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ABSTRACT

Pig production faces seasonal fluctuations. The low farrowing rate of sows mated in summer, increased
carcass fatness of progeny born to the sows mated in summer, and slower growth rate of finisher pigs in
summer are three economically important impacts identified in the pig industry. The purpose of this
review is to examine advances over the past decade in understanding the mechanisms underlying the
three impacts associated with summer conditions, particularly heat stress (HS), and to provide possible
amelioration strategies. For impact 1, summer mating results in low farrowing rates mainly caused by the
high frequency of early pregnancy disruptions. The contributions of semen DNA damage, poor oocyte
quality, local progesterone concentrations, and suboptimal embryonic oestrogen secretion are discussed,
as these all may contribute to HS-mediated effects around conception. Despite this, it is still unclear what
the underlying mechanisms might be and thus, there is currently a lack of commercially viable solutions.
For impact 2, there have been recent advances in the understanding of gestational HS on both the sow
and foetus, with gestational HS implicated in decreased foetal muscle fibre number, a greater proportion
of lighter piglets, and increased carcass fatness at slaughter. So far, no effective strategies have been
developed to mitigate the impacts associated with gestational HS on foetuses. For impact 3, the slowed
growth rate of pigs during summer is one reason for the reduced carcass weights in summer. Studies have
shown that the reduction in growth rates may be due to more than reductions in feed intake alone, and
the impaired intestinal barrier function and inflammatory response may also play a role. In addition, it is
consistently reported that HS attenuates fat mobilisation which can potentially exacerbate carcass fat-
ness when carcass weight is increased. Novel feed additives have exhibited the potential to reduce the
impacts of HS on intestinal barrier function in grower pigs. Collectively, based on these three impacts,
the economic loss associated with HS can be estimated. A review of these impacts is warranted to better
align the future research directions with the needs of the pig industry. Ultimately, a better understanding
of the underlying mechanisms and continuous investments in developing commercially viable strategies
to combat HS will benefit the pig industry.
© 2021 The Authors. Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Implications

Research has progressed our understanding of the physiological
impacts of heat stress, but the pig industry still requires commer-

Summer conditions, particularly heat stress, compromise pig
production efficiency. The low farrowing rate of sows mated in
summer, increased carcass fatness of progeny born to the sows
mated in summer, and slower growth rate of finisher pigs in sum-
mer are three known major impacts. The annual economic loss
associated with these impacts in the pig industry is significant.
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cially viable solutions on (1) mitigating the early pregnancy dis-
ruption of sows weaned and mated in summer; (2) improving
foetal development of progeny born to the sows mated and ges-
tated in summer, and; (3) increasing the growth rate of pigs fin-
ished in hot seasons.
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Introduction

Heat stress (HS) conditions in summer can compromise produc-
tion efficiency and present a high cost to pork production globally.
Reductions of reproductive performance in breeding herds and slo-
wed growth rate in grower/finisher pigs are two typical impacts
associated with HS. Heat stress can occur in pigs when the environ-
mental temperature goes beyond their thermoneutral zones’ upper
limits. The physiological impacts of HS in pigs are comprehensive.
Understanding and mitigating the physiological impacts of HS has
been one of the key research topics of the past decade. Quantifying
the impacts of HS in the pig industry is also important, because it
helps research advances in the direction where the pig production
is most limited by HS. Generalising the impacts of HS in global pig
industry is challenging due to diverse climatic conditions, produc-
tion systems, and market requirements. Reviewing the impacts of
HS on the pig industry in a representative region is valuable for pro-
viding a more focused and in-depth analysis, and it creates opportu-
nities to cross-validate and interpret the HS impacts using the
knowledge generated from global studies. The impacts of HS in the
pigindustry are reviewed here using Australia, where its pig industry
mainly under sub-tropical climate, as an example. The knowledge
summarised in this review can be applied to the global pig industry
where HS impacts are evident or emerging due to global warming.

Many pig producers in Australia are located in sub-tropical
regions, where considerable changes of temperature occur
between seasons. High environmental temperature is one of the
most critical features of summer in Australia. Fig. 1 illustrates
the maximum and minimum temperatures in an intensive pig pro-
duction region (Corowa, NSW, Australia, 35.99°S, 146.48°E)
between 1970 and 2020. The average maximum temperature
between November and March was above the upper limits of the
thermoneutral zone for grower pigs (Huynh et al., 2005) and lactat-
ing sows (Quiniou and Noblet, 1999). Significant reductions in pig
performance are usually anticipated during those months. Same as
other regions that suffer from HS impacts, multiple research pro-
jects have been conducted in Australia to understand and mitigate
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the impacts of HS on pig production with the funding support from
the Pork CRC, Australian Pork Limited, Department of Agriculture,
universities and other industry partners. The research conducted
in sows has partially used a seasonal comparison design under nat-
ural conditions, due to the lack of climatically controlled research
facilities and high sample sizes required, so the physiological
impacts were related to summer conditions (hence include but
are not limited to high environmental temperature). At the same
time, there has been a considerable amount of climatically con-
trolled experiments on the effect of HS on grower pigs. The current
review’s scope will focus on three major impacts that are reducing
production efficiency in the pig industry - (1) increased reproduc-
tive failure of sows mated in summer, (2) increased carcass fatness
of progeny of sows mated in summer, and (3) slower growth rate of
finisher pigs in summer (Fig. 2). This review discusses each impact
based on recent worldwide evidence, estimates the economic loss
associated with these impacts, and summarises the solutions that
have been evaluated. The current review aims to provide an
updated research summary on the major impacts of HS on the
pig industry and identify knowledge gaps for future research to
improve the efficiency of pork production in these challenging
and changing climatic conditions.

