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Abstract

Heat stress significantly impairs reproduction of sheep, and under current climatic conditions is a significant risk to the

efficiency of the meat and wool production, with the impact increasing as global temperatures rise. Evidence from field

studies and studies conducted using environmental chambers demonstrate the effects of hot temperatures (≥ 32 °C) on

components of ewe fertility (oestrus, fertilisation, embryo survival and lambing) are most destructive when experienced from

5 d before until 5 d after oestrus. Temperature controlled studies also demonstrate that ram fertility, as measured by rates of

fertilisation and embryo survival, is reduced when mating occurs during the period 14 to 50 d post-heating. However, the

contribution of the ram to heat induced reductions in flock fertility is difficult to determine accurately. Based primarily on

temperature controlled studies, it is clear that sustained exposure to high temperatures (≥ 32 °C) during pregnancy reduces

lamb birthweight and will, therefore, decrease lamb survival under field conditions. It is concluded that both ewe and ram

reproduction is affected by relatively modest levels of heat stress (≥ 32 °C) and this is a concern given that a significant

proportion of the global sheep population experiences heat stress of this magnitude around mating and during pregnancy.

Despite this, strategies to limit the impacts of the climate on the homeothermy, behaviour, resource use and reproduction of

extensively grazed sheep are limited, and there is an urgency to improve knowledge and to develop husbandry practices to

limit these impacts.
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Introduction
The thermal environment is the largest single stressor

affecting the efficiency of animal production systems,

impacting development, growth and reproduction of all

animals [1]. Thermal impacts on sheep performance and

wellbeing are most profound when temperatures fall

below 12 °C (lower critical temperature) or rise above 25

to 31 °C (upper critical temperature), when thermo-

regulatory mechanisms are seriously challenged and the

ability of sheep to maintain homeothermy is reduced.

However, well before these temperatures are reached,

the physiological and behavioural adaptations that

allow sheep to maintain homeothermy negatively im-

pact their growth, welfare and reproduction. These

adaptations include increased heat dissipation and de-

creased metabolic heat production, through peripheral

vasodilation and reduced food intake. Prolonged ex-

posure to thermal stress also induces endocrine adap-

tations which further decrease metabolic rate and

promote heat dissipation [2–5]. Behavioural responses

to thermal stress include a reduction or temporal

shift in activity to cooler parts of the day, and in-

creased use of shade [5]. These changes may further

impact production and reproduction by reducing for-

aging time and/or increasing distances sheep travel to

feed and water.
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Importantly, temperatures are projected to increase glo-

bally and sheep will therefore be exposed to higher tem-

peratures more frequently and for longer periods. In light

of this, heat stress has been identified as one of the key

vulnerabilities facing the sheep meat and wool production

industries [6–8]. Based on observed and projected in-

creases in temperature associated with anthropogenic cli-

mate change, the consequences of exposure of sheep to

thermal stress will become increasingly serious. This re-

view therefore describes the effects of heat stress on both

ewes and rams, including effects around mating on fertil-

ity, oogenesis and spermatogenesis, and effects during

pregnancy and lactation on pregnancy outcomes, milk

production and progeny wellbeing. We also discuss rele-

vant underlying physiological mechanisms and identify

gaps in current knowledge relevant to sheep production in

grazing environments of high ambient temperature.

Impact of heat stress on ewe fertility
Evidence from a small number of extensive Australian

and Spanish field studies demonstrates the significant,

negative impact that heat stress has on the reproductive

performance of commercially managed flocks. In two

Australian studies, each utilising data from more than 50

Merino flocks, ewe fertility (the number of ewes lambing

per 100 ewes mated) and lambing rate (number of lambs

born per 100 ewes mated) correlated negatively with the

number of days per week during the mating period when

ambient temperatures were ≥ 32.0 °C [9, 10]. For each

additional day ≥32 °C during the week of mating, ewe

fertility and lambing rate decreased by 2.7% and 3.5% re-

spectively [9, 10]. The results of these studies indicate

that high temperatures during the mating period ad-

versely impact fertilisation, embryo survival and, conse-

quently, pregnancy rates. In partial support, data

generated from over 150 Spanish flocks demonstrate a

significant decline in pregnancy rates when maximum

daily temperatures were ≥ 30 °C for 2 d before artificial

insemination [11, 12]. Lindsay et al. [9] also reported a

negative correlation between the number of lambs born

per 100 ewes joined and daily maximum temperatures in

the 3 weeks after mating indicating that heat stress post-

mating continues to impair ewe fertility. Using equations

developed by Lindsay et al. [9], in conjunction with Aus-

tralian Gridded Climate Data [13] we estimated that 2.1

million potential lambs are lost due to heat stress (days

> 32 °C) around mating, costing the Australian sheep in-

dustry $97 million annually [14].

Under temperature controlled (hot-room) conditions,

exposing ewes to high temperatures (32 °C) either

shortly before the onset of oestrus or during early

oestrus reduced fertilisation rates [15–17]. Applying heat

stress from d − 5, d 0 or d 1 relative to the day of onset

of oestrus (d 0), dramatically reduced pregnancy rates

(Fig. 1; [15, 17, 18]). Pregnancy rates were also reduced

when heat stress started 3 or 5 d after mating but were

unaffected when heat stress was applied from d 8 (Fig.

1). Overall, meta-analysis indicates that heat-stressed

ewes are 2.4 times less likely to get pregnant than

thermo-neutral ewes [19]. Based on data summarised in

Fig. 1 and evidence from field studies described above

[9–12, 20] we conclude that the reproductive perform-

ance of the ewe is most affected by heat stress in the

week prior to oestrus, during oestrus and then for the

ensuing 5 d. It is also of note that shearing decreases the

negative impact of heat stress during the peri-oestrus

period on pregnancy rates [17], and that fertilisation

rates are not reduced by heat stress when lower temper-

atures are provided overnight [21, 22].

