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Abstract

Global climate change, characterized by long-term shifts in temperature, rainfall, and extreme weather
events, poses significant challenges to livestock production, a critical sector for food security,
livelihoods, and the economy. Livestock systems are particularly vulnerable to heat stress, water
scarcity, altered feed availability, and emerging diseases, which compromise animal health, welfare,
productivity, and reproductive performance. Physiological responses to heat stress include elevated
respiration rate, rectal temperature, sweating, and altered blood flow, while metabolic changes involve
reduced feed intake, shifts in nutrient utilization, and electrolyte imbalances. Hormonal dysregulation,
behavioral modifications, impaired rumen function, and increased susceptibility to hyperthermia,
dehydration, and immune suppression further exacerbate the impacts on growth, milk yield, meat
quality, and fertility. Mitigation strategies encompassing environmental management, nutritional
supplementation, genetic selection for heat tolerance, and automated real-time monitoring offer
effective avenues to enhance resilience. Integrating these approaches is essential to sustain livestock
productivity, ensure animal welfare, and support global food security under intensifying climate
change.
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Introduction

Climate change, defined as long-term alterations in average weather patterns caused by
natural and human-induced factors, is reshaping ecosystems worldwide (UNFCCC, 1992;
Visschers, 2018) [ %I, Unlike short-term weather variations, climate change involves
persistent shifts in temperature, rainfall, and extreme events (Stephenson et al., 2008; IPCC,
2021) 0. 441 |jvestock production is particularly vulnerable, as it depends on stable water,
feed, and disease control, and climate extremes such as droughts, floods, and heatwaves
disproportionately affect livestock-dependent regions, especially in developing countries
(FAO, 2018; Eckstein et al., 2021) 2524, Livestock also contributes approximately 14.5% of
global anthropogenic greenhouse gas emissions, creating a feedback loop that exacerbates
global warming and threatens animal health, productivity, and sustainability (Gerber et al.,
2013; IPCC, 2021) [33 441,

Heat stress is a primary concern for livestock under climate change, causing physiological,
metabolic, and behavioral disruptions. Elevated temperatures overwhelm thermoregulation,
resulting in oxidative stress, reduced feed intake, altered metabolism, and intestinal barrier
dysfunction, which collectively impair growth, reproduction, milk yield, and meat quality
(Getachew, 2016; Tharinda et al., 2024) B4 %2, Traditional monitoring methods, such as
visual observation or weather-based indices, are limited due to farm scale, individual
variability, and microclimatic conditions, highlighting the need for real-time, autonomous
monitoring systems to detect and manage heat stress effectively (Islam et al., 2021) 461,
Nutritional and management strategies are essential to mitigate the impacts of heat stress.
Heat stress increases reactive oxygen species (ROS), which damage cell membranes and
polyunsaturated fatty acids, but enzymatic antioxidants (superoxide dismutase, catalase,
glutathione peroxidase) and non-enzymatic antioxidants (vitamins A, C, E, albumin,
glutathione), along with minerals like zinc and chromium, can help counteract oxidative
damage and support productivity (Anamika et al., 2024) (8],
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Integrated approaches combining genetic selection for heat
tolerance, dietary interventions, environmental management
(shade, cooling systems), and automated monitoring are
critical to sustain livestock health, productivity, and food
security in a warming climate.

Impact of global climate change on Livestock

1. Physiological Responses

A. Impact on Respiration Rate

Heat stress in cattle is characterized by a sharp rise in
respiration rate (RR) as a primary thermoregulatory
response, with significant increases observed at
temperatures above 25 °C (Gaughan et al., 2012) B4,
Elevated RR and heart rate support evaporative cooling but
may alter pulmonary ventilation and blood acid-base
balance, leading to respiratory alkalosis (Polsky & von
Keyserlingk, 2017) [%¢], Breed differences are evident, as Bos
indicus cattle generally maintain lower RR under heat stress
compared to Bos taurus, reflecting adaptive traits (Sejian et
al., 2018) [ Studies also show that changes in
physiological parameters such as RR and rectal temperature
(RT) occur in a phasic pattern, with buffaloes exhibiting
earlier onset of heat stress than cattle (Sharma et al., 2023)
182 Thermal humidity index (THI) strongly influences skin
temperature and RR, with significant seasonal variation; for
instance, RR was higher in late summer than in early

monsoon (Velayudhan et al., 2023; Amamou et al., 2019)
[95, 6]

