h Hot-room
Applied until d24 (max do +d1 10.0 -75.0 (P<0.01)
d3 35.0 -50.0 (P<0.01)
d5 40.0b -45.0 (P<0.01)
32°C -d5 87.5 0.0 -87.5 (P<0.01) Dutt (1964)(Rambouillet
60-65%h do 0.0 -87.5 (P<0.01) crossbred)
Applied until d24 (max) di 20.0 -67.5 (P<0.01)
d3 35.0 -52.5 (P<0.01)
d5 40.0 -47.5 (P<0.01)
ds 70.0 -17.5ns
89.9+4.8F Embryo transfer d3 Woody and Ulberg (1964
57.316.3h Control 70F 71.4 (P<0.05) (Rambouillet crosbred)
-d5 tocd3 90°F to 90F 35.0
70°F to 90F 66.7 (P<0.05)
9C°F to 70F 16.7




Table5-6.Cont

Thermal conditions

Heat treatment

Pregnancy %

Difference

(do=day of oestrus) Control Heat stress Reference (breed)
40.5C dltod7 62.5 9.1 -53.4 (P<0.001) Smith et al. (1966)Merino)
21.1-:32.2C -d5 to d5 50.0 33.3 -16.7 (P="?) Rich and Alliston (1970)
65%h (Columbia and Rambouillet
Max. temp. 100€L600hDiurnal
4043°C dl to d3 70.6 31.2 39.4 ns Sawyer (1979aMerino)
1.36:3.06 kPa d4 to d6 59.1 11.5ns
d7 to d9 63.6 7.0 ns
dltod3 50.0 28.9ns
d1 to d6 78.9 525 26.4 ns
d1tod9 58.6 20.3 ns
42.0+0.34C -d5 to dO 70.6 84.6 14.1 ns Sawyer et al. (197¢Merino)
2.583.08 kPa dlto d9 47.4 -23.1ns
-d5 to dO + d1 ta@9 42.9 -27.6 (P<0.05)
-d5 to dO + d1 to d4 67.9 55.6 -12.3 ns
-d5 to dO + d5 to d8 66.7 -1.2 ns
40.8+0.26 -d5 to dO 70.0 66.0 -4.0 ns Sawyer (1979h(Merino)
3.6kPa
40.0+0.21 -d5 to dO 63.6 56.2 -7.4 ns
2.79 kPa
41540.31 -d7 tocd4 64.7 57.9 -6.8 ns
2 65 kPa -d3 tocdO 52.4 -12.3 ns
42°C Thermal stress 83.3 Sejian et al. (2012)
Applied for two cycles Multiple stress combined (Malpura)
Thermal 50.0 -33.3 (P<0.05)
Nutritional
Exercise




6. Supplementary Material 2The dfects of heat stress on ram reproduction
Table6-1.Summary of studies on increased testicular temperature induced byduwh exposure or scrotal insulation @emen quality