Impact 1: Reduced farrowing rate of sows mated in summer
Evidence for reduced farrowing rate of sows mated in summer

Reduced farrowing rate of domestic sows that were mated in
summer remains a major issue in the global pig industry, including
Australia. The common breeds used for terminal pig production in
Australia are Large White- and Landrace-based genetics for the
maternal line and Duroc-based genetics for the sire line
(Department of Primary Industries, 2016). Recent production data
(2010-2018) from two major Australian piggeries showed that the
decline in the farrowing rate began in December. The average far-
rowing rate between December and March was 5% to 10% lower
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Fig. 1. Temperature record of a major pig production region in Australia (1970-2020) (mean * SD). Data were retrieved from Corowa Airport weather station, NSW, Australia
(35.99°S, 146.48°E; 1D:074034, Bureau of Meteorology). The upper limit of the thermoneutral zone is defined as the environmental temperature when the pig starts to reduce
total heat production (approximately 23 °C for growers (Huynh et al., 2005) and 22 °C for lactating sows (Quiniou and Noblet, 1999)).
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Fig. 2. Three major impacts associated with summer conditions in pig production. First, the reduced farrowing rate of sows mated in summer increased the non-reproductive
days and requires more sows to be mated for maintaining the supply of finisher pigs to the market, which inflates the herd feed conversion ratio. Second, for sows that
manage to farrow after summer mating, a greater proportion of progeny is born with light BW (<1.1 kg) due to the impacts of gestational heat stress on foetal development.
The increased proportion of born-light progeny pigs can result in inferior growth rate, reduced survival rate, and higher carcass fatness of the progeny population. Third, the
slowed growth rate of pigs during hot conditions reduces carcass weight and consequently limits the revenue of pig producers.

than the annual average (Hermesch and Bunz, 2020). Recently
published Australian commercial farrowing rates of sows mated
in summer range from 64% to 83% which is lower than cooler
months (89%) (Liu et al., 2019; 2020; Plush et al., 2019). The high
environmental temperature coupled with the daylight length
change is postulated to affect fertility in summer. An analysis of
the farrowing records from a large Australian piggery between
2012 and 2017 found that if a high environmental temperature
(>29 °C) occurred 35 days before mating, it caused the largest
reduction in farrowing rate (Bunz et al., 2019).

Farrowing success of sows relies on a series of events. Folliculo-
genesis results in oestrus and subsequent ovulation. Conception
can take place when competent oocytes are fertilised by quality
sperm. Maternal recognition of pregnancy triggers endocrine
changes and the preparation of the uterus to facilitate embryo
implantation (Spencer and Bazer, 2004). The progesterone secreted
from functional corpora lutea plays an important role in the main-
tenance of pregnancy. Summer infertility mainly manifests as an
increased proportion of sows that have an irregular return after
mating, and thus an increased number of matings are required to
establish a viable pregnancy. Data from Australia show the total
number of piglets born per litter and the number of piglets born
alive both remain constant among seasons (Lewis and Bunter,
2011). In the past 40 years, improved understanding of the physi-
ological mechanisms behind summer infertility and developing
intervention strategies have been a critical research focus (King,
2017). In the last 5 years, the consensus of summer infertility stud-
ies has been that the reduction in the farrowing rate of sows mated
in summer is mainly due to early pregnancy disruption rather than
a failure to conceive.

Altered oestrus-to-ovulation interval during summer mating

Pig producers usually schedule artificial insemination (Al)
based on the detection of behavioural oestrus, so knowing the
accurate oestrus-to-ovulation interval (OOI) is essential for
scheduling Al to achieve optimum conception. There are conflict-
ing findings on OOI during HS conditions. A climatic controlled
study found that HS during lactation (31 °C, 8:00-16:00; 26 °C
16:00-8.00) reduced follicle size from 6.7 to 5.8 mm and prolonged
0O0I from 1 to 2.5 days (Cabezon et al., 2017). Conversely, OOI was
10 hours shorter in sows whose litters were weaned in summer
than winter (21.8 h vs 31.4 h) (van Wettere, 2013). Similarly, the
sows lactated and mated under summer conditions (December
2019-March 2020; 25.4 + 5.01 °C mean * SD; Australia) had an
average OOI of 1.1 days (Liu et al., 2021a). The conflicting findings
between studies may be due to different environmental conditions
or genotypes. Notably, even if changes in OOI are evident in sum-

mer, the timing and success of conception are unlikely to be
affected due to a mistimed mating or insemination, when a double
Al programme is used (i.e.: 1st Al at the first detectable behaviour
oestrus after weaning and 2nd Al at 24 h after this). Insemination
at the onset of oestrus remains the best timing for mating weaned
sows with such an OOI (1.1 days) in summer because insemination
performed at 0-24 h before ovulation can achieve optimum sow
conception rates (Kemp and Soede, 1996). Interestingly, the far-
rowing rate of the sows with an average OOI of 1.1 days that
received two Als in summer remained low (65%) (Liu et al,
2021a). Hence, factors during early pregnancy (before day 35),
including maternal recognition of pregnancy, embryo survival,
uterine environment, and sperm as well as oocyte quality, may
be responsible for lower farrowing rates and are discussed in the
next section.

Role of semen and oocyte quality in summer infertility

Boar fertility contributes to the reduced farrowing rate of sows
mated in summer. The impacts of hot conditions on boar fertility
were reported as reduced sperm concentrations, increased per-
centage of abnormal sperm, and decreased sperm motility (Stone,
1982; Huang et al., 2000; Zasiadczyk et al., 2015). The reduced con-
centration of sperm in ejaculates implies a reduced number of mat-
ings can be achieved, as semen is usually diluted to a constant
number of viable sperm cells per dose before being used in com-
mercial pig production. The reduction in sperm motility means
fewer sperms can reach the oviduct to fertilise oocytes and thus,
the conception rate may be lower. The motility of sperm in the
ejaculates of Large White boars reduces when the air temperature
increases above 30 °C (Stone, 1982). Exposing boars to hot condi-
tions (31-35 °C) for 90 days reduced sperm motility, reduced per-
centage of pregnant gilts by day 30 of gestation from 41% to 29%,
and reduced embryonic survival from 71% to 49% by day 30 of ges-
tation (Wettemann et al., 1976).

A recent study showed tropical conditions can cause DNA dam-
age (or known as DNA fragmentation) without affecting sperm
motility. Specifically, humid tropical conditions (29.2 = 0.2 °C;
71.4 £ 1.2% relative humidity; mean * standard error; in North
Queensland, Australia) reduced the concentration of sperm by
62% and increased the percentage of spermatozoa with DNA dam-
age from 1 to 16% in Large White boars although sperm motility
was not affected (Pefia et al., 2019a; 2019b). By comparison, DNA
damage in semen was not different among seasons in a European
study (Zasiadczyk et al., 2015). The disparity of the results may
be due to genotypic, geographic, and climatic differences. The
semen with normal motility may still be able to fertilise eggs,
but the DNA damage can promote embryo arrest and apoptosis
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(Alvarez Sed¢ et al., 2017). A meta-analysis identified that the high
DNA damage in sperm was associated with an increased likelihood
of abortions in humans (Robinson et al., 2012). Similar extensive
studies on elucidating effects of semen DNA damage on conception
rate are yet to be undertaken in pigs but highlight an urgent area
for future research.

