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Abstract

Climate change is transforming heat stress (HS) from a seasonal challenge into a ma-
jor constraint on the sustainability of dairy cattle production. Increasing temperatures,
more frequent and prolonged heat waves, and reduced opportunities for nocturnal recov-
ery adversely affect animal health, welfare, productivity, reproductive performance, and
resource-use efficiency. This narrative review provides an integrated critical synthesis of
current evidence on HS in dairy cattle within a sustainable development framework. It
examines the biological mechanisms underlying disruption of homeostasis together with
the consequences for milk production, product quality, health, welfare, reproduction, and
developmental programming. The review further evaluates biomarkers of thermal adapta-
tion, precision livestock farming, and environmental, nutritional, managerial, genetic, and
technological mitigation strategies, considering their biological effectiveness, practical ap-
plicability, economic feasibility, and environmental trade-offs. Rather than addressing these
components independently, the review integrates their interactions within an original con-
ceptual framework and comparatively evaluates adaptation strategies to support practical
decision-making. Current evidence indicates that sustainable climate adaptation requires
integrated, context-specific approaches combining environmental management, nutrition,
genetic improvement, precision monitoring, and digital technologies. Future progress will
increasingly depend on advances in omics, artificial intelligence, and predictive livestock
management to enhance climate resilience while improving productivity, animal welfare,
and environmental sustainability.

Keywords: heat stress; dairy cattle; climate change; sustainable development; animal
welfare; thermotolerance; precision livestock farming; climate resilience

1. Introduction
Climate change is intensifying heat stress (HS), thereby reshaping the productivity,

welfare, resource-use efficiency, and sustainability of dairy cattle production. Rising temper-
atures, greater climatic variability, more frequent and prolonged heatwaves, and reduced
nocturnal cooling are increasing the frequency, duration, and severity of thermal challenges
worldwide. Consequently, HS has become one of the principal constraints limiting the
long-term sustainability and resilience of dairy production systems [1,2].

HS develops when metabolic and environmental heat loads exceed an animal’s ca-
pacity for effective heat dissipation. The resulting response extends far beyond a transient
increase in body temperature and involves coordinated thermoregulatory, behavioural, en-
docrine, metabolic, oxidative, and immune adjustments. Although these responses initially
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preserve thermal homeostasis, their prolonged activation progressively disrupts physiolog-
ical functions and diverts nutrients and energy away from production, reproduction, and
health maintenance [3,4].

The consequences of HS extend beyond impaired productivity. Heat stress compro-
mises milk yield and composition, reproductive efficiency, immune competence, animal
welfare, and overall health, while increasing evidence indicates that its effects may persist
after thermal exposure has ceased and may even influence subsequent generations through
developmental programming [5,6]. These biological disturbances translate directly into
economic losses, increased resource requirements, and environmental challenges associ-
ated with sustaining dairy production under increasingly variable climatic conditions. HS
should therefore be regarded not only as a physiological disturbance but also as a major
sustainability challenge affecting production efficiency, resource use, economic viability,
environmental performance, and societal expectations regarding animal welfare [2,7].

Although numerous reviews have examined individual aspects of HS, including
physiological adaptation, oxidative stress, immunometabolism, nutrition, reproduction,
precision livestock farming, genetic improvement, and climate adaptation, these topics
have generally been addressed independently. Consequently, limited attention has been
paid to the interactions among biological responses, management decisions, technological
innovations, resource requirements, and sustainability outcomes that collectively determine
the resilience of dairy production systems. This fragmentation limits the development
of integrated strategies capable of simultaneously improving animal health, productivity,
resource-use efficiency, and long-term sustainability [4,8].

This narrative review addresses this gap by critically integrating current evidence
on the biological mechanisms of HS, its consequences for productivity, product quality,
health, welfare, and reproduction, together with advances in nutritional, environmental,
technological, management, and genetic adaptation strategies within a unified sustainabil-
ity framework. Rather than considering these components separately, the review evaluates
their interactions and their collective contribution to improving the resilience and long-term
sustainability of dairy cattle production [9,10].