Thermal Subcutaneous Rectal . o )
. Breed Semen quality measures Timing of effects on semen quality Reference
conditions scrotal temp temp
6h, 40.5C, Merino | Variable | @40.3C 8.5 mm Hg D1 = day of first trt Ejaculates <75% pitet composite score | Moule &
8.5 mm H response | A: 39.3C (n=3) A:39.4C based on viability, morphology, motili Waites (1963
g P . = . Ejaculates with >50% dead (from 17 ( Y prology v) ( )
and rams C: 36.9C (n=5) C: 39.3C ejaculates in 60d podtt): A:7-9, B:25, C 62 A: 11/17 from d13, for 389d
dividéd Einclat th >159% taill (f 17 B: 5/17 from d1421, for 1428d
jaciates with >_5% tailless (from C: 2/17 from d1720, for 48d
22’540'5C|’_| into 3 @40.3C 31.5 mm Hg ejaculates in 60d postt): A:6-9, B:25, CO-2 , 3
-2 mm Ag groups A: 40.3C (n=3) A: 41.2C D NER dzLJ ! ™rondld) eeyidned
42h after first trt based on | B: 39.6C (n=4) B:41.4C | Group A reduced sperm cdhc low to d60, 14 ejaculates/ram sperm
response | C: 38.7C (n=5) C:40.9C almost absent between d232
4d, 32C Not Control, Con: 39.4 | % Motile <10% at d14 postt @ / 2@0Y 2 ( A-215eaR effect | Howarth
65%h stated ambient, Heat: 39.9 | % Abnormal 5®&0% from d721 posttrt di4 (1969)
(n=8) avge max +0.2C Coné ~50% lower than control dZ1 ! 0y 2 NI 21, pdalSaiact |
13°C (n=8) d21 Assessment ended at d21 pat
4h, 6h, 9h and | Not 4h: 37.3C Sperm measuregre-trt and across 42d after |y, ! 0 Y 2 N | £ & LIS N28X | Smith (1971)
13.5h, 42C, stated 6h: 37.5C 4h, 6h, 9h, 13.5h trt Peak effects at d21
9h: 38.9C % Abnormal: 9.0 (pre), 9.2, 8.8, 16.0, 20.9
50d between trt 13.5h: 39.6C Motility score (G5): 4.6 (pre), 4.5, 4.5, 4.0, 3
(n=9) Coné (x1®/ml): 2.6 (pre), 2.0, 2.4, 2.8, 2.8
aAyAYrt STFFSOGa I Fia
ALISNY I @ ter@hirmd LAt | 7
2d x 40.5C or Merino Control, 2t @ NAF2NY aLISNY 7 Pyriform sperm from d®0 posttrt. Rathore
4d x 40.8C ambient 2d trt: 17.5% pyriform at d1-48 Peak number pyriform sperm d1 (1970a,b)
8h/d, 45%h (n=2) 4d trt: 31.5%pyriform at d18 Abnormal acrosome (4d trt) from9
(n=4) % Abnormal acrosome increased following | Peak number abnormal acrosome d15

heat:

4d trt: 18.5% abnormal acrosome at d18
Con¢ across 45d postrt not different vs
control

18




The_rr_nal Breed Subcutaneous Rectal Semen quality measures Timing of effects on semen quality Reference
conditions scrotal temp temp
1.5d x 40.8C or | Merino Control 2 t @NRAF2NY aLISNY 1 Pyriform sperm from d134 posttrt Rathore
2.5d x 40.5C or ambient, 1.5d trt: 11% pyriform at d17 Peak number pyriform sperm from d17| (1970a,b)
4.0d x 40.5C (n=2) 2.5d trt: 17% pyriform at d17 Abnormal acrosome (5d trt) from d10
8h/d, 45%h 5d trt: 31.5% pyriform at d17 Peak number abnormal acrosome d14
(n=6) % Abnormal acrosome increased following | 20
heat:
5d trt: 25, 24, 23% abnormal at d14, d17, dZ
Con¢ across 48d post 5tit @ vs con(-20%)
40.C x2d or | Merino | Control Con:384#2 1 0y 2NXIf YARLIASOS | Abnormal midpiece from d15 posit Rathore (1969)
40.5°C x 4d ambient, 0.4°C 2d trt: 15% abnormal at d24 Peaknumber abnormal midpiece at d24
8h/d, 45%h (n=2) Heat: 40.9 | 4d trt: 22% abnormal at d24
(n=4) +0.2C Con¢across 42d post 40 NIi Q@ @4
24%)
7d x 21, 26.7, | Merino, | Temp Dorset az2iAtAde adamMBrivioadd | {aSNAY2 3 . [ I @424 2| Lindsay (1969)
32.2,37.8,43.3,| Border |y R2A, ~0.£C<Bl. 2NRSNJ [ SAOSai®EnMDorseff 52NAESi> @ Y2AZdAE S |
37.8,32.2 Leicester, | then & Merino | Horn [26Sad G Rop | ff
26.7°C; Dorset @ R-42w @ 2F 9n L2 AYH)in Merivodad@BLY 32.2C)
7d at each temp| (n=4 per @ 2F Yo LR Ayla Ay 57
breed)
21d, 3035°C Merino | Control, Motility score (scoreofmn 0 @Y a2ziAtAdle a0O2NXB I y| Fowler&Dun
High skin fold High skin | ambient Folds {); pretrt ~7-8, d17 ~4 Folds {): restored by d30 (10d postt) (1966)
(n=4) folds (+) | avge max Folds (+); prért ~6-7,d25~2, &2 A Yy  C| Folds(+): remained low to d50 (30d pof
Low skin fold Low skin | ~16C +) trt); peak effect at d25
(n=4) folds ¢) | (n=4) > [ AGS aLISNY QY Coné@ ¥ NP Yd5Rin Folds (+)
pre-trt ~80%, d17 Folds (+) ~40%; FoHlls (
~30%
Coné @in Folds (+) only
45d, 42C, Malpura | Control Sperm measures mean d0, 15, 30 and 45 | Values rported as mearacross 45 d trt | Maurya et al
6h/d, 55%h, ambient, Motility score (score of @ 0 Q@Y (2016)
(n=7) (n=7) Control: 4.4 + 0.2; Heat: 1.8 £ 0.2