Oocyte quality is also a major factor that determines fertilisa-
tion success (Krisher, 2004). Oocyte quality, measured as the abil-
ity of oocytes to form blastocysts, was inferior in sows weaned in
summer compared with winter (Bertoldo et al., 2010). Yet such a
seasonal effect was not evident in the oocyte quality measured in
gilts (van Wettere, 2013), implying that the oocyte quality may
be associated with impacts from summer lactation. The number
of pre-ovulatory follicles postweaning and the progesterone con-
centration in the follicular fluid (stratified by follicle size) were
lower in sows weaned in summer than winter (Bertoldo et al.,
2010, 2011). Also, follicle fluid collected from sows lactated and
weaned in summer displayed metabolites that implied that the
oocytes may become susceptible to oxidative stress (Bertoldo
et al.,, 2013). Oxidative stress can impair oocyte maturation and
reduce fertilisation rate (Tamura et al., 2008). In addition, poor
oocyte quality is known to cause embryonic loss during early preg-
nancy (Hunter, 2000). Taken together, the inferior oocyte quality in
the sows weaned in summer, together with the DNA damage in
sperm, may partially explain the increased early pregnancy
disruptions.

Strategies to improve semen and oocyte quality

Antioxidant supplements have shown beneficial effects in mit-
igating the negative impacts of HS on semen quality. For example,
supplementation of an antioxidant mixture to boars for 42 and
84 days reduced DNA-damaged sperm from 16% to 10% and 7%,
respectively, during summer, although sperm concentration and
motility were not improved (Pefia et al., 2019a; 2019b). Vitamin
C or D supplementation above the normal recommended levels
improved the semen quality of boars in summer (Lin et al., 2017;
Lugar et al., 2019). The entire spermatogenic process in boars takes
approximately 45 days (Parrish et al., 2017), which makes the
impacts of HS on semen quality longer than the actual hot period.
Therefore, the duration of antioxidants supplementation should be
extended by several weeks after the hot period.

The strategies that reduce impacts of HS in lactating sows may
have implications for oocyte quality and thus subsequent repro-
ductive performance. Betaine, trimethyl-glycine, can protect cells
from osmotic stress and convert homocysteine to methionine
(Hammer and Baltz, 2002). These features make it a possible nutri-
tional supplement to reduce the negative effects of HS. Betaine
supplementation (0.22%) during a hot lactation (31 °C for 8 h and
26 °C for 16 h) increased follicle development of sows (Cabezén
et al., 2017). A recent study showed that 0.2% betaine supplemen-
tation during summer lactation (25.4 + 5.01 °C for mean * SD)
numerically increased subsequent farrowing rate by 6% (Liu
et al., 2021a). Another group of candidates for improving oocyte
quality are essential fatty acids. Specifically, a study suggests that
10 g/day a-linolenic acid (n-3) and 125 g/day linoleic acid (n-6)
are required for modern lactating sows to achieve an optimum
subsequent pregnancy retention rate (Rosero et al., 2016). These
two fatty acids are not only energy substrates for oocyte matura-
tion but also serve as precursors for prostaglandins that are impor-
tant for uterine health postpartum, follicle development, and
ovulation (Wathes et al., 2007). However, it is likely these two fatty
acids can be depleted in modern, prolific, lactating sows due to a
negative energy balance during summer (Rosero et al., 2016), thus
supplementation may be required. Insulin-like growth factor 1
plays a role in facilitating follicle development (Giudice, 1992),
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and thus glucose supplementation during weaning-to-oestrus
interval has been studied due to its effects in stimulating IGF-I. A
recent study showed that a 5% dextrose supplementation (equiva-
lent to 200 g dextrose per sows per day) during weaning-to-
oestrus interval tended to increase farrowing rate (av. 64%) by
5.9% in the sows mated in summer (Plush et al., 2019).

Early pregnancy loss is the major manifestation of summer infertility

Early pregnancy losses of sows mated in summer is a major
manifestation of summer infertility reported in Australia and Eur-
ope (Love et al., 1993; Tast et al., 2002). A recent study conducted
in an Australian commercial piggery again confirmed that sows
mated in summer predominantly exhibited pregnancy loss before
day 35 of gestation compared with those mated in cool months
(Liu et al., 2021a). Fig. 3 illustrates the percentage of sows identi-
fied as having the reproductive failure on an Australian farm with
summer infertility. The percentage of regular return (visually iden-
tified using behavioural signs between 17 days and 22 days post-
mating) was not the major contributor to the low farrowing rate
of sows mated in summer (January—March), indicating conception
was not the major issue. Pregnancy checks were conducted at 28,
42, and 63 days postmating. A major peak in reproductive failure
was identified before 35 days postmating (between the day 28
and day 42 pregnancy check), suggesting that the disruption occur-
ring during early gestation was the primary cause for the low far-
rowing rate of the sows mated in summer. In addition to the role of
sperm DNA damage and inferior oocyte quality in embryo loss dis-
cussed above, a growing body of evidence supports that an inap-
propriate maternal recognition of pregnancy signal likely
contributes to pregnancy loss before d 35 of gestation (discussed
below).

Corpora lutea (CL) function, namely progesterone production,
modulates the uterine environment and embryo development
(Vallet et al., 1998). Thus, many previous studies hypothesised that
summer conditions interrupt progesterone secretion, impairing
embryo development during early gestation, but results showed
that progesterone concentration was not affected or was even
increased by hot conditions. Exposing gilts to cyclic HS conditions
(31.6 °C 12 h per day; 21-31% relative humidity) for 11 days pos-
toestrus reduced the average weight of CL by 15% but did not affect
the progesterone concentration in blood or luteal tissue in a US
study (Bidne et al., 2019). Similarly, blood progesterone concentra-
tions monitored over the first six weeks of gestation were similar
between pregnant sows mated in a European summer-autumn
and those mated in winter-spring (Tast et al.,, 2002). In contrast,
a seasonal comparison study showed that plasma progesterone
concentration increased more rapidly 72 hours after oestrus detec-
tion during an Australian summer than winter (van Wettere,
2013). Therefore, the hypothesis that a reduction in progesterone
concentration is associated with a reduced farrowing rate should
be re-evaluated. Perhaps future studies need to look at the oestro-
gen to progesterone ratio, known to be crucial in regulating the
reproductive tract (Edgerton et al., 2000), not simply a change in
progesterone concentration.

Uterine endometrial preparation and signalling are required for
successful implantation. Still, it is unknown whether HS during lac-
tation, weaning-to-oestrus interval, and early gestation can affect
this process in sows. In dairy cows, early embryo loss in cows
mated in summer may be a consequence of increased prostaglan-
din F2 alpha (PGF,4) secretion (Putney et al., 1988). PGF,,, is a lute-
olysin that can cause luteal regression and thus interfere with
progesterone secretion required for embryo implantation and
maintenance. Future research should investigate whether HS trig-
gers this abnormal increase or changes in the secretion of PGF,,, or
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Fig. 3. Identified reproductive failure in an Australian piggery with summer infertility. Visual assessment on regular returns (oestrus) was conducted between 17 and 22 days
postmating. Routine pregnancy check was conducted using transabdominal ultrasound scan at 28, 42 and 63 days postmating. The farrowing rate for sows mated in August-
October (spring) and January-March (summer) was 88% and 76%, respectively. Farrowing rate between the two seasons significantly differed (P < 0.001; Chi-squared analysis).