Mechanisms for effects of heat stress around mating on

ewe fertility

Oestrous cycle Consensus from the literature is that

heat stress reduces the duration of behavioural oestrus,

the incidence of oestrus and the length of the cycle. Al-

though the systematic review of data [19] indicates a de-

crease in the length of behavioural oestrus by an average

of 7.1 h, the timing of heat stress relative to the day of

oestrus (d 0) is pivotal. The duration of oestrus was 8.4 h

and 5.5 h shorter when constant heat stress was applied

either d − 5 to d 0 or d − 3 to d 0 respectively, with the

intensity of oestrus behaviours also reduced [23]. How-

ever, the duration of oestrus was unaffected by exposure

to constant heat stress between d − 7 to d − 4 [23], or

when heat stress was applied only diurnally between d −

5 to d 0 [21, 24]. In contrast, in Indian native breeds, the

duration of oestrus was 6 h and 8 h shorter, respectively,

when ewes experienced diurnal heat stress from 28 or

35 d prior to oestrus [22, 24].

On the other hand, the incidence of oestrus in Merino

ewes exposed to constant heat stress from d − 5 to d 0,

was reduced by 25% to 30% [23, 25]. However, this par-

ameter was unaffected when constant heat stress was ap-

plied from d − 7 to d − 4 or d − 3 to d 0 [25], or when

ewes experienced only diurnal heat stress for the 5 d

(Merino [20]) or the 35 d (Malpura [23]) prior to

oestrus. There is also no evidence that the incidence of

oestrus in the field is affected by heat stress [10, 26],

likely reflecting homeothermic responses to cooler

night-time temperatures. However, oestrous activity can

be irregular in Merino ewes in hotter regions of

Australia [27–29], and ewe and ram behaviour can be

similarly impaired during heat stress [30].

In comparison with both the duration and incidence

of oestrus, the effect of heat stress on the length of the

oestrous cycle appears more benign. Mean cycle length

was increased by between 0.6 and 1.7 d, when heat stress
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was applied from d − 5 to d 0 [17, 23, 25]. However,

cycle length was unaffected when Merino ewes experi-

enced constant heat stress from either d − 7 to d − 4 or

d − 3 to d 0 [25], or when Malpura ewes experienced di-

urnal heat stress for the 35 d preceding oestrus [24].

The underlying mechanisms for effects of heat stress

on the oestrous cycle are poorly understood, although

changes in circulating hormone concentrations induced

by heat stress during the final stages of follicle growth

and differentiation may be involved. Endocrine changes

include reduced luteinising hormone (LH) secretion [31,

32] with fewer LH pulses [33], in turn reducing stimula-

tion of follicle growth and development. Compared to

control groups, heat stress reduced oestradiol concentra-

tions and aromatase activity in the dominant follicles of

ewes [33, 34] and circulating oestradiol concentrations

in cows [35–38], which might impact oestrous incidence

and duration. Circulating progesterone during the luteal

phase is higher in heat-stressed compared to control

ewes [23, 39–41], suggesting increased progesterone

production and/or decreased clearance, which may sub-

sequently affect the timing and progression of pre-

ovulatory follicle growth.

Follicle growth and ovulation rate Most of what is

known of the effects of heat stress on follicle dynamics

is from studies in dairy cows exposed to seasonal varia-

tions in ambient temperature. These studies indicate

multiple effects of seasonal heat stress on follicle growth

and development [34, 37, 42–45]. These effects include

more large follicles in the first follicle wave, an increase

in the number of small and medium follicles, suppres-

sion of the dominant follicle of both the first and second

waves, an earlier emergence of the dominant follicle of

the second wave, as well as a decline in follicle aroma-

tase activity and plasma oestradiol concentrations. These

changes likely reflect altered function of follicular cells

and/or changes in the secretion of gonadotrophins [45].

In the field, there are associated reductions in the rates

of embryo survival and cow fertility [46–48]; however,

the extent to which these findings also apply to sheep is

yet unknown.

Cattle studies also demonstrate adverse effects of heat

stress on follicle growth and function. In vivo heat stress

applied for 20 to 26 d reduced in vitro steroid production

from follicle cells [49] whilst 12 h of in vitro heat stress in-

duced early activation of primordial follicles, reduced the

rate of oocyte nuclear maturation and disrupted steroid

production [50]. Comparable impaired nuclear maturation

of oocytes in vitro has been reported [51–53]. One study

[33] examined the effects of acute heat stress on follicle

dynamics during the synchronised oestrous cycle in the

goat. Heat stress (36 °C, 70% relative humidity; rh) applied

from 48 h before until the time of the last prostaglandin

injection (i.e. ~ 24 to 72 h before onset of oestrus) delayed

recruitment of dominant follicles by 24 h, and tended to

delay the time of ovulation. These changes in follicle dy-

namics occurred in conjunction with lower concentrations

of oestradiol in plasma and follicular fluid, and lower aro-

matase activity and LH receptor expression in follicles.

Fig. 1 Impacts of heat stress of ewes around mating on fertilisation rate, embryo loss (encompassing oocyte loss) and pregnancy rate. Timing of

normothermic (blue) and hyperthermic (orange) temperatures is shown for each treatment. CON, Control; HS, Heat Stress; rh, relative humidity;

ND, Not determined. *indicates significant difference from control group. Data are from [15, 18]
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Under controlled conditions, heat stress prior to

oestrus induces non-significant reductions in ovulation

rate in sheep [15, 17, 21, 54, 55], a finding that is sur-

prising given the effects of hyperthermia on follicle dy-

namics in cows. In the field, the effect of heat stress on

ovulation rate is inconsistent [9, 10], whilst in superovu-

lated ewes there was no significant effect [22].

Oocyte quality In several studies, heat stress applied be-

fore and/or during behavioural oestrus induced a

marked increase in the incidence of cytoplasmic vacu-

oles, cytoplasmic globules, ruptured oolemma and

cracked zona pellucida [15–17, 56]. Unlike fertilisation

rate, the incidence of abnormal ova remained high when

heat stress was interspersed with cooler temperatures

[41]. One limitation of these studies is that the ova were

approximately 3 or 7 d of age at the time of collection.

Aberrant maturation of oocytes is the most likely

cause of fertilisation failure following hyperthermia. Heat

stress in vitro impaired nuclear and cytoplasmic matur-

ation of bovine oocytes [57–60], and significantly de-

creased the percentage of ovine oocytes progressing past

M1 [61, 62]. This decrease is likely to be a consequence

of elevated concentrations of reactive oxygen species

(ROS) in embryos and/or oviducts [63–65]. A similar in-

crease occurs in ovine oocyte – cumulus complexes

when matured in vitro at 42 °C compared with 39 °C

[66]. Further evidence that elevated ROS levels contrib-

ute to heat-induced impairment of oocyte maturation

comes from the heat-associated reduction in intracellu-

lar glutathione concentrations [67] and the ameliorating

effects of antioxidant treatments on meiotic maturation

and developmental competence of heat-exposed oocytes

[63, 65, 66]. Interestingly, in the study of Ahmadi et al.