Coné(x1Ck Yf O Q@Y

Control:4.1 £ 0.4; Heat: 1.2 £ 0.1




The_rr_nal Breed Subcutaneous Rectal Semen quality measures Timing of effects on semen quality Reference
conditions scrotal temp temp
Scrotal Merino Control 220 min insulation: | 24h Spermmeasures mean across trt period McKKRY £2Y20At S @ | Mieussetetal
insulation (Ins) not Pre: 33.7+0°9C Con:388#y KKRY 22 Y20GAtS @ py |(40d posttrt) (2991)
8h/d for 162d insulated | Ins: 35.8 +0°C 0.03C Con¢ not different vs control; HnKKRY 22 Y20GAfS @
16h/d for 144d (n=4/trt) | 24h insulation: Ins:38.1+|mMmc Kk RY 2 Y2(3dAf S @ n N (40d posttrt); < 5% motility d20 to d55;
24h/d for 30d Con: 34.5 +0°C 0.03C (control) Cont@ 0 & YH y:: @& | 24h/d:coné@ R M Htdred byNIS1D
(n=41 trt) Ins: 36.4 + 0.06 HNKKRY 22 Y23GAES @ H K (80d posttrt); <0.05x10sperm per
(control) Cont@ o6& Ypaal Qa ejaculate from d19 to d58
Scrotal Merino | Control Sperm measures pre, d4, d15, d21 of b RSIR aLISN)Y I G R Mieussetetal
insulation not insulation m RSIFR aLISN¥I @at (1992
16h/d for 21d insulated 2 5SFR mY MT p o0 OLINd21
(n=4) (n=4) 2 a2lAfS QY T p MM
+6 Cont(10% S 2 O dz#.5 103 §prefn V|
27+04,29+£0.8,26+0.5
Scrotal Merino | Control 2h: 40.5¢ 41.5C 2hat4PC,Cont@T 22 RSFR m [ RSFR m T N&tYeakl Rwm | Braden&
chamber, not 1.5h:40.4- 40.6C 10% dead prért, 85% dead d47 postt effect at d47, restored by ~d580 Mattner (1970)
41-44°C water insulated | 4h: 39.439.6C 1.5h at 40.8C, Cont@T 22 RSIFR mCont@ FNRY dYRHp M1 OS
1.5h (n=2), (n=2) ~d20, 15% dead prit, >90% dead ~d47 (~0.1 x 18/ ejaculate), restored by d50
2h (n=1), or post-trt 60 (rams used for mating expt, therefore
4h (n=2) 4hat39.9 > 2 RSIF R m ¥ NZR| results affected by ejaculation frequency)
10-35%dead d022, 0-55% dead d22147
Scrotal Canadian | Control 2 a2lAtS @tthd Run L3> az2dGAtS @ttl & RHn | Kastelic etal.
insulation Arcott not 2 oYy 2NYEE myt b d RHNZ 1 0y 2NXNIt myt fesiored | (2017)
30h, (n=9) insulated by d35 postrt
(n=9)
Dorset x A pay A s s
Scrotal Romney m 5b! FNFIAYSYulFuGA2Yy [5b! FNIFIAYSYyul 0dA 2y | McDonald et
insulation trt. Recovered by d383 post 24h trt al. (2007)

24 or 48h(n=6)

Remained high at d49 post 48h trt




7. Supplementary Material 3: Theffects of reat stress during pregnancy

Table7-1.Summary of studies on theffectsof heat stress on ovine pregnancy

Ref

Breed and study size

Heat stress (temperature,
humidity) and control
conditions

Timing of HS

Main outcomes

Alexander and
Williams, 1971

Merino
See results summary fo
numbers

CON: un heated animal
house, monthly average
temperatures 1832 (max)
and 818 (min)

HS: 44.4Crlh 47% for 9 h
then 32.2C andh ~50%
Expt C also included a
GYRAFTASRE | {
returned to animal house
(cool overnight) with 9 h
heating as above.