PGE, the protective prostaglandin secreted by sows during early
gestation.

A biphasic pattern of oestrogen secretion from conceptuses is
required for pregnancy establishment in pigs. Specifically, oestro-
gen is secreted from the elongated blastocyst into the uterine
lumen at around 11-12 days of pregnancy (Geisert et al., 1982),
which is believed to redirect endometrial secreted PGF,, from
the uterine vascular into the lumen, to avoid its ability to cause
luteolysis. Further oestrogen secretion by the conceptus on days
14-18 of pregnancy (Geisert et al., 1990) is essential for embryonic
survival from day 24 of pregnancy onwards in pigs (Meyer et al.,
2019). For future experiments, a hypothesis to be tested is whether
HS may reduce embryonic development and oestrogen secretion,
thus increase pregnancy loss before day 35 of gestation in sows
mated in summer. Future experiments studying the effects of HS
on conceptus oestrogen secretion from conceptuses in gestating
sows may elucidate the mechanism of early embryo loss in sows
mated in summer.

Solutions to reduce early pregnancy loss of sows mated in summer

Solutions to reduce the early pregnancy loss are more relevant
to the summer infertility issue in the pig industry, given the peak
of reproductive failure occurs before 35 days of gestation. The
key factor causing the early pregnancy disruption remains unclear
which creates difficulty for developing targeted intervention
strategies. In addition to semen and oocyte quality, other factors
including uterine preparation, maternal pregnancy recognition,
and embryo survival should be considered. A study determined
that an injection of 1000 IU human chorionic gonadotropin (hCG)
12 days after mating increased blood oestrogen and progesterone
concentrations, and improved conception and farrowing rates in
primiparous sows mated in summer (Seyfang et al., 2016). It is
likely that the hCG induced ovulation of smaller follicles, which
resulted in additional CL to produce more progesterone and oestro-
gen to support endometrium and embryonic growth. An alterna-
tive to a hormone intervention is the addition of micronutrients
in the diet to improve reproductive outcomes. A study showed that
increasing dietary vitamin B12 (150-300 ng/kg) and folic acid
(from 5 to 25 mg/kg) just after conception reduced the early preg-

nancy loss (<30 days postmating) from 7% to 3% (van Wettere et al.,
2013).

Management strategies such as reducing aggression during
early gestation for sows that mated in summer should also be eval-
uated. Our recent study identified that sows mated in summer,
then housed in the group pens, had increased aggression during
early gestation which coincided with the low farrowing rate (Liu
et al., 2020). Reasons for the high aggression remain unknown
but, in part, may be due to either high temperature altering sow
behaviour and/or increased fighting to access feed for recovering
lactational weight loss. A European study found that loose group-
housed gestating sows are more likely to return to oestrus than
those individually housed in stalls (Peltoniemi et al., 1999). Most
gestating sows are loose-housed in Australia, due to animal welfare
requirements, so strategies to reduce aggression of group-housed
gestating sows that mated in summer should be investigated, par-
ticularly in the feeding system where the social hierarchy determi-
nes feeding order. Preliminary results from an ongoing study
showed that reducing the group size of gestating sows from 40
to 20 in the pen equipped with an electronic sow feeder reduced
the number of skin injuries and reduced early pregnancy loss from
19.1% to 5.5% during summer (Smith et al.,, 2021). However, it
remains unclear whether it was the increased floor space or feeder
space that contributed to the reduction of early pregnancy loss.

Impact 2: Impacts of summer condition during early gestation
on progeny fat composition

“October Fat Pigs” phenomenon in Australia

Carcass backfat thickness peaks annually around October (late
winter and spring) in Australia (Trezona et al., 2004), giving rise
to the phenomenon of “October Fat Pigs”. Similar seasonal patterns
of carcass fatness have also been reported in South Korea (Choi
et al., 2019) and Spain (Rodriguez-Sanchez et al., 2009). An
increase of backfat in the Australian market (e.g.: above 12 mm)
can reduce the carcass value by 10-20%. The pigs that contributed
to the seasonal increase of carcass backfat are the progeny born to
the sows mated in summer who also usually experience summer
conditions during lactation and the subsequent early gestation.
Therefore, HS during those two stages possibly affected foetal
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Table 1
Effects of gestational heat stress on carcass fatness of progeny pigs.
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Studies Thermal exposure of sows Litter size  Birth weight  Progeny environment Growth performance  Carcass fatness

Boddicker et al. (2014)  28-34 °C, first half gestation — - Thermoneutral until 12 weeks  ADFI— Backfat17%
ADG—
G: F—>

Boddicker et al. (2014)  28-34 °C, second half gestation — - Thermoneutral until 12 weeks  ADFI— Backfat—
ADG—
G: F—>

Johnson et al. (2015a) 27-35 °C, whole gestation - 117% Thermoneutral until 60 kg ADFI— Lipid%—
ADG—
G: F—

Johnson et al. (2015b) ~ 28-34 °C, whole gestation NA NA Thermoneutral until 80 kg ADFI— Lipid gain(32%,
ADG— Protein gain|11%
G: F|14%

Cruzen et al. (2015) 28-34 °C, whole gestation - — Thermoneutral until 110 kg ADFIT12% Backfat—
ADG—
G: F—

Serviento et al. (2020)  28-34 °C, NA NA Thermoneutral until 104 kg ADFI— Backfat—

days 9-109 gestation ADG— Perirenal fat%—

G: F—

Serviento et al. (2020)  28-34 °C, NA NA Heat stress 28-34 °C from ADFI— Backfat—

days 9-109 gestation 84-140 days age ADG— Perirenal fat%—

G: F— Lean meat%|2%

Tuell et al. (2021) 28-36 °C, NA NA Thermoneutral until 117 kg NA Backfat—

days 11-59 gestation

Perirenal fat%—
Loin area|10%

Abbreviations: — = unchanged; 1 = increased; | = reduced; NA = data not available; ADFI = average daily feed intake; ADG = average daily gain; G:F = gain: feed.

development and muscle deposition potential. While, there is little
evidence demonstrating that lactational HS can affect subsequent
foetal development, that progeny born to sows mated in summer
were fatter is consistent with emerging research on impacts of ges-
tational HS on progeny adiposity (Table 1). Two climate-controlled
studies have observed that gestational HS increased fat deposition
of progeny pigs (Boddicker et al., 2014; Johnson et al., 2015b).