This narrative review aims to critically synthesise current knowledge on HS in dairy
cattle production from the perspective of sustainable development. It examines climate-
driven thermal exposure, the biological mechanisms underlying disruption of homeostasis,
and the consequences for productivity, product quality, health, welfare, and reproduction.
The review further evaluates current biomarkers, predictive monitoring approaches, and
adaptation strategies in terms of their biological effectiveness, practical applicability, eco-
nomic feasibility, resource requirements, and environmental trade-offs. Finally, it identifies
key knowledge gaps and future research priorities for developing climate-resilient dairy
production systems.

2. Methodological Approach
2.1. Literature Search Strategy

This narrative review synthesises current scientific evidence on heat stress (HS) in
dairy cattle production from the perspective of sustainable development. The evidence
base for this narrative review was developed through continuous monitoring of scientific
publications, citation tracking of influential studies, and structured searches of major
international databases, including Scopus, Web of Science, ScienceDirect, SpringerLink,
and PubMed. The final literature search was completed in June 2026.

Search strategies combined controlled vocabulary and free-text terms related to heat
stress, climate change, dairy cattle, thermoregulation, physiological adaptation, productiv-
ity, product quality, health, reproduction, animal welfare, biomarkers, precision livestock
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farming, genetic adaptation, mitigation strategies, and sustainability. Search queries were
adapted to the indexing systems and search functionalities of the individual databases to
maximise retrieval of relevant publications.

2.2. Eligibility Criteria and Literature Selection

The review primarily included peer-reviewed articles published in English-language
journals and assigned a Digital Object Identifier (DOI). Priority was given to studies
published within the previous five years to reflect current advances in understanding
the biological, technological, and sustainability aspects of HS, whereas earlier landmark
publications were included where necessary to provide historical context and support
fundamental concepts.

Publications were considered eligible when they directly addressed the effects of HS
on animal physiology, productivity, health, welfare, reproduction, management, adaptation
strategies, or sustainability. Studies outside the scope of the review, duplicate records,
publications lacking sufficient methodological information for critical interpretation, and
papers without DOI identifiers were excluded.

Following literature screening and removal of duplicate records, the final evidence base
comprised 221 publications, which were organised into thematic sections covering climate
change, biological mechanisms of HS, productivity and product quality, health and welfare,
biomarkers, precision livestock farming, adaptation strategies, genetics, and sustainability.

Because this study was designed as a narrative review rather than a systematic re-
view or meta-analysis, no formal risk-of-bias assessment or structured quality appraisal
tool (e.g., SANRA) was applied. Instead, publications were selected according to pre-
defined eligibility criteria and critically evaluated with respect to their methodological
transparency, scientific contribution, and relevance to the objectives of the review. Where
conflicting findings were identified, they were critically interpreted in the context of differ-
ences in study design, climatic conditions, production systems, animal populations, and
methodological approaches.

2.3. Scope of the Review

This review examines HS as a multidimensional challenge affecting the biological,
productive, economic, environmental, and welfare dimensions of sustainable dairy cattle
production. It integrates current evidence on climate change, mechanisms of HS, productiv-
ity and product quality, animal health and welfare, reproductive performance, biomarkers,
precision livestock farming, adaptation strategies, genomic approaches, and sustainabil-
ity. Rather than considering these components independently, the review evaluates their
interactions and their collective contribution to improving the resilience and long-term
sustainability of dairy production systems.

To facilitate interpretation of this interdisciplinary perspective, the review is organised
into interconnected thematic sections that progressively examine climate drivers, biological
mechanisms, productive and health-related consequences, adaptation strategies, sustain-
ability implications, and future perspectives. These relationships are integrated within the
original conceptual framework presented in Figure 1, which illustrates the causal pathways,
adaptation mechanisms, sustainability trade-offs, and feedback loops that collectively shape
the resilience and sustainability of dairy production systems and provide the structural
basis for the organisation of the review.
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Figure 1. Original conceptual framework illustrating the conceptual relationships among climate
and resource drivers, heat stress exposure, biological responses, production, welfare and economic
consequences, adaptation pathways, sustainability trade-offs, and feedback loops in sustainable dairy
production systems. Source: Developed by the author.