Various. Expt A,
last 2 thirds of
pregnancy plus
pair-fed control.
Expt B, second,
third, both or
neither third of
pregnancy

Expt A: HS throughout the last two thirdspsegnancy significantly
reduced lamb BW (CON (n=7): 3627 kgHS (n=9):1.74.19 kq),
effects of maternal food restriction were intermediate (UN
(n=11):2.440.08 kg). Similarly, maternal food restriction resulted in
intermediate placental weightCON 37428 g HS:12@17 g; UN:
29319 g) Number of placental cotyledons was unaffected by
treatment.

Expt B: HS through last twhirds of pregnancy reduces BW more tha
HS in only thirds 2 or 3 (CON (n=%23t0.11 kg; HS2+3 (n=5):
1.63+0.26 kg; HS2 (n¥%2.45:0.36 kg; HS3 (n=4):29+0.21 kg). Similar|
effects for placental weight (CONMR23+28 g; HS2+3:39+26 g; HS2:
288t67 g; HS251+28 g).

Ambiguous results and some issues with variation in Expts C and D

Andrianikis
and Walker,
1994

Border Leicester
TN: 5 ewes
HS: 7 ewes

TN: 24C
HS: 43C for 8 h

Late pregnancy: 24
h experiment at
between gd122
130

1 Maternal and fetal temperatures increased over 6 h then
stabilised until 8 h and fell rapidly once heating stopped. At ¢
maternal temp +2.0C, fetal tempature +1.9C.

Respiratory alkalosisfLJI ~ @ dife to maternal panting
Plasma PGE ry in maternal & fetal circulatioduring heat.
Plasma PG in maternal circulatiomy, Ay TSSO €
'GSNRAYS OGA@GAGE YSI adz2NBR o
nws> 2F GAYSO YR nmpim I YLX A

=a =4 -4 -9

Barbera et al
1995

Columbia@ Rambouillet
TN: 43 ewes

HS: 4 ewes

(all singletons, all fed aq
lib)

TN: 20C

HS: 40C for 18 h/d and 35!
for 6 h/d, 3540%rel
humidity.

Earlymid to mid-
late pregnancy
Starting gd35,
duration 80 d (to
~gd115)

Essentially a pilot study for the heat effect with only n=4 hste¢ssed
ewes but 43 controls. Does show fetal growth reduction is apparent
about midpregnancy evident from gd70
Fetal growth measured by ultrasound weekly from gd50:

1 Abdominal circumference HS<TN from gd70

1 Femur & tibia lengths HS<TN from gd80

1 BPD (skull width) HS<TN from gd90

1 By gd125 fetal size in HS group is around or below the 5

centile for TNgroup




Bell et al 1987

Cambridge;
Rambouillet
N=5 control and n=5 HY
ewes

38-40C for 9h/d and 332
for 15 h/d at 4050%rh in
HS

versus "not heat exposed"
controls

gd 45-120

Outcomes were studied at gd 182.37. This is basically a pilot study
with n=5 control and n=5 HS ewes. Much more detailed & larger stu
including these outcomes were done subsequently by Tim Regnaull
B de Vrijers.

Essentially similagrowth resuts to other studies in the model:

1

T

1

Severaplacental functional measuresported:

1
1
1

Fetal weight 2.2250.309 cf 3.06%0.182kg (meang SEM)
@27%, P<0.05

Placental weight 1682 cf 329209, @ 51%, P<0.01, reflecting
smaller rather than fewer cotyledons

Higher fetal:placental weight indicating some platzd
adaptation to maintain fetal growth

Uterine blood flow 86§ mc ¢ OF ™M n o 8% R<0.95
Umbilical blood flow 31§ n ¢ OF ¢ n 7 K8%P<OML K
Relative umbilical blood flow 1446 cf 198+10nl.kg/min,

@ 0 %,P<0.01 (i.e. reduced blood flows through placenta, ar
reduced even after correcting for the fetus being smaller)
Placental clearance of ethanol (passively diffuses from mate
to fetal circulations so used as a marker of placental flow)
MTYRHT OF47%B<0.608 03 @