It remains unclear whether the impacts of gestational HS are
universal on all foetuses or expressed as an increased percentage
of piglets born light. A climate-controlled study showed that HS
over the entire gestation reduced birth weights (Lucy et al,
2012), whereas other smaller studies showed similar birth weights
between thermoneutral and heat-stressed gestating sows
(Boddicker et al., 2014; Bernhard et al., 2020). Sows mated in Aus-
tralian summer had a greater proportion of born-light piglets
(<1.1 kg) than sows mated in autumn (24.2% vs 15.8%), and this
is estimated to increase the average backfat thickness by
0.33 mm in the progeny population (Liu et al., 2020). The reduced
birth weight from the summer matings was unlikely to be due to a
reduction of gestational feed intake because gestating sows were
restricted fed to a common amount regardless of the season.
Impacts of gestational HS on placental efficiency and foetal devel-
opment are probably involved, and these two impacts are dis-
cussed below.

Effects of gestational heat stress on placental insufficiency

The placenta is the primary interface between the dam and foe-
tus, providing oxygen and nutrients to support foetal development,
but also synthesising chorionic hormones to maintain pregnancy
and foetal development (Fowden and Forhead, 2009). The relation-
ship between HS, placental insufficiency, and impaired foetal
development has been established in sheep (Bell et al., 1987), but
is poorly characterised in the sow. A recent experiment quantified
the effects on placental development of exposing pregnant gilts to
33 °C between days 40 and 60 of gestation (Zhao et al., 2020), and
found that HS increased placental surface area and mass, but this
was not in conjunction with an increase in foetal size or weight.
This morphological measurement indicated a placental insuffi-

ciency caused by gestational HS. Analysis of placental gene expres-
sion showed that HS reduced the expression of two nutrient
transporters - glucose transporter 3 and cationic amino acid trans-
porter 1 (Zhao et al., 2020). The increased placental hyperplasia
observed by Zhao et al. (2020) likely reflected a compensatory
adaptation to overcome the reduction in placental nutrient trans-
port capacity. However, a recent study that used a higher magni-
tude of HS during the second month of gestation did not affect
the placental weight or the ratio between placental weight and
piglet birth weight (Bernhard et al., 2020). Reasons for the incon-
sistent effects of HS on placental development in gestating sows
remain unclear.

The mechanisms underlying effects of HS on conceptus devel-
opment in pigs have not been studied. However, numerous stud-
ies on heat-stressed pregnant ewes have been reviewed recently
(Limesand et al., 2018). These include observations of reduced
uterine blood flow associated with heat-induced redistribution
of maternal cardiac output away from visceral organs to enable
heat dissipation in the skin and decreased placental expression
of transporters for glucose and amino acids. There is no doubt
that retardation of placental growth is associated with decreases
in uterine and umbilical blood flows in late pregnancy, and that
these effects could influence the flow-limited placental transfer
of some nutrients (Bell et al., 1987). However, it is less certain
that altered uteroplacental flows are a primary cause rather than
a consequence of HS-induced placental growth. In the sheep, HS-
induced placental growth retardation is evident by mid-
gestation, well before any discernible effect on foetal growth
(Vatnick et al., 1991). The fact that this stunting was due to inhi-
bition of placental hyperplasia is consistent with the direct effect
of HS on growth retardation in other highly proliferative cell
types, including male and female germ cells (Setchell, 1998;
Khan et al., 2020).

Gestational heat stress reduces foetal muscle fibre development

Emerging studies have focused on the impacts of gestational HS
on proliferative growth of muscle because of its potential associa-
tion with postnatal carcass composition - an economically impor-
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tant trait in the pig industry. Although muscle fibres were the same
size on average between HS and thermoneutral treatments, there
were approximately 15% fewer skeletal muscle fibres in the M.
Longissimus on day 60 of foetuses from gilts housed at elevated
temperatures between days 40 and 60 of gestation (Zhao et al.,
2020). Similarly, the rate of skeletal muscle myogenesis, myofibre
numbers, myoblast proliferation, and myofibre size was reduced in
the foetuses from the sheep that were exposed to HS (Yates et al.,
2014; Chang et al., 2020). Skeletal muscle growth is driven by
hyperplasia and hypertrophy which happens during the foetal
phase and postpartum phase, respectively. The reduced number
of muscle fibres implies that there are comparatively fewer fibres
to undergo hypertrophy as the animal matures. Furthermore, the
muscle fibres of the foetuses from gilts exposed to elevated tem-
peratures had fewer myonuclei numbers (Zhao et al., 2020). This
reduces each fibre’s transcriptional efficiency and presents a limi-
tation to hypertrophic growth. Therefore, the results of Zhao
et al., (2020) indicate that gestational HS would inhibit muscle
accretion by inhibiting both muscle fibre hyperplasia and the
potential for later hypertrophy. Skeletal muscle protein accretion
was reduced in foetal sheep by maternal heat stress (Rozance
et al., 2018).

An interaction of postnatal environment and birth weight on carcass
fatness

The phenotype of increased carcass fatness is the consequence
of impaired muscle fibre proliferation and likely due to a high level
of energy intake during the postnatal environment. Impaired mus-
cle fibre proliferation can reduce the lean tissue deposition poten-
tial later in life (Alvarenga Dias et al., 2012). The progeny born to
the sows mated in summer usually finishes in late winter and early
spring, and the relatively cool environmental temperature ensures
high voluntary energy intake. More energy intake would have to be
deposited as fat when the lean tissue deposition potential is
reduced. In support of this, born-light piglets (<1.1 kg) had
increased backfat at 100 kg live weight in spring versus summer.
The higher energy intake during late winter and early spring likely
resulted in higher fat deposition in the born-light pigs. By compar-
ison, the piglets with normal weight (1.3-1.7 kg range) had similar
backfat thickness at 100 kg live weight despite different energy
intake during the finishing seasons (Liu et al., 2020). This implies
that the high energy intake due to the cool finishing season exac-
erbated carcass fatness in born-light piglets, but the born-normal
piglets can deposit lean and fat tissue at a constant ratio over a
wider range of energy intakes. Collectively, the increased carcass
fatness observed in late winter and early spring is a consequence
of a higher proportion of born-light progeny, with the voluntary
energy intake further beyond their muscle deposition potential.