2.4. Limitations

Several limitations should be considered when interpreting this review. First, owing
to its narrative design, the review does not include quantitative meta-analysis or formal
statistical synthesis of published findings. Consequently, conclusions are based on critical
interpretation and integration of the available evidence rather than quantitative estimates
of pooled effects.

Second, substantial heterogeneity exists among published studies with respect to cli-
matic conditions, production systems, breeds, experimental designs, heat-stress indicators,
and measured outcomes, which limits direct quantitative comparison across investigations.
Variability in reporting standards, together with differences in the balance between original
research articles and secondary review literature, may also contribute to inconsistencies in
reported effect sizes and complicate evidence synthesis.

Finally, although literature searches were conducted across multiple international
databases, differences in database coverage, indexing practices, and publication availability
may have influenced the completeness of the evidence base. Accordingly, this review
should be interpreted as an integrative critical synthesis of current knowledge intended
to identify major advances, remaining knowledge gaps, and priorities for future research
rather than as a quantitative ranking of individual adaptation strategies.

3. Heat Stress in Dairy Production Systems: Biological Impacts,
Adaptation Strategies and Sustainability Challenges
3.1. Climate Change as a Driver of Thermal Challenges in Livestock Production

Climate change has become one of the principal global drivers reshaping livestock
production systems and their long-term sustainability. Rising average air temperatures,
altered precipitation patterns, increasing climatic variability, and the growing frequency
and duration of heatwaves are creating new challenges for animal productivity, health,
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welfare, and the economic resilience of livestock enterprises. Consequently, climate change
is increasingly recognised not merely as an environmental issue but as a systemic factor
influencing the efficiency, adaptability, and sustainability of animal production systems [2].

One of the most significant emerging trends is the progressive expansion of the geo-
graphical distribution of HS. In traditionally hot regions, both the intensity and duration of
thermally challenging periods continue to increase, whereas temperate areas are experi-
encing HS with increasing frequency despite historically favourable climatic conditions.
Long-term observations in Australia have demonstrated substantial seasonal and interan-
nual variation in thermal load affecting cattle, including prolonged periods of unfavourable
environmental conditions [11]. Similarly, studies conducted in Canada indicate a gradual
increase in the risk of HS in dairy cattle within regions that were previously considered
relatively unaffected by excessive heat [12]. Collectively, these findings demonstrate that
HS is no longer confined to tropical and subtropical livestock production but has become
an increasingly widespread challenge across diverse climatic zones.

Climate change is also altering the characteristics of heatwaves themselves. In sub-
tropical regions of Brazil, increases in both the frequency and duration of heatwaves have
intensified thermal stress in high-producing Holstein cows, highlighting the growing cli-
matic risks even within established dairy production areas [13]. Comparable trends have
been reported following the analysis of seven decades of climatic data in Italy, where signifi-
cant increases in both the frequency and persistence of heatwaves have already affected the
production environment of small ruminants [14]. These findings indicate that the severity
of HS depends not only on peak ambient temperature but also on the duration of thermal
exposure, the recurrence of extreme events, and the opportunity for nocturnal recovery.
The cumulative nature of thermal load therefore explains why prolonged exposure to
moderately elevated temperatures may exert greater biological consequences than brief
episodes of extreme heat.

The vulnerability of livestock production systems, however, is far from uniform. In
South Asian countries, the temperature–humidity index (THI) exceeds thresholds associ-
ated with HS in ruminants during a substantial proportion of the year [15,16]. In small
island states of the South Pacific, including Vanuatu, high ambient temperatures interact
with elevated humidity, climatic variability, and limited technological capacity for adapta-
tion, thereby increasing overall vulnerability [17]. Conversely, intensive dairy production
systems are particularly susceptible because high-producing animals generate considerable
metabolic heat and depend heavily on stable environmental conditions. These observa-
tions demonstrate that climatic risk is determined not solely by weather conditions but
by the interaction between climate, genotype, production level, housing system, and the
availability of adaptive resources.