[61], oocytes collected in summer were more resistant to

thermal stress during in vitro maturation compared to

oocytes collected in winter; however, how in vivo heat

exposure might protect oocytes from subsequent in vitro

heat stress is unknown.

Ovum wastage and early embryo loss It is clear from

field studies [9, 10] and studies conducted using envir-

onmental chambers that heat stress in the peri-oestrous

period increases fertilisation failure and early embryo

loss. The proportion of ewes returning to oestrus, indi-

cative of fertilisation failure, was positively associated

with the number of days ≥32 °C during the mating

period, increasing by 3.44% for every additional day

≥32 °C [10]. High ambient temperatures after mating

also appear to increase embryo loss [9]. Compared to

control ewes, embryo mortality was markedly higher as

a result of heat exposure (32 °C) from 5 d before oestrus,

with all embryos being lost when heat stress commenced

on the day of oestrus (Fig. 1; [15, 18]). Similarly, exposing

maiden and mature ewes to heat stress from d − 2 to d 0

of oestrus increased embryo mortality by 71.4% and

63.6%, respectively [68]. A marked reduction in fertilisa-

tion rate occurred in ewes exposed to high temperatures

from d − 5 to d 0 of oestrus, inclusive [15, 16].

Although significant ovum/embryo wastage also oc-

curs when heat stress is applied after oestrus, the sever-

ity declines as the time between oestrus and exposure

increases (Fig. 1). Four days of heat stress after mating

increased ovum/embryo wastage when heat stress oc-

curred the day after oestrus (Fig. 1). Similarly, the impact

of heat stress on wastage continued until d 24 post-

mating which decreased progressively as the number of

days between mating and the start of heat stress in-

creased (Fig. 1). Shearing ewes also reduced the extent

to which ovum/embryo wastage increased in response to

continuous heat stress for the first 15 d after mating

[68]. When heat stress of Merino and Southdown ewes

was sustained from mating through the first 20 d of

pregnancy, 75% of ovum/embryo wastage occurred

prior to d 12 [69], the time of maternal recognition

of pregnancy. Importantly, when partial diurnal relief

of heat intensity was provided, embryo loss was not

elevated [68].

Meta-analyses [19] indicate that ewes exposed to short

term heat stress are 12.4 times more likely to experience

embryo mortality or have unfertilised ova compared to

control ewes, which increases to 26.3 times more likely

with moderate periods of heat stress. Further, based on

the studies reviewed, it is evident the impacts of heat

stress on embryo mortality are most severe during the

period immediately preceding oestrus, with the day of

oestrus being a critical window. Although it was con-

cluded [67] that appreciable embryo mortality in the

field, as a consequence of heat stress, is likely only under

severe heat wave conditions, evidence of embryo loss in

commercial flocks has been provided [9]. Specifically,

these authors [9] report a negative correlation between

lambing rates and daily maximum temperatures in the 3

weeks following mating.

It is concluded that heat stress compromises oocyte

maturation resulting in reduced rates of fertilisation

with associated, independent effects on embryo wast-

age. In this context, it is noteworthy that immature

oocytes can be fertilised and undergo cleavage with-

out developing to the blastocyst stage [70]. Addition-

ally, ROS production in the oviducts [63] is likely to

increase embryo mortality, consistent with the obser-

vation that the effects of heat stress are greatest in

the days immediately following oestrus [15, 16, 18,

71]. Further, heat stress adversely affects the oviduct

environment as suggested by reduced sperm numbers

and increased proportions of sperm-free oocytes in

the oviducts of ewes exposed to heat stress [17].
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Effects of heat stress on ram fertility
Maintenance of testicular temperature below core body

temperature is required for optimal production of motile

and morphologically normal ovine spermatozoa [72].

Intra-testicular temperatures of 33 to 35 °C are reported

in rams at ambient temperatures of 20 to 30 °C, repre-

senting a rectal-testicular temperature gradient of be-

tween 4 and 6 °C [73–76]. Numerous experimental

studies using either climate-controlled rooms, or local-

ised scrotal heating, report adverse effects of heat stress

on spermatogenesis and semen quality in rams [72, 77].

However, few studies have systematically assessed

temperature effects on semen quality under field

conditions.

In addition to potential temperature effects, seasonal

changes in testicular function can also be influenced by

photoperiod and nutrition [78]. Some variation in semen

quality between seasons is indicated in Egyptian breeds

and conditions [79]. No consistent trend in semen char-

acteristics were observed in Merino rams studied for 18

months [80]. However, this varied between rams, with 4

of 11 rams showing seminal degeneration during sum-

mer [80]. The field studies of Lindsay et al. [9] and Klee-

mann and Walker [10] observed no relationship between

mean maximum temperature in the 3 weeks preceding

mating and lambing outcomes, suggesting a limited con-

tribution of heat-induced effects on semen quality to

pregnancy outcomes. However, variation between rams

in susceptibility to heat stress could limit assessment of

male contributions to heat-induced effects in flock mat-

ing studies, if less-affected rams fertilise the majority of

ewes.

Effects of heat stress on spermatogenesis and semen

quality

Experimental studies provide clear evidence for an effect

of heat exposure on semen quality. Increased percent-

ages of morphologically abnormal sperm are reported

following various heat exposures, including scrotal

insulation for 30 h [81], and hot-room exposure at 41 °C

for 9 or 13.5 h [82], 32 °C for 4 d [83] or 40.5 °C for 8 h/d

for 2 to 5 d [84–86]. Abnormalities become evident from

around 9 d post-heating, peaking at 18 to 24 d, and per-

sisting until 30 to 35 d after treatment. Reduced percent-

ages of motile sperm were also detected from

approximately 14 to 24 d following heat stress. For ex-

ample, semen samples collected following 21 d of 16 h/d

scrotal insulation contained approximately 20% motile

sperm [77, 87]. Similarly, heating to 32 °C, 65% rh for 4

days reduced motile sperm from 80% to < 10% 2 weeks

after treatment [83]. Sustained effects were also reported

when Merino rams were exposed for 3 d at approxi-

mately 35 °C, reducing motility from 15 to 35 d post-

heating [88]. While increased percentages of abnormal

and immotile sperm are consistently reported following

heat exposure, effects on sperm concentration were vari-

able, and can be influenced by the frequency of semen

collection. For example, decreased sperm numbers were

reported from 25 to 30 d after 2 h scrotal heating to

41 °C, with low numbers maintained to d 50 to 60, while

heating to 39 °C for 4 h had limited effects [89]. Heat ex-

posure in environmental chambers (40.5 °C, 45% rh, 8 h/

d) for 2 to 5 d also reduced sperm density across 48 d

post-heating; however, this decrease was significant only

in rams exposed for 5 d (↓ 26%) [85].