@ (i aldetal oxygen uptake, bytroportional to the reduced
fetal weight. Nevertheless, poorer oxygen transfer from
maternal to fetal blood (greater uterinembilical oxygen
difference), resulting in fetal hypoxia (p06.2+0.8 cf 19.8+0.6
torr and 42.9£3.2 cf 58.0+3.0% €aturation)

QL I OSy Gl t 3fdz02aS GNI yaFSN
YEKYAYZ tfndnpx NBadzZ GAy3a A
cf 16.4+1.0 mg/dL,P<0.05

Bell et al 1989

Suffolk
TN: N=7
HS: N=6

TN:18-20C, 30%h
HS: 9 h at 40C, 15 h at 30!
40%h

Mid-late
pregnancy; gd 64
until gd 134141

1
1

At late gestation (gd 13441)

)l
1
|l

HS increased ewe core temperature ~1C at the end of 40C
period, normalised by end of 30C period

Loss of one lamb in two of five HS pregnancies initially carry
twins

= BW(TN: 4.07+0.43 kg; HS: 3.39+0.43 kq)
Fetuses thinner
prs @ LI I OGN:BISE37 ¢ BS: BEHB7 q)




Brown et al., | Targhee x Suffolk CON: Range housed Late pregnancy, HS but not restricted feeding decreased:

1977 CON: N=16 (range HS: fluctuating from 28 or | variable starting 1 Live lambing rate per ewe (CON: $69%; Restrictl73t15%;
housed) 32C minimums to 38C maj from ~34 months HS:100£26%
Restrict: N=16 paifed daytime temp. after mating 1 Average BW of all lambs born (CON: 4(b26 kg; Restrict:
to HS group 4.16+0.16 kg; H3.18t0.22 kg
HS: N=16 1 Average BW of livborn lambs (CON: 4.60.26 kg; Restrict:

4.16+0.16 kg; H3.26£0.31 kg
Brown & Targhee x Texel Acute HS reaching 40C, | Repeated acute During acute HS:

Harrison 1981

N=11 ewes; 5 infused
with saline and 6
infused with
hexamethonium
(blocker for sympathetia
nervous system) during
HS

controls at 2622C.
Humidity not stated, must
be high (animals in
enclosed chambers, airflov
turned off during HS)

studies of 95-120
min, at least 48 h
apart), day 120140

1 Ewe rectal temperaturey 1.4-1.5C

1 Uterine blood flow (UBFR 40-50% (from ~304100 ml/min in
TN to ~14e260 after ~86100 min when UBF stabilised), effec
of HS not affected by central sympatieblocker

9 Uterine vascular resistance unchanged (indirectly calculated
UBF/BP)

I Implies local vasoconstriction within uterine bed (placenta)

Cartwright and
Thwaites
(1976)

Merino

Experiment 1:

N=20 HS ewes , fed to
maintain maternal body
weight

N=45CON ewes, split
into 3 groups of 15, fed
differently from gd82
89 until term, to lose 5
kg, maintain weight, or
gain 5 kg

Experiment 2:

N=10 HS ewes, feall
libitum

N=10 TN ewes, fead
libitum

N=9 TN ewes, pafed
to HS

CON: outdoor yard housec
at-2t016.4C
HS: 8h 42.2C and 16 h 32|

gd 4451 until term

Experiment 1.
1 BW lower in HS grouR.30+0.15 kghhan any TN group (wt los
TN:2.99+0.16 kg; wt maintenance TN: 3.60£0.15 kg; wt gain
4.22+0.15 kg)

Experiment 2:
f HS@ YIGSNYyILt F22R Ayidl1S nmxl
1 BWreduced by HS but not restrictddeding (TN ad libitum:
3.40+0.11 kg HS1.27+0.16 kg TN paitfed: 3.75+0.12 kg

De Vrijer et al.
2004

ColumbiaRambouillet
ewes, 23 y old, all
singletons

TN: 2@&2C continuous, 30¥
rel humdity
HS: [conditions and feedin

as per Regnault j

Earlylate
pregnancy gd37
120

At gd134:
91 Variable reduced fetal growth in H%/10 classified as
moderate FGR (W& 23%)), 4/10 classified as severe FGR (wt
@53%)




N=7 TN and
N=10 HS ewes

endocrinol 1999, i.e. pair
fed] 40C for 12 h/d and 35|
for 12 h/d, 30% rel
humidity.