The effects of climate change on livestock production also occur indirectly through
reduced feed and water security. Increasing temperatures, prolonged droughts, and increas-
ingly unpredictable precipitation patterns diminish forage yield, reduce feed quality, and
restrict water availability. These challenges are especially pronounced in arid and semi-arid
regions, where resource scarcity simultaneously intensifies physiological strain on animals
while limiting the capacity of farms to implement cooling technologies, optimise nutritional
management, and adopt other adaptive measures [1,18]. Consequently, the direct effects of
elevated environmental temperatures and the indirect consequences of resource limitation
reinforce one another, amplifying the overall impact of HS.

Taken together, current evidence indicates that HS is progressively evolving from a
short-term seasonal phenomenon into a systemic production risk. Its impact is determined
not only by the occurrence of extreme heat events but also by the duration of heatwaves,
insufficient nocturnal recovery, regional vulnerability, and increasing constraints on feed
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and water resources. For modern dairy production systems, these developments highlight
the need to move beyond reactive responses to individual heat events towards long-term
climate risk management integrating continuous environmental monitoring, predictive
approaches, animal adaptation, and the progressive modernisation of production systems.

3.2. A Challenge to Animal Homeostasis

Maintenance of homeostasis is fundamental to animal survival, health, and produc-
tivity. In high-producing dairy cows, however, this balance is continuously challenged
by the need to dissipate the large amounts of metabolic heat generated during lactation.
Consequently, HS should not be viewed simply as exposure to elevated ambient temper-
atures but as a systemic biological response that develops when total heat gain exceeds
the animal’s capacity for heat dissipation, triggering coordinated physiological, metabolic,
endocrine, and immune adaptations [3,19].

The severity of HS is determined not only by ambient temperature but also by rel-
ative humidity, solar radiation, air velocity, housing conditions, nocturnal cooling, and
endogenous heat production. Consequently, assessment of HS has evolved from reliance
on individual climatic variables to integrated biometeorological indices and thermody-
namic models that more accurately describe the balance between heat production and
heat loss [19,20]. Thermodynamic modelling indicates that, at approximately 40% relative
humidity and an air velocity of 1.4 m s−1, the thermal balance of dairy cows begins to
deteriorate at ambient temperatures close to 20 ◦C. Endogenous heat production increases
by approximately 27.3% in cows producing 18.5 kg of milk day−1 and by 48.5% in cows
producing 31.6 kg day−1, explaining why high-producing animals experience HS under
environmental conditions that remain tolerable for lower-producing cows [20].

The earliest response to HS involves activation of thermoregulatory mechanisms that
maximise heat dissipation while minimising additional heat production. Increased respira-
tory rate, peripheral vasodilation, redistribution of blood flow towards the skin, greater
water intake, reduced physical activity, and behavioural adjustments collectively enhance
evaporative and convective heat loss. Among these responses, increased respiratory rate is
one of the earliest and most sensitive indicators of HS, often preceding measurable increases
in core body temperature. These coordinated responses are orchestrated primarily by the
hypothalamus, which integrates thermal signals and regulates autonomic, cardiovascular,
endocrine, and behavioural functions. During prolonged HS, however, the efficiency of
these compensatory mechanisms progressively declines, leading to cumulative heat storage
and ultimately thermoregulatory exhaustion [20,21].

As physical thermoregulation becomes less effective, maintenance of homeostasis
increasingly depends on neuroendocrine adaptation. Activation of the hypothalamic–
pituitary–adrenal (HPA) axis stimulates the sequential release of corticotropin-releasing
hormone (CRH), adrenocorticotropic hormone (ACTH), and cortisol, promoting metabolic
flexibility through mobilisation of energy reserves, regulation of water and electrolyte
balance, and modulation of immune function [22,23]. Nevertheless, endocrine responses
vary substantially with the intensity and duration of HS, production level, physiological
status, and individual thermotolerance, indicating that endocrine plasticity is itself a key
determinant of heat resilience [22,23].

Among endocrine mediators, prolactin has received increasing attention because its
functions extend far beyond lactation. In addition to supporting mammary activity, pro-
lactin contributes to thermoregulation, maintenance of epithelial barrier integrity, water
balance, and cellular protection during hyperthermia. Its widespread distribution in the
hypothalamus, mammary gland, gastrointestinal tract, and immune cells highlights its role
as an integrative regulator linking endocrine, metabolic, and immune adaptation. Conse-
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quently, elevated circulating prolactin concentrations despite declining milk production
should be interpreted as part of a coordinated adaptive response rather than solely as a
consequence of lactogenic regulation [23].