Lack of strategies to reduce gestational heat stress impacts on foetal
development

The impacts of gestational HS on placental and foetal develop-
ment, and progeny fat deposition in pigs are the emerging research
topics, thus no mitigation strategies have been developed. Little is
known about how placental and foetal development could be
improved in heat-stressed sows. As the increased proportion of
born-light piglets can contribute to the increased carcass fatness
in late winter and spring, developing strategies to improve piglet
birth weights and reduce the percentage of light piglets that are
born to the sows mated in summer may be a temporary goal before
we can target the specific mechanism of the impacts of gestational
HS on foetal development. The nutritional strategies that can
improve piglet birth weight may counteract the negative impacts
associated with gestational HS. In a recent study, we found increas-
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ing the feed allowance from 2.6 to 3.5 kg during the 0-30 days of
gestation after summer lactation can improve average piglet birth
weight and reduce the percentage of born-light piglets but at the
cost of reduced litter size (Liu et al., 2021b). The reduction in the
proportion of born-light piglets may improve the overall growth
performance and reduce carcass fatness in progeny populations.
More mitigation strategies should be investigated when our under-
standing of how gestational HS impacted foetal development has
progressed.

Impact 3: Impacts of heat stress on growth performance of
grower/finisher pigs

Reduced growth rate of grower/finisher pigs during the hot sea-
son is a common issue in the pig industry worldwide. Australian
data suggested that the feed intake and growth rate of finisher pigs
are 8% lower in summer than in cool seasons (Lewis and Bunter,
2011). Pork consumption in Australia peaks in December (Fig. 4),
which coincides with the start of summer in the Southern Hemi-
sphere. Carcass weight usually reduces in summer due to the slo-
wed growth rate in addition to younger slaughter age. The high
volume of pork sold during summer can magnify the economic loss
due to the reduced carcass weight. Reduced feed intake is a major
reason for the slowed growth rate of grower/finisher pigs under
hot conditions. Research in the past decade explored the direct
impacts of HS in intestinal barrier function, inflammatory
response, and postabsorptive metabolism. These direct impacts
of HS may also play a role in affecting growth performance and car-
cass composition.

Reduced feed intake and growth rate of finisher pigs

The inhibitory effect of high environmental temperature on
feed intake of grower/finishers is well researched. For example,
Huynh et al., (2005) found every degree increase in environmental
temperature above 23 °C reduces feed intake of grower pigs by 89—
106 g, depending on humidity. Feed efficiency (gain: feed) is less
influenced by hot conditions. For example, a recent meta-analysis
showed that hot conditions (29-35 °C) did not affect gain: feed
ratio (da Fonseca de Oliveira et al., 2019). An early meta-analysis
showed that gain: feed was only slightly reduced during extremely
hot conditions (30-36 °C) (Renaudeau et al., 2011). Therefore, the
reduction in feed intake is a major factor that reduces growth rate
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and consequently carcass weight in hot conditions. It is generally
acknowledged that the avoidance of feed thermic effect and heat
production are the causes for the reduced feed intake of pigs dur-
ing hot conditions.

Solutions to improve growth rate of finishers during summer

Dietary modifications have been studied as a strategy to miti-
gate the impacts of HS on growth performance. Reducing heat pro-
duction and up-lifting dietary macronutrient specifications are the
two most studied dietary modifications. Replacing dietary CP with
synthetic amino acids (lysine, tryptophan and threonine) can
reduce heat production (Kerr et al.,, 2003), but the growth rate
was not improved under hot conditions (Kerr et al., 2003;
Spencer et al., 2005; Wolp et al., 2012). Simply reducing dietary
CP did not change heat production in growing pigs, and it reduced
growth and protein deposition rate (Kerr et al., 2003), thus it is not
recommended. Increasing soybean oil inclusion rate from 1.5% to
4.5% in the isocaloric diets improved both feed efficiency (gain:
feed) and growth rate by 8% in grower pigs under hot conditions
(Wolp et al., 2012). Up-lifting dietary macronutrient specifications
such as amino acids or energy can improve growth rate under hot
conditions. For example, supplementing synthetic essential amino
acids increased the amino acid intake and growth rate of growing
pigs under hot conditions (Morales et al., 2018). Increasing fat
inclusion rate from 1% to 8% while achieving a greater energy den-
sity (from 13.6 to 14.9 M] metabolisable energy/kg; fixed lysine to
metabolisable energy ratio) improved growth rate and feed effi-
ciency by 8% and 15%, respectively, in grower pigs under hot con-
ditions, but it tended to increase carcass backfat thickness by 5% at
a fixed carcass weight (Spencer et al., 2005). Up-lifting dietary
macronutrient specifications can markedly increase diet costs.
For example, every M] increase of digestible energy (at a fixed
lysine to energy ratio) in wheat- and barley-based grower/finisher
phase diet increases diet cost by 10-15% based on Australian grain
prices. Therefore, the cost and benefit of such a summer feeding
regime must be evaluated according to each feed-to-pork margin
scenario.

Some growth-promoting micronutrients have been recently
studied to mitigate HS impacts on growth performance due to their
relatively low supplementation cost compared with macronutri-
ents. Chromium has been a candidate which is known to improve
insulin sensitivity (Matthews et al., 2001) and growth performance
(Sales and Jancik, 2011). But recent Australian studies showed that
chromium supplementation did not improve the growth rate
under a cyclic HS condition (Liu et al., 2017) or summer conditions
(Hung et al., 2014). An effective micro-nutrient supplement for
improving growth rate and carcass weight of pigs under HS condi-
tions is yet to be identified.

Compromised intestinal barrier function due to acute heat stress

During HS, pigs redistribute cardiac output away from splanch-
nic tissues to the skin and ears to enable heat dissipation (Collin
et al., 2001), which may have negative effects on intestinal barrier
function. Acute HS was reported can impair the intestinal barrier
function in addition to its inhibitive effect on feed intake (Pearce
et al., 2013b). These effects have been confirmed by a series of
studies (Liu et al., 2016; Cottrell et al., 2020; Le et al., 2020). Oxida-
tive stress is one of the possible modes of action. Specifically, a
reduced glutathione peroxidase activity and reduced glutathione
to oxidised glutathione ratio were found in the small intestine of
pigs exposed to two days of cyclic HS (Liu et al., 2016). Studies
reported inconsistent changes in inflammatory biomarkers in
intestinal tissues in pigs subject to HS (Liu et al., 2016; Le et al.,
2020). Circulating endotoxin increased by 50% in the pigs that
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had increased intestinal permeability after exposure to short-
term cyclic HS (including effects from the reduced feed intake)
(Gabler et al., 2018). Thus, it is likely that the translocation of the
pathogen can trigger systemic inflammation. In the muscle tissue,
the inflammatory response seems time-dependent with the dura-
tion of thermal exposure. Increased inflammatory biomarkers were
found in the oxidative type porcine muscle after 4, 6 and 12 hours
of heat exposure (Ganesan et al., 2016; 2017), but such an effect
was not seen after 72 hours of thermal exposure (Montilla et al.,
2014). It is unknown whether the muscular inflammatory response
is related to the increased endotoxin in pigs exposed to HS. The
inflammatory response during short-term HS is likely to reduce
the energy expenditure for growth performance. Cyclic HS condi-
tions slightly reduced the standardised ileal digestibility of his-
tidine (92.5-90%) and arginine (94-92%) (Morales et al., 2016)
but did not affect fat digestibility (Kellner et al., 2016) in growing
pigs. It remains unclear whether this magnitude of reduction in
amino acid digestibility plays a role in the reduced growth rate.