TN ewes were paiied to
the intakes of HS ewes

1 Placental weigh@ 26% in moderate FGR adb0% in severe
FGR

Brain sparing in severe group

Within the severe FGR group, impaired plaatnptake and
impaired transfer to fetus of a BCAA analog (system L aming
acid transport reduced)

= =

De Vrijer et al. | ColumbiaRambouillet | TN: D+2C continuous, 30% Earlymid Outcomes measured at gd55 and gd90.
(2006 ewes, 23 y old, all rel humidity pregnancy gd3b At gd55 (after 20 d HS):
singletons HS: [conditions and feéuy | end 1 CBT 39.9in HS ewes cf 39.2 in TN ewes
as per Regnault999, i.e. 1 No difference in fetal or placental weights
N=10 TN and n=11 HS | pair-fed] 40C for 12 h/d 1 Fetal:placental wt ratio HS>TN
ewes and 35C for 12 h/d, 30% § Higher brain:liver wt ratio (indicating brain sparing)
(? Overlap in animals a3 TN ewes were paidied to
Regnault et al 2002) the intakes of HS ewes At gd9o0 (after 55 d HS):
1 NSD placental weight (33% lower i8)H
1 Fetalwt@H nz’z HSA(§<0.05)
Some changes in placental IGF system gene expressigygested as
mechanism leading to reduced placental fn but no functional measu
to confirm this. Appears to be some compensatory changes in IGFs
placentag increased IGF1 in caruncles at gd90 (maternal placenta),
increased IGF2 expression in cotyledons at gd55 (fetal placenta)
Early et al. Suffolk TN: 1820C, 30% rel Mid and late At gd136141:
(1991) TN: 7 ewes humidity pregnancy, gd64 to 1 Fetal weight2 27%, P<0.01, 3.46 cf 4.74 kg, SE 0.18 kg*
HS: 6 ewes started, 5 | HS: 40C for 9h/d and 30C | end at gd136141 1 Placental weigh@ 58%, P<0.001, 189 cf 448 g, SE 21 g*
completed for 15 h/d 40%el humidity f *these are the same animals and data as Bell 1989
1 Normal placental concentrations of protein, RNA, DNA;
implying@ cell number and = cell size; HS inhibits placental ¢
division
1 Decreased fetal placental oxygen consumption in \qgtliely
adaptation to lower placental oxygen transfer (may inhibit
Mitosis)
Galan et al Columbig Rambouillet | TN: 20C Earlymid At gD135:
(1998) TN: 5 ewes in current | HS: 40C for 12 h/d and 35( pregnancy gd3®0  Fetalweighbnpiz o1 { X pp RO 2N Q@1
study + 37 from prior | for 12 h/d, 3540% rel or earlylate

studies

humidity.




HS, 55 d: 5 ewes in
current study
HS, 80d: 4 ewes from

Both groups adibitum fed

pregnancy gd3b
115

From serial ultrasounds, in HS 55 d group, relative to control
smaller ddominal circumference from 77g femur length
from GD101, tibia length from3B0.

prior study f Evidence of IUGR including brain sparing
f Placentalweighn M 61 { X pp RO 2N @
1 = numbers of placental cotyledons
Regnault et al | Columbia Rambouillet | TN: 20C, 30% rel humidity| Earlymid During treatment:
(1999) TN: 8 ewes HS: 40C for 12 h/d and 35{ pregnancy gd3®3 1 Maternal core tempy 0.8C
HS: 6 ewes for 12 h/d, 30%h 1 @ maternal circulating progesterone (from gd72, when
TN ewes were paified to LI I OSy Gt LINRPRQyan)il 1Sa 23SN
the intakes of HS ewes f @ maternal circulating placental lactogen (oPL, from gd62),

1 Immediate and sustained-#ldry maternal circulating
prolactin, thought to be response to physiological stress. ?ef
on pregnancy

T =maternal feed intake

At gdo3:

1 Fetal weight2 27%, P<0.05%15t49cf 70345 g. Thinner with
mMONFAYYEABSNI AYRAOFGAY 3 dalL

1 Placental weigh@ 06% but NS, 3@&b63cf 5715 doc I X b
both placentome number and weight

9 =fetal:placental weight ratio (placental function not
compensating)

1 =placental mMRNA protein oPL content at gd93 implying
impaired development (less) of fetalbucleated trophoblast
cells (BNC, only cell type that produces oPL), or decreased
trophoblast migration into maternal compartment