As HS persists, compensatory mechanisms gradually become overwhelmed, pro-
moting oxidative stress, which is now recognised as a central driver of HS-induced
dysfunction [24,25]. Excessive production of reactive oxygen species (ROS) damages lipids,
proteins, and nucleic acids while activating the NF-κB signalling pathway and suppressing
the antioxidant regulator Nrf2. This imbalance amplifies inflammation, weakens antioxi-
dant defences, and establishes a self-perpetuating cycle of oxidative damage [25]. Mito-
chondria are among the earliest cellular targets, with heat-induced dysfunction reducing
ATP synthesis, disrupting calcium homeostasis, and impairing oxidative phosphorylation.
These changes subsequently trigger endoplasmic reticulum stress, autophagy, apoptosis,
and the synthesis of heat shock proteins (HSPs), which initially preserve protein stability
but become insufficient during prolonged HS [25].

The consequences of oxidative stress extend far beyond the cellular level. Organs with
high metabolic demands, including the liver, mammary gland, skeletal muscle, and intesti-
nal epithelium, are particularly susceptible to mitochondrial dysfunction and oxidative
injury, resulting in impaired nutrient utilisation, reduced milk synthesis, and compromised
immune competence. Experimental studies further demonstrate that enhancing antioxi-
dant capacity attenuates increases in rectal temperature, respiratory rate, and oxidative
biomarkers, reinforcing the concept that oxidative stress is not merely a consequence of HS
but a key mechanism linking thermal challenge to systemic dysfunction [24,25].

HS also profoundly reshapes systemic metabolism by redirecting nutrients from
productive functions towards the maintenance of homeostasis. Consequently, declines
in milk yield cannot be explained solely by reduced feed intake but reflect active
metabolic reprogramming driven by endocrine adaptation, oxidative stress, and cellu-
lar responses [25–28]. Although dry matter intake (DMI) typically decreases by 10–15%
(approximately 2.0–3.75 kg day−1 in high-producing cows), pair-feeding experiments con-
sistently show that heat-stressed cows produce less milk than thermoneutral cows receiving
the same amount of feed, demonstrating that hyperthermia directly disrupts metabolic
regulation independently of nutrient intake [25,27].

During HS, glucose, amino acids, and lipids are preferentially diverted towards
thermoregulation, antioxidant defence, tissue repair, and immune function rather than milk
synthesis and reproduction. Although this metabolic redistribution is essential for survival,
it inevitably compromises productive efficiency. The mammary gland is particularly
vulnerable because sustained lactation depends on a continuous supply of oxygen and
metabolic substrates. Whereas moderate HS may transiently increase mammary blood
flow, severe thermal load (THI > 79) markedly reduces tissue perfusion, glucose uptake,
oxygen delivery, and nutrient clearance, thereby limiting secretory activity independently
of feed intake [27].

At the molecular level, hyperthermia further impairs mammary function by sup-
pressing amino acid transport and inhibiting the mechanistic target of rapamycin (mTOR)
signalling pathway, a central regulator of protein synthesis. Expression of the amino acid
transporters SLC7A5, SLC38A2, and SLC38A3, together with the β-casein gene CSN2, is
reduced, providing direct molecular evidence that HS suppresses milk protein synthesis.
Consequently, reductions in milk yield and protein concentration result from the combined
effects of altered nutrient partitioning, impaired mammary perfusion, and inhibition of
anabolic signalling rather than decreased nutrient intake alone [26,28].

Beyond host metabolism, the gastrointestinal microbiome has emerged as an important
regulator of thermal adaptation. HS induces substantial remodelling of ruminal microbial
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communities independently of feed restriction, demonstrating that hyperthermia directly
alters microbial ecology [25,29,30]. Among the most consistent changes are reductions in
fibrolytic bacteria such as Fibrobacter, accompanied by shifts in metabolically important
genera, including Prevotella and Succiniclasticum. These alterations modify carbohydrate
fermentation, nitrogen metabolism, volatile fatty acid production, and overall energy
harvest, ultimately influencing nutrient availability to the host [29,30].