B. Impact on Core (Rectal) body temperature

Several studies have established rectal temperature (RT) as a
key indicator of heat stress in cattle, closely linked with
declines in milk yield and productivity. In dairy and feedlot
cattle, heat stress consistently elevates RT, respiration rate,
and metabolic strain, leading to reduced performance and
health challenges (Bouraoui et al., 2002; West, 2003;
Collier et al., 2006; Brown-Brandl et al., 2006; Gantner et
al., 2011; Schuller et al., 2014) [16 97, 20, 18, 27, 78] Breed
differences have been noted, with Bos indicus showing
greater thermal tolerance than Bos taurus (Pires et al., 2022)
67, Comparative studies further reveal species-specific
thresholds, with buffaloes exhibiting RT increases at lower
THI values than cattle, indicating earlier onset and greater
severity of heat stress (Sharma et al., 2023) 82, While most
studies confirm RT as a reliable marker, some findings
suggest it may remain stable under mild climatic stress
(Velayudhan et al., 2023) %1, These results highlight the
physiological, welfare, and productivity implications of
rising RT in heat-stressed cattle and the importance of
effective mitigation strategies.

C. Increased Sweating

Sweating, though limited in cattle due to fewer sweat
glands, is a key thermoregulatory response that aids heat
dissipation through evaporative cooling but also causes
water and electrolyte loss (Beede & Collier, 1986; West,
2003) 2 97 |ts effectiveness depends on airflow and
declines under high humidity, reducing cooling efficiency
(Kadzere et al., 2002) 8], Research shows that heat stress
elevates sweating rates but often overwhelms this
mechanism, leading to higher body temperatures,
dehydration, and reproductive as well as performance
challenges (Ravagnolo et al., 2000; Mader et al., 2006;
Gaughan et al., 2010) [ 57 291 These findings emphasize
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that while sweating is vital for thermoregulation, its
limitations under severe stress highlight the importance of
targeted management strategies to safeguard cattle health,
reproduction, and productivity.

D. Altered blood flow

Heat stress induces marked alterations in cattle blood
parameters, reflecting physiological and metabolic strain.
Studies consistently report elevated cortisol, hematocrit, and
hemoglobin levels, indicating stress responses, dehydration,
and hemoconcentration, along with electrolyte imbalances
and shifts in glucose and protein metabolism (Hahn, 1999;
Marai et al., 2000; Silanikove et al., 2000; Bernabucci et al.,
2002; West, 2003; Itoh et al., 2003; Lacetera et al., 2006;
Nardone et al., 2010; Sejian et al., 2018) [36 58, 87,13, 97, 47, 54,
63,801 These changes contribute to oxidative stress, impaired
milk production, and reduced productivity, with breed-
specific differences highlighting varied resilience to thermal
loads. Collectively, the findings underscore the critical role
of blood biomarkers in assessing heat stress and the need for
tailored antioxidant, nutritional, and management strategies
to safeguard cattle health and performance under rising
temperatures.

2. Metabolic Changes

Heat stress induces significant alterations in metabolic
processes to reduce internal heat production and manage
energy balance.

A. Reduced Feed Intake

Heat stress has been widely documented to reduce dry
matter intake (DMI), nutrient utilization, and overall
productivity in cattle, with significant consequences for
growth, milk yield, and reproduction. Early studies
highlighted the importance of nutritional strategies in
mitigating these effects, emphasizing dietary adjustments to
counter reduced intake and absorption (Beede et al., 1986;
West, 1999; NRC, 2001) [> % &I Research consistently
shows that heat stress lowers feed intake, leading to declines
in milk production, altered feeding behavior, impaired
health, and reproductive challenges (Holter et al., 1997
Kadzere et al., 2002; Abeni et al., 2007; Kargar et al., 2015)
[42. 48, 1, 501 - Nutritional interventions such as supplemental
yeast cultures, vitamins, and dietary modifications have
proven beneficial in improving feed intake and sustaining
milk yield under heat stress (Shwartz et al., 2009; Rhoads et
al., 2013) [& 731 Moreover, studies on metabolism reveal
that reduced intake disrupts energy balance and nutrient
metabolism, further aggravating productivity losses
(Baumgard et al., 2013) %, Collectively, these findings
underline the critical role of feed and nutritional
management in supporting cattle health, productivity, and
reproduction during periods of thermal stress.