Studies have also considered the effects of heat expos-

ure of rams on subsequent fertilisation and pregnancy

rates, with effects reported following scrotal heating for

1.5 to 2 h [89–91], and whole body heat exposure in en-

vironmental chambers at 32 °C for 4 d [83] or 40.5 °C for

8 h/d for 2 to 4 d [84, 92, 93] (Fig. 2). Negative impacts

of exposing rams to 4 d of heat stress (32 °C, 65% rh) on

fertilisation rates and embryonic survival become evident

2 weeks after heating, with no fertilised embryos de-

tected when mating occurred 3 weeks post-heating

(Howarth, 1969; Fig. 2). Fertilisation and pregnancy rates

decreased as the number of hot (40.5 °C, 45% rh) days

experienced by rams 10 to 16 [93] or 10 to 27 [92] d

prior to mating increase (Fig. 2). This reduction in ram

fertility reflects the increase in abnormal spermatozoa

which occurred as heat duration increased [84–86, 93].

Lower pregnancy rates at d 40, compared with d 23, in

ewes mated to rams exposed to heat 10 to 16 d prior to

mating (40.5 °C, 8 h/d, 2 or 4 d) also suggests that, in

addition to reduced fertilisation, embryo or early fetal

loss may contribute to reduced pregnancy rates from

heat-exposed rams ([92]; Fig. 2). The potential for em-

bryonic loss following fertilisation with heat-affected

sperm is supported by studies in mice, where exposing

males to whole body or scrotal heating reduced embryo

developmental competence [94–96].

Mechanisms of heat stress effects on spermatogenesis

and semen quality

Physiological mechanisms contributing to thermoregula-

tion of the ovine testes are well-described. The pampini-

form plexus provides countercurrent heat exchange

between arterial blood entering the scrotum and cooler

venous blood exiting, under normothermic conditions

[73]. Scrotal responses to temperature change, including

discharge of scrotal sweat glands and variation in scrotal

surface area and degree of contraction towards the body,

mediated by tunica dartos and cremaster muscles, have

a primary role in testes thermoregulation [97, 98]. Heat-

ing the scrotum above 36 °C also increases respiration

rate of the woolled ram [99–101] and tunica dartos,

sweat gland and respiratory responses to temperature

are mediated through cutaneous scrotal thermoreceptors
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[98, 100, 102, 103]. When the capacity of these thermo-

regulatory mechanisms is exceeded, significant increases

in testicular temperature can occur. Elevations in scrotal

or testicular temperature by approximately 6 to 8 °C are

reported in scrotal heating studies [91, 102]. Similarly,

exposure of Merino rams to 45 °C for 3 h elevated scro-

tal and testicular temperatures by approximately 4 to

5 °C, while variation in rectal temperature was less than

1 °C [104]. However, effects of elevated ambient temper-

atures on scrotal or testicular thermoregulation under

field conditions have been little studied.

Scrotal temperature during heating has also been

shown to correlate with semen quality measures. Testes

temperature, during 2 h scrotal heating, correlated nega-

tively with pregnancy rates using semen collected 14 to

21 d later [91]. Maximum subcutaneous scrotal

temperature in rams exposed to 41 °C for 4 to 13.5 h also

correlated negatively with a mean semen composite

score, based on motility, morphology and concentration

measures [82]. Similarly, maximum scrotal temperature

in rams exposed to two 6 h periods of 40.5 °C correlated

positively with semen damage score, across 13 to 52 d

post-heating [105]. These authors observed variation be-

tween rams, with some showing significant seminal de-

generation following heat exposure; however, limited

effects in others, possibly because they were able to

maintain scrotal temperatures during heating 2 to 3 °C

lower than affected rams [105]. Others also reported

variability between individual rams in the responses to

heat stress [77, 82]. Similarly, individual variation in

scrotal thermoregulatory ability is also evident in Wagyu

bulls [106]. In Merinos, early studies demonstrated

variation in scrotal thermoregulatory ability in rams se-

lected for high or low skin fold scores, including differ-

ences in testicular blood flow, scrotal surface area, and

sweat gland size and density [75, 88, 90, 104, 107], with

high skin fold rams having greater susceptibility to heat-

induced effects. Testicular thermoregulatory capacity

also varies between Bos indicus and B. taurus bulls, po-

tentially related to differences in scrotal and testicular

morphology [108]. Variation between sheep breeds in

susceptibility to heat-induced effects on semen quality

has also been reported [109]. Understanding the extent

to which scrotal thermoregulatory capacity varies be-

tween rams within breeds, and between breeds, and the

mechanisms underlying variation in the ability to regu-

late testicular temperature, could be beneficial when

considering future strategies for management under heat

stress conditions.

The effects of increased testicular temperature on

semen quality can include germ cell apoptosis, DNA

damage, and perturbation of sperm maturation, includ-

ing induction of structural and functional abnormalities

[72, 84–86, 110, 111]. Effects vary with cell stage, with

pachytene spermatocytes and round spermatids identi-

fied as particularly susceptible to heat-induced apop-

tosis [110, 112, 113], while heat stress during later

stages of spermatogenesis and epididymal maturation is

associated with the induction of structural and func-

tional abnormalities [84–86]. Spermatozoa take up to

14 d to transit the ovine epididymis [114], and there-

fore, abnormalities appearing 9 to 10 d post-heating

may originate in the epididymis. The continued pres-

ence of abnormalities until 30 d after heating suggests

Fig. 2 Impacts of heat stress of rams before mating on sperm morphology, and fertilisation and pregnancy and lambing rates after mating to

non-heat stressed ewes. Timing of normothermic (blue) and hyperthermic (orange) temperatures is shown for each treatment. CON, Control; HS,

Heat stress; rh, relative humidity; ND, Not determined; *indicates significant difference from control group; arrows indicate range of timing of heat

stress prior to semen collection for mating (data derived from [83, 84, 86, 92])
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they can also be induced during spermatogenesis [84–

86]. Hypoxia is suggested as a mechanism through

which hyperthermia induces germ cell damage [72, 74].