Microbial remodelling also alters the production of short-chain fatty acids and
other signalling metabolites involved in maintaining intestinal barrier integrity, hepatic
metabolism, and systemic immunity. Increased intestinal permeability may facilitate
translocation of bacterial components into the circulation, further amplifying inflammatory
signalling initiated by oxidative stress. Chronic HS is additionally associated with reduced
microbial diversity and extensive functional reorganisation of pathways involved in amino
acid metabolism and energy production, whereas specific microbial profiles appear to
enhance thermotolerance [25,29–31]. These findings indicate that the microbiome is not
merely a passive target of HS but an active determinant of heat resilience and a promising
target for nutritional interventions aimed at improving climate adaptation [29–31].

Collectively, these findings demonstrate that metabolic reprogramming during HS ex-
tends well beyond alterations in energy metabolism to encompass coordinated interactions
among endocrine regulation, cellular signalling, mammary function, and the gastrointesti-
nal microbiome. Together, these processes form the mechanistic bridge between the initial
physiological response to HS and the immune remodelling that characterises prolonged
thermal stress [25,31].

HS profoundly alters immune function, although its effects extend far beyond the
traditional concept of immunosuppression. Increasing evidence indicates that HS induces
immune remodelling, characterised by the concurrent activation of pro-inflammatory
and regulatory pathways rather than uniform suppression of immune activity [25,32–35].
Oxidative stress provides the principal link between metabolic dysfunction and immune
activation through NF-κB-dependent signalling, promoting the production of inflammatory
mediators, including interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumour necrosis factor-
α (TNF-α). Simultaneously, anti-inflammatory mechanisms are activated to limit tissue
damage, and the balance between these opposing responses largely determines whether
adaptation is maintained or progresses to chronic inflammation [25,34].

HS also alters the function of peripheral blood mononuclear cells (PBMCs), macrophages,
monocytes, and other immune cell populations by modifying cytokine production, heat
shock protein expression, and the activity of genes involved in cellular defence [32–34].
The magnitude of these responses varies considerably among animals, indicating that
thermotolerance depends not only on thermoregulatory efficiency but also on immune plas-
ticity. Importantly, immune alterations frequently persist after environmental temperatures
return to normal, providing a biological basis for the delayed onset of mastitis, metabolic
disorders, and reproductive dysfunction during the post-HS recovery period [32,33].

These findings underpin the emerging concept of immunometabolism, which recog-
nises metabolism and immunity as components of an integrated regulatory network [35].
During HS, endocrine adaptation, oxidative stress, mitochondrial dysfunction, nutrient
partitioning, microbiome remodelling, and immune responses interact through intercon-
nected signalling pathways that collectively determine the animal’s capacity to maintain
homeostasis. Metabolic disturbances directly influence immune function, while inflamma-
tory mediators reciprocally regulate energy metabolism and nutrient allocation, explain-
ing why prolonged HS simultaneously compromises productivity, health, welfare, and
reproductive performance [25,35].
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Collectively, current evidence supports a systems-level view of HS in which disruption
of thermal balance initiates a coordinated adaptive cascade involving neuroendocrine
regulation, oxidative stress, metabolic reprogramming, microbiome remodelling, and
immune adaptation [19,25,35]. Rather than acting independently, these processes reinforce
one another through interconnected molecular pathways, including NF-κB, Nrf2, mTOR,
and heat shock proteins, ultimately determining the animal’s capacity to withstand thermal
stress. Variation in productive level, metabolic heat production, endocrine responsiveness,
antioxidant capacity, immune plasticity, and microbiome composition further explains
the marked differences in thermotolerance observed among animals exposed to similar
environmental conditions [25,35].

This integrative perspective has shifted both research and livestock management
beyond reliance on climatic indices or isolated physiological variables towards multidisci-
plinary approaches that combine environmental, physiological, biochemical, immunologi-
cal, and molecular information [19,20]. Advances in genomics, transcriptomics, proteomics,
metabolomics, and microbiome research have accelerated this transition by enabling the
identification of biomarkers, regulatory pathways, and potential intervention targets for
improving resilience to HS [25,29–31,35].