B. Shift in Nutrient Utilization

Heat stress has profound effects on nutrient metabolism,
feeding behavior, and productivity in dairy animals. Studies
have shown that high temperatures alter feeding patterns,
reduce dry matter intake (DMI), and impair immune
function, leading to decreased milk yield and overall health
challenges (Sevi et al., 2001; Kadzere et al., 2002) [8L 4,
Heat stress also accelerates protein catabolism, as evidenced
by increased 3-methylhistidine and blood urea nitrogen
levels, indicating muscle protein breakdown and reduced
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nitrogen balance (Kamiya et al., 2006; Gao et al., 2017) 4%
2l These changes highlight the need for nutritional
strategies to support protein metabolism under thermal
stress. Moreover, carbohydrate metabolism is significantly
altered, with heat-stressed cows relying more on glucose
than fatty acids to meet energy demands, a shift that reduces
internal heat production but compromises energy efficiency
(Baumgard et al., 2011; Baumgard & Rhoads, 2013) [® 101,
Dietary interventions such as monensin supplementation and
yeast culture have been shown to improve glucose
metabolism, sustain feed intake, and support milk
production under heat stress (Shwartz et al., 2009;
Baumgard et al., 2011) [ 201 Collectively, these findings
emphasize that targeted nutritional and metabolic
management is essential to alleviate the negative impacts of
heat stress on dairy cattle health, metabolism, and
productivity.

C. Impact on Electrolyte balance

Heat stress has been consistently shown to disrupt
electrolyte balance in ruminants, particularly reducing
sodium, potassium, and chloride levels, which impairs feed
intake, digestion, immune function, and overall productivity
(Morrison, 1983; Silanikove, 1992; Smith et al., 2000;
Kumar et al., 2010) [ 8 8 Stydies across cattle and sheep
reported significant electrolyte losses through sweating and
increased respiration, with consequences on physiological
and metabolic stability (Beatty et al., 2006; Gaughan &
Mader, 2014) [ 32 Bos indicus breeds demonstrated
superior adaptive mechanisms compared to Bos taurus in
maintaining electrolyte balance (Beatty et al., 2006) 4,
while elevated temperature-humidity index (THI) values
were strongly correlated with electrolyte depletion (Dikmen
& Hansen, 2009) %1, Reviews further emphasized that
electrolyte imbalance under heat stress compromises
immune responses, metabolic functions, and long-term
livestock sustainability under climate change (Nardone et
al., 2010; Ganaie et al., 2013) [6% 261 Collectively, these
findings highlight the importance of adaptive management
strategies such as adequate water provision, shade, cooling
systems, and targeted electrolyte supplementation to
safeguard health, productivity, and resilience in livestock
during thermal stress.

3. Hormonal Changes

Heat stress induces profound hormonal alterations in cattle,
significantly affecting metabolism, growth, reproduction,
immunity, and overall productivity. Elevated cortisol,
reduced thyroid hormones (Ts and T,4), impaired insulin
sensitivity, and disrupted reproductive hormones such as
progesterone, estrogen, LH, and FSH are consistently
reported under thermal stress. These changes lead to
reduced feed intake, altered energy metabolism,
compromised milk yield and composition, impaired immune
responses, decreased fertility, increased embryonic
mortality, and prolonged calving intervals (Lamb et al.,
1985; Wolfenson et al., 2000; Silanikove, 2000; Ronchi et
al., 2001; Rensis & Scaramuzzi, 2003; Lacetera et al., 2003;
Hansen, 2007; Bernabucci et al., 2010) [55 99, 87, 86, 75,72, 53, 37-
3,141 Studies across different breeds and production systems
have shown that heat stress elevates cortisol and suppresses
thyroid and reproductive hormones, with detrimental effects
on growth and reproduction (Hooda et al., 2011; Alhidary et
al., 2012; Omontese et al., 2014) [ 4 831 Interestingly,
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native breeds in harsh climates demonstrate better
adaptability in maintaining hormonal balance compared to
high-yielding exotic breeds (Silanikove & Giiler, 2020) 58],
Collectively, these findings emphasize that hormonal
dysregulation is a central mechanism through which heat
stress compromises livestock productivity and highlight the
importance of genetic selection, adaptive management, and
nutritional strategies to alleviate these impacts.

4. Behavioural changes

High-producing dairy cows are particularly vulnerable to
heat stress, with disturbances in thermoregulation reflected
through behavioral changes such as reduced feed intake,
increased standing time, shade-seeking, panting, and altered
lying behavior, which serve as important indicators of
welfare. Studies consistently show that access to shade and
cooling interventions, such as water misting, significantly
improve comfort, reduce panting and body temperature, and
enhance feed intake and performance (Blackshaw et al.,
1994; Mitléhner et al., 2001; Brown-Brandl et al., 2005;
Schutz et al., 2008) [15 61.17. 611 'Behavioral responses such as
increased water consumption, reduced activity, and
prioritization of shade over lying highlight the critical role
of environmental management in mitigating heat stress and
maintaining cattle health and productivity (Chen et al.,
2013) 191,