Solutions to mitigate heat stress impacts on intestinal barrier function

Several micronutrients have been identified for alleviating the
impacts of HS on intestinal barrier function and inflammatory
response in grower pigs. Supra-nutritional level of yeast selenium
(0.5 ppm) and vitamin E (100 IU/kg) successfully mitigated the
acute HS impaired barrier function in grower pigs (Liu et al,
2016). Cinnamon supplementation improved intestinal barrier
function in grower pigs under HS conditions (Cottrell et al.,
2020). Betaine (1 g/kg) as well as isoquinoline alkaloids (150 mg/
kg) supplemented diet improved colonic permeability in heat-
stressed pigs (Le et al., 2020). A recent study showed that supple-
menting with recombinant superoxide dismutase (rSOD, 50 IU/day)
or a combination of selenium (0.3 ppm) and rSOD (50 IU/day) ame-
liorated HS-induced inflammation as demonstrated by a lower
concentration of circulating adiponectin, interleukin-18 and
interleukin-6 (Le et al., 2019).

Attenuated fat mobilisation and its potential effect on carcass
composition

As mentioned above, the Australian pig market penalises car-
cass fatness. However, carcass fatness during summer is not a cur-
rent issue for such a market due to the overall low carcass weights
usually seen during summer (Trezona et al., 2004). However,
understanding the effects of HS on fat deposition in grower/fin-
isher pigs will be of interest if pig producers plan to develop heavy
carcass markets during the summer season in future. The effects of
HS during the grower/finisher phase on carcass fatness were incon-
sistent (Table 2). When comparing heat-stressed pigs with the
thermoneutral pigs fed ad libitum, most studies reported a reduced
backfat thickness along with reduced feed intake, growth rate, and
carcass weight (Le Bellego et al., 2002; Boddicker et al., 2014;
Cruzen et al., 2015). By comparison, Ma et al., (2019) reported that
3 weeks of HS reduced feed intake by 50%, reduced final weight by
15%, but increased backfat by 26%. The reason for the increased
backfat in the carcass with reduced weight is not known. When
comparing heat-stressed pigs with pair-fed thermoneutral pigs,
some studies found that HS increased flare fat percentage without
affecting growth performance, carcass weight, or backfat (Christon,
1988; Kouba et al., 2001; Wu et al., 2016). More research should be
conducted in future to examine the impacts of HS on carcass fat-
ness in the finisher pigs slaughtered at fixed BW.

Mechanistically, there is some evidence that HS can attenuate
fat mobilisation in growing pigs. Multiple studies have shown that
pigs exposed to HS conditions for several days had a reduction in
circulating non-esterified fatty acids (NEFAs), a marker of lipolysis
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Table 2
Effects of postnatal heat stress on carcass fatness of progeny pigs.
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Studies Thermal exposure Feed intake Growth rate Gain: Feed Carcass weight Carcass fatness
Christon (1988) 22-32 °C finisher phase 117% 139% 130% 19% Backfat thickness—
Backfat weight%—
Flare fat weight%127%
Le Bellego et al. (2002) 29 °C finisher phase 120% 116% - Fixed weight Backfat thickness|10%
Fat composition|8%
Boddicker et al. (2014) 35 °C finisher phase 130% 126% — 19.5 kg Backfat thickness|20%
Cruzen et al. (2015) 32 °C finisher phase 121% 128% - 15% Backfat thickness|16%
Perirenal fat%—
Ma et al. (2019) 35 °C finisher phase 150% 162% 124% 115% Backfat thickness126%
Flare fat weight—
Serviento et al. (2020) 28-34 °C finisher phase 112% 111% - 15% Backfat thickness—
Backfat weight%—
Perirenal fat%—
Christon (1988) 22-32 °C finisher phase Pair-fed - - - Backfat thickness—
Backfat weight%—
Flare fat weight%147%
Kouba et al. (2001) 31 °C grower phase Pair-fed - - - Backfat weight—
Flare weight%1130%
Wu et al. (2016) 30 °C finisher phase Pair-fed NA NA - Backfat thickness—
Backfat weight%122%
Flare fat weight%143%
Ma et al. (2019) 35 °C finisher phase Pair-fed — - Backfat thickness—

Flare fat weight—

Abbreviations: — = unchanged; 1 = increased; | = reduced; NA = data not available.

(Pearce et al., 2013a; Sanz Fernandez et al., 2015; Cottrell et al.,
2020). It has been reported that HS can inhibit fatty acid oxidation
in the skeletal muscle in growing pigs (Wu et al., 2016; Zhao et al.,
2018). Insulin, a potent antilipolytic hormone, was thought to be a
factor for the attenuated lipid mobilisation, but studies showed
that basal insulin concentration was either not significantly
affected or reduced in the heat-stressed pigs with a reduction in
NEFA concentration (Sanz Fernandez et al., 2015; Gabler et al,,
2018). Moreover, heat-stressed pigs had reduced insulin secretion
in response to glucose tolerant tests (Liu et al., 2017; Cottrell et al.,
2020). Therefore, the attenuated lipolysis in the pigs is not likely
due to hyperinsulinemia. Unlike the reduction in fat mobilisation,
heat-stressed pigs showed an increased preference for using amino
acids as energy sources. Heat stress increased muscle proteolysis to
produce amino acids for utilisation, as evidenced by a 16% increase
in circulating Nt-methyl histidine (Pearce et al., 2013a) and
increased muscular leucine oxidation by 35% (Fausnacht et al.,
2021). The utilisation of muscle protein reflected increased gluco-
neogenesis to provide glucose as an energy source under HS
conditions.

