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Abstract
Climate change threatens global livestock production1,2. We modelled the impact of recent temperatures
and a 1°C and 3°C temperature increase over the historical baseline on risks of heat stress at key periods
of the reproductive cycle and consequences for reproduction across the entire Australian sheep �ock. We
estimate that 2.1 million potential lambs are currently lost annually due to heat stress, increasing to 2.5
and 3.3 million as temperatures rise.

Main
Thermal environment is the largest single stressor affecting the development, growth and reproduction of
sheep1, especially those managed in extensive pasture-based systems typical of Australia and other
countries including China, India, Nigeria, Sudan and Iran3. The greatest impacts of temperature on sheep
performance and wellbeing occur above 25 – 31°C, when thermoregulatory mechanisms and thus
homeothermy are seriously challenged, and the wellbeing and productivity of sheep is impaired. Due to
seasonal variation in pasture availability and fertility, most Australian sheep �ocks are mated between
October and March (late spring to early autumn)4,5,6. However, this leads to critical stages of reproduction
occurring during the hottest months, with mean daily maximums regularly approaching or exceeding
32°C in southern and sub-tropical regions. Consequently, it is extremely common for cycling and pregnant
ewes, and rams, to be exposed to heat stress conditions.

A detailed review of available evidence from climate-controlled and �eld-based studies indicates that heat
stress affects reproduction in multiple ways6. Heat stress during the six to ten days surrounding mating
reduces both fertility and fecundity of ewes, by shortening the duration of oestrus, impairing oocyte
quality and reducing fertilisation rates and embryo survival, particularly during early stages of
development6. In two Australian studies, each utilising data from more than 50 Merino �ocks, ewe fertility
(% of ewes lambing) and lambing rate (lambs born per 100 ewes mated) correlated negatively with
exposure to heat stress during the mating period5, 7. For each additional day ≥ 32.2°C during the week of
mating, ewe fertility and lambing rate decreased by 2.7% and 3.5% respectively5, 7. In rams, heat stress
near mating also reduces spermatogenesis and sperm quality, with a reduction in fertility occurring
between nine and 50 days after the heat event6. During pregnancy, heat stress impairs fetal development,
reducing lamb birthweight by 16 – 36%, decreasing the proportion of lambs born alive by 20 - 30%, and
resulting in deaths of an additional 20 – 30% of lambs after birth5. Milk production is also reduced by
heat stress during late pregnancy and throughout lactation, further reducing productivity.

Based on this evidence, we used Australian climate data to model effects on lamb survival by counting
days above the temperature threshold of 32.2°C. In addition, we used the Temperature Humidity Index
(THI) – a measurement using daily maximum and dew point temperatures8 – to model the effects of
heat stress during pregnancy, using low, moderate and high THI thresholds (68, 75 and 79 respectively).
To establish a baseline, we �rst estimated the effects of heat stress using a historical period of climate
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data from 1986-2005. Then, using a bottom-up climate impact assessment methodology9,10, we
evaluated the possible implications of warming on reproductive productivity. This was achieved by
additively scaling baseline temperatures by 1°C and 3°C, equivalent to approximately 1.6°C and 3.6°C
above preindustrial temperatures10. A warming of 1°C approximates end-of-century ‘best case’ and
requires exceeding the targets of the Paris Agreement, while a more severe warming of 3°C in Australia
still falls below the median projections of the highest emission scenario11, 12, 13. THI calculations
assumed that relative humidity remains constant for both temperature scenarios, with a preliminary
analysis showing relative insensitivity of THI to small declines in relative humidity projected in parts of
Australia11, 12. Using these scenarios, numbers of days per month of moderate heat stress (THI ≥ 75) and
severe heat stress (THI ≥ 79) increase markedly across the majority of Australia, particularly in summer
months (Figure 1).