Taken together, the mechanisms described above provide the biological framework for
understanding the production consequences of HS in dairy cattle. Disruption of thermoreg-
ulation, endocrine signalling, redox homeostasis, metabolism, microbiome composition,
and immune function collectively impairs mammary gland activity and systemic physiolog-
ical performance, ultimately reducing milk yield and quality while compromising animal
health, welfare, and reproductive efficiency. These production responses are examined in
the following sections of this review [19,25].

3.3. A Threat to Productivity and Product Quality

Productivity represents an integrated indicator of animal performance because it re-
flects the combined outcome of physiological, endocrine, metabolic, and immune processes
that maintain homeostasis. Rather than being a direct consequence of elevated ambient
temperature, the decline in productivity under HS should be viewed as the result of sys-
temic adaptation, whereby energy and nutrients are redirected from productive functions
towards thermoregulation, antioxidant defence, endocrine adaptation, and maintenance
of homeostasis. Consequently, production losses may occur before feed intake declines
substantially, highlighting HS as one of the major biological and economic constraints on
modern livestock production under climate change [36,37].

These mechanisms have been investigated most extensively in dairy cattle, where
the high metabolic demands of lactation generate considerable endogenous heat. Under
such conditions, even moderate increases in the temperature–humidity index (THI) rapidly
challenge the thermoregulatory capacity of high-producing cows. Pair-feeding studies
further demonstrate that heat-stressed cows produce less milk than thermoneutral animals
receiving the same amount of feed, indicating that production losses result primarily
from endocrine and metabolic reprogramming, altered nutrient partitioning, and impaired
mammary function rather than reduced feed intake alone [36,37].

Large-scale population studies consistently demonstrate the high sensitivity of milk
production to thermal load, although reported THI thresholds vary considerably among
studies owing to differences in physiological status, production level, climatic conditions,
and study design. Analysis of 387,963 Holstein cows in Canada showed that milk yield
declined significantly at approximately THI 68, whereas milk fat and protein responded
much earlier, at THI values of about 57 and 60, respectively. Based on these findings, annual
losses to the Canadian dairy industry were estimated at approximately CAD 34.5 million,
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highlighting the substantial economic impact of both reduced milk yield and deteriorating
milk composition [38].

Subsequent studies indicate that the productive response to HS follows a multi-
threshold rather than a single-threshold pattern. Three critical THI ranges (47–50, 61–69,
and 72–76) have been identified, with progressively greater declines in milk yield beyond
each threshold. Above the highest threshold, milk losses increased to 0.04–0.23 kg per
additional THI unit, whereas milk fat and protein consistently proved more sensitive than
overall milk yield, suggesting that impairment of mammary synthetic activity precedes
substantial reductions in milk production [39].

Physiological status further modifies thermal susceptibility. Lactating cows respond
to HS at considerably lower THI values than dry cows, while the greatest production losses
occur during mid-lactation, when daily milk yield may decline by nearly 20%, compared
with approximately 14% during early and late lactation. These findings demonstrate that
the productive consequences of HS depend not only on thermal load but also on metabolic
intensity and physiological stage [40].

Collectively, current evidence indicates that the productive response to HS is de-
termined by the interaction of thermal load, physiological status, production level, and
management conditions. Despite variation in reported THI thresholds, studies consistently
show that changes in milk composition precede declines in milk yield, making milk fat and
protein among the earliest and most sensitive indicators of heat-induced impairment of
mammary function.

Beyond reducing milk yield, heat adaptation is consistently accompanied by deteriora-
tion in milk quality. Whereas lactation performance reflects the overall physiological status
of the animal, milk composition provides a more direct indicator of mammary synthetic
activity. Consequently, changes in milk fat, protein, and other components are increasingly
recognised as earlier and more sensitive indicators of HS than declines in milk yield itself.

This differential response reflects the varying susceptibility of mammary synthetic
processes to thermal challenge. Disruptions in energy metabolism, mammary perfusion,
and milk component synthesis develop before substantial reductions in milk secretion
become apparent. As a result, alterations in milk composition often precede measurable
production losses.