However, while an early study [74] reported no increase

in testicular blood flow when ram testes were heated, a

recent study demonstrated increased testicular blood

flow and oxygen extraction in anaesthetised rams with

sequential increases in testicular temperature to 40 °C

[115]. Spermatozoa are vulnerable to oxidative stress-

induced damage, including membrane lipid peroxida-

tion and DNA damage [116], and scrotal heat stress in

rodents induced expression of oxidative stress markers

[113, 117]. Although testis function can be affected by

nutrition [118], thermal stress is a more significant

stressor for sperm production. In Malpura rams, heat

stress (42 °C, 55% rh, 6 h/d for 45 d), reduced semen

mass motility and concentration, while nutritional re-

striction to 30% ad libitum intake had minimal effects

on these measures [119]. Semen quality in rams ex-

posed to both heat and nutritional stress did not differ

from those exposed to heat stress alone [119].

In summary, despite considerable experimental evi-

dence for effects of heat stress on spermatogenesis and

semen quality, the contribution of the ram to heat-

induced reductions in flock fertility remains equivocal.

This likely reflects the significant delay (2 to 4 weeks)

between exposure to heat stress and reductions in ram

fertility, as well as the sensitivity of spermatogenesis to

relatively short (1 to 4 d) periods of high temperature.

Further, rams vary in their susceptibility to heat stress

and ability to maintain scrotal temperature, and in flock

mating studies where teams of rams were used, it is

probable the majority of ewes are fertilised by the less

effected rams.

Impact of heat stress during pregnancy
Birthweight and fetal growth

Sustained exposure of ewes to elevated ambient temper-

atures during pregnancy impairs fetal growth, severely

reducing the weights of near-term fetuses (at 132 to 141

d of gestation, gD, term = gD 145–150) and new born

lambs (Fig. 3). In the majority of studies, pregnant ewes

were housed in climate-controlled chambers, and a cir-

cadian rhythm of temperature was enforced with a hot-

ter day (ranges: 6 to18 h, 35 to 44 °C and temperature

humidity index (THI) of 83.2 to 97.0) and cooler night

(ranges: 6 to 18 h, 16 to 35 °C, THI of 38.3 to 83.5).

When the data from these studies are combined (Fig. 3),

they indicate that an increase in the duration of heat

stress during pregnancy is associated with a greater re-

duction in fetal growth, with the possible exception of

heat stress which persists throughout the entire preg-

nancy. This conclusion is supported by the study of

Galan et al. [120] in which the effects of differing dura-

tions of maternal heat stress were directly compared.

Relatively severe heat stress (18 h at 40 °C: 6 h at 35 °C)

Fig. 3 Effect of sustained exposure to elevated ambient temperature during pregnancy on lamb and placental weight around birth. Weighted

means for lamb weights and placenta weights at term were 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 d of predicted full term. Lamb birth

weight data were derived from the following 15 papers: [20, 26, 126–136]. Placental weight data were derived from the following 5 papers: [126,

130–132, 135]

Wettere et al. Journal of Animal Science and Biotechnology           (2021) 12:26 Page 7 of 18



starting at gD35 reduced fetal weight in late gestation

(~gD 130) by 45% in ewes exposed to heat for 55 d, and

74% in ewes exposed to heat for 80 d. Given the reduced

fertility of ewes exposed to heat around mating, it is pos-

sible that the smaller reduction in lamb birthweight in

ewes exposed to heat throughout pregnancy reflects a

“survivor effect”, so only the best-adapted ewes conceive.

The most severe effects occur when heat stress is im-

posed from mid-gestation. Reduced abdominal circum-

ference is evident from gD 70, reductions in long bone

lengths and skull width emerge at gD 80 and gD 90, re-

spectively, and by late gestation, fetal sizes are 2 stand-

ard deviations or more below those of fetuses from

thermoneutral ewes [121]. Consistent with these find-

ings, newborn lambs and late gestation fetuses from

heat-stressed ewes have altered morphology, including

brain sparing [122–126], indicative of intrauterine

growth-restriction.

Importantly, the impact of hyperthermia during preg-

nancy on fetal growth appears to be unaffected by litter

size, with similar proportionate reductions in birth-

weight of singleton (↓1.16 kg) and twin lambs (↓0.99 kg)

when heat stress is applied during the last two thirds of

pregnancy [127]. The impacts of heat stress during preg-

nancy on birthweight are most severe when heat remains

elevated throughout the day with no diurnal relief. Spe-

cifically, exposure to 32 °C for the last two thirds of

pregnancy reduced birthweight by 1.76 kg and 0.75 kg

when applied for 24 and 12 h per day, respectively [127].

Lamb survival

Birthweight is one of the main risk factors contributing

to neonatal lamb deaths [137–139], with low birthweight

lambs more susceptible to starvation-mismothering,

hypothermia and death [140]. Only two studies have re-

ported the impact of pregnancy hyperthermia on lamb

viability and postnatal survival. Maternal hyperthermia

throughout the last two thirds of pregnancy reduced sur-

vival by > 25% [127]. However, the impacts of elevated

temperature (32 °C) during the last two thirds of preg-

nancy were more severe when hyperthermic conditions

were maintained for 24 rather than 12 h per day (100%

survival in thermoneutral conditions cf. 80% in 12 h/d

heat stress and 55% in 24 h/d heat stress [127]). At

least some of the impacts of maternal hyperthermia

on lamb mortality is due to peripartum death with the

proportion of lambs born alive falling from 97% in the

field compared to 67% in ewes housed under 16 h

38 °C: 8 h 28–32 °C conditions [128]. We have used a

model of the relationship between birthweight and

lamb survival, based on records from 24,699 lambs

across eight sites in southern Australia [139], to pre-

dict the impact of maternal hyperthermia during preg-

nancy. Maternal hyperthermia is predicted to reduce

survival by 12.5% (heat-stress throughout pregnancy),

19% (heat-stressed only in middle third of pregnancy),

23% (heat-stressed only in last third of pregnancy),

and 28.5% (heat-stressed throughout last two thirds of

pregnancy), with a mean reduction in lamb survival of

26% after heat stress for at least a third of pregnancy

(Fig. 4).