Based on these climate scenarios, the reproductive losses were calculated for sites across 26 geographic
regions (Figure 2), spanning all major climatic regions within Australian sheep-grazing areas. Speci�c
impacts were �rst calculated for each site given the location and month of mating, and were then
multiplied by the number of ewes to present the relative impact for each state. Our modelling predicts that
heat stress experienced by ewes mated between spring and early autumn (October to March) signi�cantly
decreases the number of lambs born per ewe across all mainland regions, with the largest decreases
occurring in Queensland (northeast Australia). These impacts are modelled to worsen under both
temperature scenarios (Figure 2). Heat stress experienced by these �ocks under recent climate conditions
is modelled to decrease the number of lambs born by 9% (range: 3 – 22% across 24 sites). Lamb losses
are expected to rise to 11% (range: 4 – 23%) and 14% (range: 5 – 24%) with temperature increases of 1°C
or 3°C, respectively. In �ocks mated during late autumn and winter (April to September), such as those in
Tasmania, the impacts of heat stress during the joining period are less severe, causing 0.3% (range: 0 –
1%), 0.5% (range: 0 – 2%) and 1.6% (range: 0 – 3%) decreases in lambs born under historical, +1°C and
+3°C temperature scenarios, respectively. Overall, heat stress during the mating period in mainland
Australia results in an estimated loss of approximately 2.1 million potential lambs under the baseline
climate, and a loss of $97 million AUD annually. This �gure rises to 2.5 and 3.3 million potential lambs
lost each year in +1°C or +3°C temperature scenarios, respectively, at a current cost of $117 and $166
million AUD.

We next modelled the impacts of current and projected heat stress during pregnancy on lamb survival in
Australian sheep �ocks. Experimentally, sustained exposure to moderate heat stress during pregnancy
decreases lamb birthweights by 0.6 to 1.4 kg, reduces the proportion of lambs born alive by 30% and
causes 25% more lambs to die after birth 6 . In our models, impacts on lamb survival in Australian sheep
�ocks re�ect the variable frequency and duration of heat stress experienced by ewes mated between
October and March. In these ewes, days of moderate heat stress (THI > 75) historically occur on 45%
(range: 9 – 75% across sites) of the �rst 50 days of pregnancy, increasing to 52% (range: 14 – 82%) and
67% (range: 26 – 97%) of days with temperature increases of 1°C or 3°C, respectively. Predictably, ewes
mated during late autumn (April – September) experience very few days of moderate heat stress during
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gestation. Based on current timing for sheep mating across 26 sites in Australia, our models indicate that
ewe exposure to heat stress during pregnancy reduces the number of lambs weaned per ewe by 2.5%,
3.1% and 4.0% under historical, +1°C or +3°C temperature scenarios, increasing the �nancial impact of
heat stress to $168m, $203m and $278m AUD for each climate scenario.

Although there is little published information on the capacity to ameliorate adverse impacts of heat stress
on sheep reproduction, the capacity to alter mating times is limited. Shifting mating to cooler months
would result in lambs being born when temperatures are so low or so high that lamb survival would be
impaired. Such a shift will also result in asynchrony between pasture availability and nutritional
requirements. We therefore suggest an understanding of physiological and behavioural adaptations of
sheep to heat stress is needed, in order to develop strategies to reduce heat exposure (e.g. provision of
shade) and/or improve heat tolerance (e.g. nutrition, genetic selection).

Our work uses Australian data to demonstrate the negative impact that current heat stress has on sheep
reproduction, and highlights the vulnerability of sheep production to climate change. Importantly, the
impact of current and future climate on feed availability, not modelled in the present study, are likely to
exacerbate adverse effects of climate change on sheep productivity14. We suggest that our �ndings are
of global relevance, and can be extrapolated to other countries in which sheep are exposed to similarly
high temperatures. In support of this, recent modelling15,16 indicates that the increased periods of
extreme heat likely to result from anthropogenic climate change threaten the future sustainability of
livestock production in East Africa, and will also constrict the regions of the world able to support
extensive livestock production.
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Figure 1

Moderate and severe THI, as well as predicted decrease in lamb birthrate for ewes mated between
October and March. Effects are shown across Australia for historical climate, and two warming
scenarios.
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Figure 2

Sites used to calculate the speci�c impact of heat stress on sheep reproduction, and sheep density
across Australia (left panel), and relative impact on number of lambs born across each State for sites
with mating occurring during October to March (right panel).