5. Impact on rumen functioning

Heat stress markedly disrupts rumen physiology, impairing
nutrient-energy balance by reducing dry matter intake,
decreasing ruminal motility and contractions, altering
fermentation patterns, lowering volatile fatty acid (VFA)
production, and decreasing fiber digestibility, ultimately
compromising  productivity.  Several  studies have
demonstrated these effects: high temperatures reduce
ruminal pH, VFA production, and feed intake (Tajima et al.,
2007; Zhao et al., 2010) [°% 101 alter fermentation and fiber
digestion (Rhoads et al., 2009; Abeni & Galli, 2017) ['* 2,
and increase the risk of subacute ruminal acidosis
(Hernandez et al., 2011) [®l, Provision of shade and cooling
improves feed intake, rumen pH, and fermentation
efficiency (Gaughan et al., 2010) %, while seasonal studies
also confirm summer heat stress disrupts microbial balance,
fiber digestion, and milk production (Mazzullo et al., 2014)
159, More recent evidence highlights that heat stress alters
the rumen microbiome itself, impairing fermentation
efficiency and nutrient utilization, emphasizing the
importance of dietary and management interventions to
support rumen health under thermal stress (Allen et al.,
2015; Pereira & De Souza, 2020) [5 661,

6. Impact on Health

A. Hyperthermia: Severe heat stress can cause
hyperthermia, which is life-threatening if not managed
promptly (West, 2003; Kadzere et al., 2002; Baumgard
& Rhoads, 2013) P 10 Hyperthermia can result in

organ failure and death if not addressed (West, 2003)
[48]

B. Dehydration: Excessive water loss through sweating
and respiration can result in dehydration, impacting
organ function (Beede & Collier, 1986; Kadzere et al.,
2002; Nardone et al., 2010) 12 48 &3 Dehydration can
lead to electrolyte imbalances and reduced blood
volume, affecting cardiovascular health (Kadzere et al.,
2002) 481,
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C. Immune Suppression: Chronic heat stress weakens the
immune system, making animals more susceptible to
diseases (Baumgard & Rhoads, 2013; West, 2003) 7.
191, Immune suppression can increase the incidence of
infections and reduce overall health.

7. Impact on Reproductive ability

Heat stress has a profound negative impact on cattle
reproduction, primarily by reducing conception rates due to
heat-induced changes in the uterine environment that impair
sperm viability and embryo development (De Rensis &
Scaramuzzi, 2003; Hansen, 2009) [2 3% Elevated
temperatures also increase embryonic mortality, particularly
during early pregnancy, by disrupting normal embryonic
growth (Wolfenson et al., 2000; Sartori et al., 2002) [ 771,
Moreover, heat stress alters estrous cycles, leading to
irregularities in estrous behavior and reduced success of
both natural mating and artificial insemination (Wolfenson
et al., 2000; Hansen, 2009) [** 31 Hormonal imbalances,
especially reductions in progesterone and estradiol, further
compromise fertility and pregnancy maintenance (De Rensis
& Scaramuzzi, 2003; Sartori et al., 2002) [ 77
Additionally, heat stress impairs luteal function, resulting in
reduced progesterone production, which weakens pregnancy
support mechanisms and increases the risk of early
embryonic loss (Wolfenson et al., 2000) 19,

8. Impact on Production ability

Heat stress markedly reduces productivity in cattle, with
dairy cows showing a 10-25% decline in milk yield during
hot periods due to reduced feed intake, impaired nutrient
absorption, and  diversion of energy toward
thermoregulation instead of lactation (West, 2003; Kadzere
et al., 2002) 7 481, Milk composition is also compromised,
as elevated temperatures decrease fat and protein content,
lowering both quality and quantity of milk (Collier et al.,
2006) 9. In beef cattle, heat stress diminishes growth
performance by reducing weight gain, largely because of
decreased feed intake and higher energy demands for
cooling (Brown-Brandl et al., 2006) (8 571,

Approaches for mitigating Heat Stress in Livestock
Shelter Management

Environmental and management interventions are crucial to
mitigating heat stress in cattle. Providing shade, especially
with high solar protection, significantly improves cattle
comfort and is widely utilized even under moderate
radiation levels (Shearer et al., 1991; Tucker et al., 2008) [6
%1, Effective strategies include natural or artificial shade,
improved ventilation, evaporative cooling (fans, foggers,
misters, cooling pads), and water-based methods such as
sprinklers, wallows, and cooling ponds, with the best results
achieved through combined approaches. Adjusting feeding
times, ensuring proper airflow, and selecting heat-tolerant
breeds further enhance resilience (Hansen, 2007; Aggarwal
et al., 2013) [37-38],