1 Major disruption of early placental functiaand development;
likely particularly trophoblast BNC

Regnault et al | ColumbiaRambouillet | TN: 2@2C continuous, 30% Earlymid Outcomes measured at gd55 and gd90.
(2002) ewes, 23 y old, all rh pregnancy gd37?
singletons HS: [conditions and feedin| end At gd55 (after 15 d HS, n=5 TNH8):

N=10 TN and n=11 HS
ewes

(same animals as
Regnault et al 1999)

as per Regnault 1999, i.e.
pair-fed] 40C for 12 h/d
and 35C for 12 h/d, 30%h
TN ewes were paidied to

the intakes of HS ewes

1

)l
1
1

CBT 39.9in HS ewes cf 39.2 in TN ewes

No difference in fetal or placental weights
Fetal:placental wt ratio HS>TN

Higher brain:liver wt ratio (indicating brain sparing)




At gd90 (after 55 d HS, n=5 TN, 5 HS):
1 NSD placental weight (33% lower in HS)
1 Feaalwt@H n:’z HS\(§<0.05)

Some changes in placental VEGF system gene expression:
AT gd55:
1 inc VEGF mRNA and protein in cotyledon in HS (hypothesis
due to hypoxia which induces VEGF),
f @Q+9DC LINRGSAY Ay OF NHzy Of S |
At gdoo:
1 @p k£ :EGER mRNA in cotyledon. Likely to reduce
vascularisation and function of the placenta (gd90 is period ¢
maximal placental growth)

Regnault et al
(2003)

ColumbiaRambouillet
ewes, 23 y old, all
singletons

N=6 TN and n=10 HS
ewes

TN: 2@2C continuous, 30¥
rh

HS: [conditions and feedin
as per Regnault 1999, i.e.
pair-fed] 40C for 12 h/d
and 35C for 12 h/d, 309h
TN ewes were paiied to
the intakes of HS ewes

Earlylate
pregnancy gd39
120

Outcomes measured at gd123-3 after end of 19):
I Ultrasound/blood flow resistance in HS
Outcomes measured at gd135 (15 d after end of HS):

f Fetal hypoxia (arterial B@ o M2 0 RS & LJ
0f22R Ff26 moTrX | aazoAx
through placenta

1 Altered placental expressianf VEGF receptor and placental
growth factors

LA

S A
Y

1’]<<

Shelton and
Huston (1968)

Breed not stated.
Different N and groups
in multiple experiments

TN: 24C

HS: either 32C or 40.5C
(different experiments).
For 12 h HS experiments,
12 h @ 32C and 12 h @-2
27C

Lasthalf to two-
thirds of pregnancy

1 Across all experiments, lamb survival 80.8% in TN and 56.8¢
HS, BW TN: 3.95 kg singles & 2.89 kg in twins, HS: 2.79 kg
singles & 1.90 kg twins

1 More severe@ in BW and survival in continuous HS compare
to 12 h HS (Birthwight: TN: 4.36 kg, 12h HS 3.63 kg, 24h HS
2.60 kg; Lamb survival: TN: 100%, 12h HS 80%, 24h H& 55|
HS paiffed to TN

1 HS but not feed restrictio@ BW (TN ad lib 4.18 kg, TN
restricted 3.77 kg, HS ad libitum 2.23 kg, HS restricted 2.14

1 High protein dets did not improve lamb outcomes, and under
HS appeared to have an adverse effect

Thureen et al.
(1992)

Columbi@ Rambouillet
TN: 7 ewes
HS: 6 ewes

TN: 20C, 4@5%rh
HS: 40C for 18 h/d and 35|

for 6 h/d, 4045%rh

Earlymid to mid
late pregnancy

Starting gd3%43,

During treatment:
1 Maternal core temph 1.0C




(all singletons, all fed ac
lib)

duration 847 d (to
~gd125)

Studied in TN conditions at gd ~®35n HS, 1381in TN, after 80 d in

TN:
1

T

Fetal weight@ 47%, P<0.01, 164264cf 3112:2249. Brain
gSAIAKG ' 0dzb6% A GSNI 6 SAIKEI @
Placental weigh@ 58%, P<0.001, 1427 cf 356t30g. =

LI I OSy(i2YS ydzYoSNE @¢SAIKGC
=fetal:placental weight ratig indicating no compensation of
function (essentially reflects lack of compensation of functior
for a smaller @centa during HS since the few days pds&
g2dzt RYyQli 0SS Sy2dzaK G2 NBadz
surgery)

Uterine blood flow@ 33%, P<0.05, 85327cf 127&120
mi/min.