Mechanisms for impacts of heat stress during pregnancy

on fetal growth

Placental growth and function Maternal hyperthermia

impairs placental development and function with sever-

ity dependent on the stage/s of pregnancy during which

ewes are exposed. During early to mid-pregnancy, there

appears to be compensatory placental adaptations to

maintain fetal growth. For example, when hyperthermia

was induced from gD 35, the ratio of fetal to placental

weight 15 to 20 d later was approximately 40% higher

compared to control ewes even though fetal weight was

not different from that of control ewes [122, 124]. In-

creased expression of insulin-like growth factors, placen-

tal growth factor and vascular endothelial growth factor

(VEGF) in the placenta at gD 55 suggest mechanisms for

initial compensatory mechanisms [123, 124]. Conversely,

decreased VEGF receptor (VEGFR1) expression might

impair angiogenic responses to VEGF [123]. However,

ongoing heat stress after gD 55 reduces placental weights

by approximately 33% to 36% (albeit non-significantly),

and this is likely to underlie the 24% to 27% reduction in

fetal weight which also occurs [122, 124]. Along with pla-

cental growth, maternal placental lactogen levels are re-

duced from gD 62 and circulating progesterone levels,

primarily of placental origin, are reduced from gD 72

[122]. Placental effects of hyperthermia commencing later

in pregnancy are less well characterised. Maternal hyper-

thermia throughout the last third of pregnancy reduces

fetal weight by 30%, despite unchanged placental weight

(Fig. 3), implying that this exposure substantially impairs

placental function. Importantly, although the impacts are

less severe than those of continuing heat stress, effects of

heat stress in early to mid-pregnancy persist even when

ewes return to thermoneutral conditions in mid-

pregnancy. In ewes exposed to heat stress from gD 30 to

gD 80, fetal and placental weights at gD 80 were reduced

by 10% and 29%, respectively [129]. Although ewes were

then returned to thermoneutral conditions, fetal and pla-

cental weights at gD 140 were reduced by 26% and 42%,

respectively, compared to control ewes [129]. It is evident,

that the negative impacts of maternal heat stress on fetal

and placental growth and development are not recovered

when ambient temperatures are lowered. Consequently,

hyperthermic conditions occurring during the middle

third of pregnancy, which is common when ewes are
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mated in spring or early summer, are likely to reduce lamb

birthweights.

Reduced placental weights in late pregnancy reflect

smaller rather than fewer cotyledons [130], with evi-

dence of reduced placental cell division [131]. Decreased

maternal circulating concentrations of placental lactogen

from mid-gestation further suggests impaired develop-

ment of binucleated trophoblast cells. Both active and

passive transport across the placenta are markedly im-

paired at mid- to late-pregnancy following heat stress

imposed from early pregnancy. In late gestation (gD

135), placental diffusion capacity was reduced by 47% in

ewes exposed to hyperthermia from gD 45 until gD 120

[130], and by 47% to 52% after more severe hyperther-

mia [126, 142]. The reduction in placental diffusion cap-

acity is proportional to fetal and placental weights [126,

142]. Oxygen extraction from maternal blood by the pla-

centa was also lower after chronic hyperthermia, and al-

though uterine oxygen delivery is proportional to fetal

weight, lower umbilical blood flows result in fetal hyp-

oxia, with 21% to 42% reductions in fetal arterial O2 sat-

uration during late gestation [126, 130, 142]. Reduced

umbilical blood flow is associated with elevated markers

of resistance to blood flow, apparent by gD 80 to 90 [143],

implicating resistance to blood flow within the placental

bed. Placental transport of glucose is likewise impaired in

heat-stressed ewes, reducing fetal plasma glucose by 37%

[126]. Placental uptake and transfer of the branched-chain

amino acid analogue ACP, measuring active system L-

amino acid transport, is also impaired in ewes after

chronic heat stress [125].

Maternal nutrition Nutrition during pregnancy is a key

determinant of placental and fetal growth [144, 145],

and undernutrition during the last two thirds of preg-

nancy can impair both [146]. Heat stress reduces volun-

tary feed intake of pregnant ewes by 6% to 34% [127,

132, 133]. However, most studies suggest the negative

effects of heat stress on placental and fetal growth are

largely independent of nutrient intake [127, 128, 132,

133]. Specifically, when the feed intake of ewes housed

in thermoneutral conditions was matched with that of

heat-stressed ewes, the effects of heat stress on birth-

weight were far greater than those resulting from re-

duced feed intake alone. Compared with ad libitum-fed

ewes housed under thermoneutral conditions, birthweight

was substantially reduced (average ↓1850 g) in heat-

stressed ewes but was not significantly reduced in thermo-

neutral ewes which were pair-fed to the heat-stressed

group (average ↓156 g; Fig. 5). Similarly, fetal weights were

reduced in heat-stressed ewes (24% to 27% reduction at

gD 90 to 93 and 23% to 53% reduction at gD134), com-

pared with their pair-fed, thermoneutral counterparts

[122, 124, 125]. It is therefore clear that reduced maternal

feed intake is not the primary cause of heat stress-induced

reductions in birthweight.

Fig. 4 Predicted and reported impacts of maternal hyperthermia on lamb survival. Dotted line shows survival as a function of birthweight from Geenty

et al. [139]. Drop lines show weighted mean birthweights derived from seven published studies in sheep and predicted survival for lambs from

normothermic (blue line) and hyperthermic (orange line) pregnancies. Heat stress was imposed during the middle third of pregnancy [141], the final

two-thirds of pregnancy [127, 134], the last third of pregnancy [128, 133, 135] or the entirety of pregnancy [26, 136]. Paired symbols show actual

birthweight and survival data from normothermic (21–27 °C, blue symbols) and hyperthermic pregnancies (continuous at 32 °C, orange symbols) in

comparably-fed ewes [127]
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Temperature load Chronic hyperthermia increases ewe