Nutritional management

Heat stress in cattle necessitates dietary and nutritional
adjustments to maintain nutrient intake, optimize energy
efficiency, and support thermoregulation. Reduced dry
matter intake (DMI) during hot weather limits nutrient
availability, making it essential to increase dietary nutrient
density while balancing energy, protein, and fiber to avoid
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metabolic disorders (West, 1999) [°®l, Supplementation with
antioxidants such as vitamin E and selenium has been
shown to improve oxidative status, reduce cellular damage,
and support intestinal integrity under heat stress (Gupta et
al., 2005; Liu et al., 2016) [*7- %61, At the cellular level, heat
stress induces the expression of heat shock proteins (HSP70,
HSP90, HSP27) via heat shock factors, providing protection
to denatured proteins, with HSP70 identified as a reliable
biomarker for heat stress in livestock (Archana et al., 2017)
[71. Nutritional strategies, including enhanced dietary energy,
protein, essential amino acids, and adequate mineral supply,
alongside sufficient water availability, are critical for
maintaining fiber digestibility, feed intake, and overall
physiological resilience during high-temperature conditions
(Conte et al., 2018) 24,

Genetic modification

Advances in molecular biotechnology and genomics offer
new opportunities to enhance heat stress tolerance in
livestock. Genetic and genomic selection, epigenetic
regulation, and thermal imprinting can improve
thermotolerance while maintaining productivity (Renaudeau
et al., 2012) [l Functional analyses of over 19,600 genes in
cattle, sheep, goats, and horses revealed pathways related to
growth, stress response, immune function, metabolism, and
behavior, highlighting targets for selection and multi-omics
approaches (McManus et al., 2022) [, Studies on heat
shock-regulated genes in peripheral blood mononuclear cells
showed that both heat shock, oxidative stress, and immune
response genes are affected in different cattle breeds, such
as Hariana and Vrindavani (Sajjanar et al., 2023) [,
Genetic modifications, including the SLICK gene mutation
affecting the prolactin receptor, have demonstrated
promising results by improving body temperature regulation
and reducing heat stress in cattle adapted to hot climates
(Pozzebon et al., 2024) 691,

Automated monitoring of cattle heat and its mitigation
Automated phenotyping technologies, including on-animal
sensors and loT-based environmental controls, offer new
opportunities to monitor and manage heat stress in livestock
by providing real-time, individualized data on body
temperature, panting, and movement (Koltes et al., 2018;
Islam et al., 2020, 2021) > %61, These technologies can help
identify heat-tolerant and susceptible animals, enabling
targeted mitigation and genetic selection to enhance thermal
resilience, while overcoming the limitations of visual
observation and weather-based indices. Grouping animals
by genotype or coat color and prioritizing resources for heat
stress management can further improve productivity in
commercial operations. In the broader context of climate
change, livestock face multiple challenges, including heat
stress, limited feed and water, increased disease incidence,
and reduced reproductive performance. Addressing these
challenges requires an integrated approach combining
genetic selection for heat tolerance, nutritional strategies to
support metabolic resilience, improved management
practices such as shade and water provision, and enhanced
disease and water management. Collaborative efforts among
researchers, farmers, and policymakers are essential to
implement these strategies effectively, ensuring sustainable
and productive livestock systems.
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Conclusion

Climate change poses a significant threat to livestock health,
productivity, and sustainability, primarily through heat
stress, which disrupts physiological, metabolic, hormonal,
and behavioral homeostasis. Heat stress elevates respiration
rate and core body temperature, alters blood parameters and
electrolyte balance, reduces feed intake by 10-25%, impairs
rumen function, and compromises reproductive performance
and milk yield, while increasing embryonic mortality (West,
2003; Kadzere et al., 2002; Wolfenson et al., 2000) [°7: 48 991,
Breed differences are evident, with Bos indicus and native
breeds demonstrating greater resilience compared to high-
yielding Bos taurus cattle (Silanikove & Giiler, 2020) [,
Mitigation strategies integrating environmental management
(shade, ventilation, evaporative cooling), nutritional
interventions (enhanced dietary energy, protein, minerals,
antioxidants, and water supply), genetic selection (heat-
tolerant breeds, SLICK gene), and automated monitoring
technologies (on-animal sensors, loT-based systems) have
proven effective in sustaining productivity under thermal
stress (Hansen, 2007; Koltes et al., 2018; Pozzebon et al.,
2024) [37-38. 51 691 A multidisciplinary approach combining
genetics, nutrition, management, and technology is therefore
essential to safeguard livestock systems against the
escalating impacts of climate change while maintaining
animal welfare, productivity, and food security.
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