Umbilical blood flowa 52%, P<0.001, 3263cf 67838

ml/min, but normal per kg fats or placenta
tfFOSyidlt SOKLly2ft52%,P80oon 1EES
cf 37%14 mil/min, but normal per kg fetus or placenta

Fetal hypoxian HS: @a | (i $4%@<0.02, 378.1cf

56.8t3.8 %

Oxygen conc in umbilical vein =, greater extraction ingtlisés
(lower Q@ in umbilical artery returning to placenta), likely
compensation for lower oxygen delivery to fetus indH&lc as
dzZyoAt AOFt o6t22R Ff 2 @1% PR 3
1.28t0.12cf 1.63:0.10 mM.minl.kg fetusl

At the same materngblucose], lower fetal plasma [glucose] il
I { Y37%) P<0.001, 133.2cf 21.%0.8 mg/dLg normal
umbilical glucose uptake per kg fetus achieved by increased
umbilical glucose uptake per kg placenta. ingpaired

placental capacity for glucose deliverylower transport for a
given transplacental concentration difference. Not a blood fl¢
effect given normal ethanol cleance (diffusion) and also not
due to placental glucose metabolistherefore impaired
transport capacity probably due to smaller exahge surface
area.

Vatnick et al
1991

Dorset
TN: n=6
HS: n=5

TN: 21C
HS: 40C for 9 h/d and 30C
for 15 h/d

Mid-pregnancy,
gd5075

Maternal core temperature

1

N € during 40C periody 1 € @uring 30C period

At gd75:




All twin-bearing

rh not controlled and
always <50%

=A =4 =4 -8 -9

= Fetal weight, TN:23Z, HS:222+7

Placental weigh@ 19%, P=0.02, TN:6839, HS:514+24

N placentomespo /E2 X t fF ndnpZ ¢bY ncr
Weight/placentome 36%, P<0.001, TN:140.0, HS:9.0+0.7
= placental DNA and protein concentrations (implyiogmal
cell size and fewer cells)

Placental DNA synthesisp p;.£=0.06, TN:32(0°3, HS:495+43
¢ possibly greater cell turnover
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8. Supplementary Material 4Site Plots

8.1. BOM weather stations for selected site

Table8-1.List and location of BOM weather stations for selected site

Map ID BoM Weather Station Longitude Latitude
1 Longreach Aero 144.28 -23.44
2 Cunnamulla (Post Office) 145.68 -28.07
3 St George Airport 148.59 -28.05
4 Wilcannia (Reid St) 143.37 -31.56
5 Gunnedah Research Centre 150.27 -31.03
6 Armidale Radio Station 151.67 -30.52
7 Trangie Post Office 147.98 -32.03
8 Dubbo Airport 148.58 -32.22
9 Griffith (CSIRO) 146.07 -34.32
10 West Wyalong Airport AWS 147.2 -33.94
11 Young Airport 148.25 -34.25
12 Walpeup Research 142.36 -35.72
13 Bendigo Airport 144.33 -36.74
14 Shepparton Airport 145.39 -36.43
15 Hamilton Airport 142.06 -37.65
16 Ballarat (Aerodome) 143.79 -37.51
17 Minnipa Agricultural Centre 135.15 -32.84
18 Rosedale (Turretfield Research Centre) 138.83 -34.55
19 Renmark 140.75 -34.17
20 Struan 140.79 -37.1
21 Geraldton Town 114.61 -28.78
22 Northam 116.66 -31.65
23 Katanning 117.56 -33.69
24 Esperance 121.89 -33.83
25 Launceston Airport 147.2 -41.54
26 Hobart Airport 147.5 -42.83
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8.2. Site plots and calendars for selected sites

1. Longreach Aero - QLD
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Weekly count = 32.2 (days) Rainfall (mm)

THI (°C)

Count of days over THI threshold

1101
1001
90+
801
701
601
501
401
30+
201
101

100

951

90

851
801
751
701
651
601
551
501

351

30

251
201
151
101

2. Cunnamulla (Post Office) - QLD
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3. St George Airport - QLD
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4. Wilcannia (Reid St) - NSW
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5. Gunnedah Research Centre - NSW
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