core temperature by 0.6 to 2.0 °C [122–124, 126, 128,

132, 134, 141, 147, 148]. The metabolically active fetus

produces heat, 85% of which is lost via the circulatory

systems of the umbilical cord and placenta [149]. The

remaining 15% dissipates across the amniotic fluid and

into the uterine wall [149], a process which is facilitated

by fetal temperatures exceeding those of the dam. Under

thermoneutral conditions, the difference between fetal

and maternal temperature (feto-maternal temperature

gradient) is approximately 0.4 to 0.7 °C depending on

the stage of pregnancy [150–152]. Ewe core temperature

and fetal temperature both rise in response to short pe-

riods (1 to 4 h) of heat exposure; however, at progres-

sively higher ambient temperatures the feto-maternal

gradient decreases. Four hours at 35 °C decreased the

feto-maternal temperature gradient but still allowed

maintenance of a positive gradient from fetus to dam

[152]. However, after 2.5 h at 40 °C, fetal and maternal

temperatures equalised and 1 h of 42 °C produced a

negative feto-maternal gradient, likely due to changes in

uterine and umbilical blood flows [150–153]. Fetal cap-

acity to dissipate heat is positively related to the rate of

blood flow away from the placenta and uterus as well as

umbilical blood flow [150–152]. Under moderate heat

stress that increases maternal temperature by < 2 °C, and

when hyperthermia is induced gradually, uterine blood

flow increases [153] effectively increasing fetal heat loss

via the circulation. In contrast, 1 h of severe heat stress

(40 to 42 °C) significantly reduced uterine and umbilical

blood flow, with the former persisting for over an hour

[147, 150]. It seems likely that accumulation of heat in

the fetus under severe or rapid heat stress suppresses

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 temperature in response

to elevated temperature vary between ewes [154, 155]

presumably reflecting differences in their tolerance, and

thermoregulatory response, to temperature elevations.

There are significant negative relationships between ewe

rectal temperature during periods of high temperature

and both lamb birthweight [133, 153, 154] and placental

weight [155]. Depending on the year, lamb birthweight

decreased by 1.42 to 1.59 kg/°C increase in ewe rectal

temperature in response to high ambient temperature,

and ewes which reared a lamb had lower rectal tempera-

tures than those which failed to do so [154].

Progeny performance and thermotolerance The nega-

tive impact of exposure to heat stress in utero on lamb

birthweight and, potentially, postnatal survival is clear.

Fig. 5 Reduced feed intake is not the major mechanism causing reduced birthweight in heat-stressed ewes. Ewes were housed in non-heat-

stressed conditions (blue bars) and either fed ad libitum (solid orange bars) or pair-fed (striped bars) to ewes housed in hyperthermic conditions.

Data are means, error bars indicate SEM, and significant differences are indicated by differing superscripts where stated in the source. Data

derived from [127, 128, 134]. HS, Heat stress; TN, thermoneutral; Con, Control
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However, to the best of our knowledge, the impact of in

utero heat stress on postnatal physiology, performance

and thermotolerance has not been investigated in sheep.

In dairy cattle, heat stress during the peri-conception

period or pregnancy alters the physiology and perform-

ance of offspring [156–158]. Negative impacts include

impaired immunoglobulin absorption and passive im-

munity in calves [159, 160], as well as reduced milk pro-

duction and fertility development later in life [157, 160,

161]. Interestingly, there is also preliminary evidence of

lower core temperature [161, 162] and improved

thermo-tolerance [162] in adult cows which experienced

in utero heat stress for the last 50 d prior to birth [162].

In contrast, in utero heat stress impairs rather than im-

proves progeny thermotolerance in pigs, increasing the

postnatal core temperature set point, and reducing their

ability to thermoregulate [163, 164]. It is also evident

from a number of studies in pigs that in utero heat stress

can impair reproductive development of male and fe-

male progeny, alter body composition, and impair milk

yield (see review by Johnson & Baumgard [165]). It is

concluded that in utero heat stress has the potential to

alter progeny phenotype sufficiently to alter their prod-

uctivity and ability to cope with extreme thermal

environment.

Mammogenesis The impact of heat stress during preg-

nancy on mammary function and, thus, colostrum and

milk production and pre-weaning lamb growth has not

been investigated in sheep. In dairy cattle, heat stress

during the last 50 d of pregnancy compromises mam-

mary development and decreases colostrum and milk

production (average decline of 3.6 kg/d or 10.3%; Dado-

Senn et al. [166], Ouellet et al. [158]), likely due to al-

tered placental hormone production and reduced dry

matter intake [167]. Placental lactogen promotes mam-

mary development and milk production in sheep [168]

and the decreased placental lactogen evident by mid-

pregnancy in heat-stressed ewes [122] is therefore likely

to impair mammary development. In the absence of heat

stress, a 40% reduction in feed intake during the last two

thirds of pregnancy decreased mammary weight and col-

ostrum production by 20% and 43%, respectively [169].

A 50% reduction in feed intake during the last 42 d of

pregnancy reduced the volume of colostrum and milk

produced by 68% and 33%, respectively [170]. It is,

therefore, possible that heat stress-induced reductions in

voluntary feed intake may also impair mammary devel-

opment and colostrum production.

Heat stress during lactation
The sensitivity of ewes to thermal stress is higher during

lactation than during late pregnancy, reflecting the high

metabolic, heat-producing load of milk production [20].

However, data describing the impact of elevated

temperature and humidity on lactation are sparse for

wool- and meat-producing sheep breeds, although ther-

mal stress during lactation decreases milk production of

dairy cattle [156] and dairy sheep [171]. Dairy cows ex-

posed to mild heat stress during lactation produce 25 to

40% less milk, primarily due to heat induced reductions

in feed intake, alterations in metabolism and impaired

mammary gland development [156]. In dairy sheep,

Ramón et al. [172] reported that optimal daily tempera-

tures for milk production are 10 to 22 °C, and that mod-

est variations in temperature outside this range were

sufficient to reduce milk yield. Milk volume is reduced

by 15% when maximum temperatures exceeded 21 to

24 °C, and by 20% at THI of 72 to 75 compared with 60

to 65 (see review by Sevi and Caroprese [171]. 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 for 32 d

[173]. Given this evidence, rising temperatures during

spring may impair lactation performance of ewes under

field conditions, impairing pre-weaning growth of their

lambs.