Economic impacts of heat stress in the pig industry

It is difficult to generalise the economic impacts of HS in the
global pig industry. Some countries have estimated the economic
impacts based on their climatic conditions. For example, it is esti-
mated that the HS conditions in the USA prolong non-reproductive
days of sows, reduce the growth rate of grower/finisher pigs, and
increase mortality rate, resulting in an annual loss of USD 300 mil-
lion in the pig industry (St-Pierre et al., 2003). The economic loss
associated with the impacts of summer HS in the Australian pig
industry has not been previously estimated. A simplified estima-
tion is attempted here to quantify the economic loss due to the
three major impacts discussed above. In 2019, there were
269 400 breeding sows in Australia with an annual slaughter num-
ber of 5.5 million (Australian Bureau of Statistics, 2020). The pig
inventory data in 2019 were used for estimating the economic
impacts of HS.

For the first impact, more sows are usually required to be mated
for maintaining the supply of finisher pigs to the market when

sows that mated in summer have a lower farrowing rate. Assuming
the average farrowing rate reduced from 89% to 75% (Liu et al.,
2020), the piggery would need to increase the number of matings
over summer by 18% to maintain the same number of piglets born.
Assuming 14% of mated sows returned to oestrus after day 35, the
increased cost of feeding 18% more sows and increased non-
reproductive days (4 days on average for the sow herd) will incur
a loss of farm profit by AUD 2.7 per finisher pig. For the 1.25 million
finisher pigs (2019-2020 data from the Australian Bureau of
Statistics (2020)) that were produced from the sows mated in sum-
mer in Australia, the economic loss, due to the increased cost of
production, is equivalent to AUD 3.4 million.

For the second impact, on sows that manage to farrow after
summer mating, an increased proportion (e.g.: from 15.8% to
24.2% (Liu et al.,, 2020)) of progeny are born with lightweight.
The poorer growth rate and high adiposity of born-light progeny
pigs can result in prolonged days to reach a marketable BW and
higher carcass fatness of the progeny population (Liu et al.,
2020). Liu et al., (2020) estimated that progeny born to summer
mated sows had increased their average carcass backfat thickness
by 0.33 mm at a carcass weight of 77 kg. If the average carcass
backfat increased from 11.7 to 12.0 mm, then the penalty associ-
ated with the high backfat thickness (assuming a $0.4/kg carcass
weight penalty applies when backfat is >12 mm) would result in
an average loss of carcass value of AUD 4.2 per progeny born to
the sows mated in summer. This is equivalent to AUD 5.3 million
for the 1.25 million finisher pigs that are produced from the sows
mated in summer in Australia. The low survival rate and inferior
growth rate of the born-light piglets can cause additional economic
loss depending on the production system, which has not been
included in this calculation.

For the third impact, the slowed growth rate of pigs during
summer can reduce carcass weight and consequently limits the
revenue of pig producers. For instance, if the summer condition
reduces the feed intake and growth rate of finisher pigs by 8% (data
referenced from Lewis and Bunter (2011)), the carcass weight can
drop by approximately 5 kg due to slowed growth rate in this peak
pork consumption season. The economic loss, due to the lighter
carcass weight, is estimated to be AUD 10.9 for each carcass mar-
keted during summer or equivalent to AUD 13.6 million for the
1.25 million finisher pigs slaughtered during summer. To sum up,
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Fig. 5. Anomaly of mean climate temperature in Australia from 1970 to 2020. Map legend shows the anomaly of temperature compared to the average over the reference
period of 1961-1990. Data were sourced from http://www.bom.gov.au/climate/history/temperature.

the economic loss due to the three major impacts of summer HS in
the Australian pig industry is estimated to be AUD 22.3 million per
year. The actual economic loss is likely to be much higher when the
death of pigs resulting from extreme heat events, energy, and
water usage for cooling, and labour cost, etc are taken into consid-
eration. This simplified estimation may not accurately reflect the
true ecumenic losses, due to the varied magnitude of HS impacts
among farms; however, each farm can calculate its financial loss
by evaluating the three impacts from their production record.

Global warming and future prospectus

Global warming manifests as a rise in the average environmen-
tal temperature and an increased frequency of extremely hot days.
For example, the average Australian temperature has warmed by
1.4 °C in comparison to 1910 and by 1.0 °C in comparison to
1960 (when intensive pig farming started in Australia), respec-
tively (Fig. 5). In 2019, 33 days exceeded 39 °C, which was more
than the combined number (24 days) recorded between 1960
and 2018 (CSIRO and Australian Bureau of Meteorology, 2020). It
is unknown whether natural selection occurred in the past dec-
ades, with respect to the resilience of pigs to HS, and whether this
occurred at the pace of global warming, as few studies have quan-
tified the progressive impacts of global warming on pig productiv-
ity. Australia’s climate model has predicted that the average
Australian temperature will become 2.0 °C warmer than the pre-
industrial period (1810-1900) by 2040, with the ongoing emission
of greenhouse gases (CSIRO and Australian Bureau of Meteorology,
2020). We assume that the trend of global warming will worsen
the impacts associated with summer conditions on pig productiv-
ity, due to the positive correlation between the environmental
temperature and the physiological impacts on pigs.

Improving the efficiency of pig production under summer con-
ditions is an important goal for sustaining food production under
challenging climate conditions. Progress in understanding the
physiological impacts of HS will aid in this goal and will assist in
the development of management strategies to improve the resili-
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ence of pigs under these challenging conditions. The current needs
of the pig industry are commercially viable solutions to (1) reduce
early pregnancy loss of sows mated in summer, (2) to improve foe-
tal development of the progeny pigs born to the sows mated and
gestated in summer, and (3) to develop strategies to improve the
growth rate of finisher pigs under hot conditions. The majority of
the solutions investigated in the past decade are mainly
nutrition-based. In future, strategies such as implementing cost-
effective cooling strategies, breeding genetics with better heat resi-
lience, etc. should also be explored. Of course, all of the above
should be coupled with strategies to reverse the pace of global
warming itself.

Conclusion

The HS conditions in summer reduce pig production efficiency.
Reduced farrowing rate of sows mated in summer, increased car-
cass fatness of pigs born to the sows mated in summer, and
reduced growth rate and carcass weights of pigs finished under
hot conditions are the three major impacts causing a significant
economic loss in the pig industry. The worldwide research con-
ducted in the past decade has progressed our understanding on
the physiological mechanism behind these impacts. Some mitiga-
tion strategies have exhibited beneficial effects on the impacts,
but the pig industry still requires a broad range of commercially
viable strategies to tackle those issues. To combat the negative
impacts of summer conditions, three specific research directions
should be continued (1) to reduce early pregnancy loss of sows
mated in summer, (2) to understand the impacts of gestational
HS in foetal development and develop mitigation strategies that
reduce carcass fatness of progeny pigs born to the sows mated in
summer, and (3) to develop strategies to improve feed intake
and growth rate of finisher pigs under hot conditions.
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