Interaction of heat stress with other
environmental stressors
Most studies examining the effects of heat stress on

ewe reproductive performance have used housed ani-

mals in environmental chambers where the effects of

heat stress can be examined with minimal involve-

ment of confounding factors. However, the potential

for other stressors to influence sheep reproduction is

substantial. Heat stress reduces feed intake [33, 69,

174], and ewes which are exposed to heat stress in

the field are not only exposed to nutritional

deprivation and loss of appetite, they also experience

the stress of having to walk long distances to access

both food and water [175]. During the hotter periods

of the year, available food is typically dry and highly

fibrous, dietary characteristics known to increase in-

ternal heat load [2]. These secondary stressors can

produce responses that potentially confound and/or

exacerbate the effects of heat stress per se on repro-

ductive performance, and are further exacerbated by

behaviours sheep adopt to reduce heat load and aid

in temperature dissipation. Sheep cope with heat

stress conditions by changing their use of the land-

scape including spending more time in shaded areas

and at water points (reviewed by Al-Dawood [5]).

Thermal conditions which influence when and where

animals are active can be costly in regard to energy

intake, especially if heat load constrains foraging time

or if foraging is shifted to areas that provide poorer

feed quality and/or availability.
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Despite their importance, there is very little informa-

tion on how these stressors interact to affect

reproduction in sheep. Spies et al. [176] examined the

effects of forced exercise (30 or 60 min daily) and ambi-

ent heat stress applied immediately before and after

oestrus. Exercise stress and heat stress independently re-

duced fertilisation rates with the worst result being ob-

tained when the two stressors were combined. Other

studies [177, 178] have found that combined stressors

(heat and nutrition) adversely affect reproductive per-

formance but in neither study could the individual ef-

fects be separated. Sejian et al. [175] subsequently

examined the effects of ambient heat stress combined

with both a restricted diet (30% intake) and walking 14

km per day on the reproductive performance of Malpura

sheep in India. All parameters examined were adversely

affected by this combined stress, including a reduction

in the number of ewes which came into oestrus from

66.7% to 41.7%, shortening of oestrus duration from 32

h to 14.4 h, lowering of conception rates from 83.3% to

50.0% (P > 0.05), and significantly altered steroid levels.

It is, therefore, plausible that even if naturally occurring

periods of high ambient temperature are not as high or

as sustained as those applied in studies using environ-

mental chambers, the additive effects of exercise and re-

duced feed quality together with heat may impair

reproduction.

Conclusions
It is clear that short- and long-term exposure to heat

stress significantly impairs the fertility and fecundity of

ewes, and decreases semen production and quality of

rams, resulting in fewer lambs born per ewe mated (Fig. 6

and Fig. 7). Furthermore, reductions in lamb birthweight

and ewe mammary development resulting from heat

stress during pregnancy, are likely to significantly de-

crease lamb survival and weight at weaning (Fig. 6 and

Fig. 7).

The impact of heat stress on ewe fertility is most se-

vere when experienced from 5 d before oestrus until 5 d

after oestrus. Heat stress imposed for 5 d before oestrus

impairs fertilisation rates by nearly 60%, with a smaller

drop (~ 30%) seen when heat stress commences at

oestrus. Heat stress commencing a day or more after

oestrus does not impair fertilisation, but can reduce

lambing rates by up to 80% due to embryo loss. Embryo

losses are greater the sooner heat stress commences

after oestrus, with most embryos lost prior to d 12 post-

mating. It is likely that these losses result from compro-

mised oocyte maturation in association with alterations

in follicle growth and function and in the production of

ROS species. Equally, the impact of heat stress on the

oviduct environment is a likely cause of fertilisation fail-

ure and early embryo death but this has not been thor-

oughly examined. Importantly, the relevant temperature

controlled studies which have revealed the nature of the

relationship between heat stress and ewe fertility were

conducted at ≥32 °C, thus supporting evidence from field

studies that ewe fertility is negatively correlated with the

number of days ≥32 °C which occur during the mating

period.

Studies using environmental chambers also demon-

strate that heat stress impairs spermatogenesis and

semen quality, and that fertility is reduced when ewes

Fig. 6 Summarised effects of heat stress on ram and ewe fertility prior to and during the mating period. Timing of normothermic (blue) and

hyperthermic (orange) temperatures prior to mating
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are mated with heat-stressed rams. However, the contri-

bution of the ram to impaired mating outcomes during

periods of heat stress in the field remains poorly quanti-

fied given the delayed impact of heat stress on sperm

quality, the variation in the sensitivity of individual rams,

and the potential ability of less-affected rams to mask

the performance of poorer performing individuals in

flock-mating situations.

It is clear that sustained exposure to high temperatures

(32 to 41 °C) during pregnancy reduces lamb birthweight

and viability, thus increasing neonatal mortality. Heat-

induced fetal growth restriction occurs independently of

feed intake. Instead, short and long-term physiological

changes designed to maintain core temperature under

heat stress conditions impair placental development and

fetal growth. Of particular concern is the impact that

relatively modest heat stress (32 °C) has on lamb birth-

weight, with a significant proportion of the global sheep

population experiencing prolonged periods of 30 to

35 °C during pregnancy. Furthermore, these negative im-

pacts of maternal heat stress on conceptus development

are not recovered when ambient temperatures are low-

ered later in pregnancy. Although data are currently

lacking, the potential for heat stress during pregnancy to

impact lamb survival under field conditions is high and

may already contribute to high rates of lamb mortality

globally.

The use of studies involving environmental chambers

to identify the critical period(s) and mechanisms

whereby heat stress affects ewe and ram reproduction

provides a useful basis for the development of strategies

for the management of sheep flocks exposed to high am-

bient temperatures. Although the majority of these in-

tensive studies were conducted over two decades ago,

evidence that heat stress continues to impair ewe fertility

is provided from three recent studies [10–12]. Despite

this, there is minimal data describing the impacts of the

climate experienced by pasture and rangeland sheep on

their homeothermy, behaviour, resource use and

reproduction. This applies to ewes at all stages of the

breeding cycle (before joining through to weaning),

rams, as well as the progeny born to heat-stressed ewes

and rams. Currently, the ability to ameliorate the impact

of heat stress on sheep through changes in husbandry

practices, the environment and genetic selection is lim-

ited. However, as global warming intensifies and the

likelihood that multiple periods of the reproductive cycle

will be affected by prolonged heat stress events in-

creases, there is growing urgency to develop intervention

strategies to ameliorate the reproductive impacts of heat

stress.
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