Field studies conducted under diverse climatic conditions consistently support this
pattern. During summer, daily milk yield declined from 31.8 to 24.9 kg (−21.7%), accompa-
nied by reductions in milk fat (3.53% to 3.30%), protein (3.16% to 3.12%), and solids-not-fat
(8.29% to 7.95%), together with increases in somatic cell count and bacterial contamination.
Significant negative correlations were observed between THI and milk yield, milk fat,
protein, solids-not-fat, and milk pH, indicating that HS simultaneously compromises both
production and the hygienic and technological quality of milk [41].

Further evidence demonstrates that individual milk components differ in their sensi-
tivity to thermal load. Threshold THI values were approximately 72 for milk yield, 64 for
milk fat, and 63 for milk protein, whereas increases in somatic cell count became evident
only above THI 78. Beyond these thresholds, each additional THI unit reduced milk yield
by up to 0.249 kg/day, milk protein by 0.008 kg/day, and milk fat by 0.006 kg/day per cow.
Importantly, the detrimental effects of heat waves persisted for 7–12 days after thermal con-
ditions had returned to normal, while consecutive hot days further amplified production
losses, particularly in high-producing multiparous cows. These findings emphasise that
the duration of thermal exposure is as important as its intensity [42].

At first glance, these observations appear inconsistent with controlled experiments, in
which marked production losses are not always detected during the initial days of heat
exposure. However, this discrepancy largely reflects differences in exposure duration rather

https://doi.org/10.3390/su18168210

https://doi.org/10.3390/su18168210


Sustainability 2026, 18, 8210 11 of 54

than conflicting biological responses. After five days of experimental HS, reductions in
dry matter intake and changes in selected physicochemical characteristics of milk were
already evident, whereas milk fat, lactose, total solids, somatic cell count, and milk yield
remained unchanged. Simultaneously, the use of ventilation and sprinkler cooling increased
milk protein concentration and alleviated physiological signs of HS. Thus, controlled
experiments primarily capture the early, largely reversible phase of thermal adaptation,
whereas field studies reflect the cumulative consequences of prolonged heat exposure [43].

Taken together, these findings demonstrate that milk composition responds to HS
earlier than milk yield and therefore provides a more sensitive indicator of impaired
mammary function. Moreover, the magnitude of these changes depends not only on
the severity of thermal stress but also on its duration. Consequently, evaluating milk
yield alone is likely to underestimate the biological and economic impact of HS, whereas
integrating milk composition, hygienic quality, and their temporal dynamics offers a more
comprehensive assessment of heat-induced impairment.

Deterioration in milk composition represents only the phenotypic manifestation of
deeper alterations within the mammary secretory epithelium during HS. While conven-
tional indicators such as milk fat and protein reflect the final outcome of these changes,
advances in lipidomics, metabolomics, fatty acid profiling, and transcriptomics have shifted
attention towards the cellular and molecular mechanisms underlying heat-induced mam-
mary dysfunction. Consequently, recent research has focused less on describing changes
in milk composition and more on understanding the metabolic reprogramming of the
mammary gland during acute and chronic heat exposure.

Current evidence indicates that this reprogramming develops progressively. Early
HS is characterised by compensatory responses that largely preserve mammary function,
whereas prolonged heat exposure induces persistent alterations in energy, lipid, and protein
metabolism, ultimately suppressing the synthetic activity of the mammary epithelium.

Differences in the duration of thermal exposure largely explain the apparent discrep-
ancies among studies. Following short-term experimental HS (THI 76 ± 4.1 for two days),
no significant changes were detected in the overall milk fatty acid profile or major phos-
pholipid classes, with only minor alterations in several short-chain fatty acids that were
largely attributable to dietary factors rather than heat stress itself. These findings suggest
that mammary lipid metabolism remains largely preserved during the initial stages of
thermal adaptation [44].

In contrast, prolonged HS results in progressive metabolic dysregulation rather than
direct thermal injury to mammary cells. Reduced insulin-mediated nutrient partitioning,
impaired mobilisation of non-esterified fatty acids, altered ruminal fermentation with
decreased acetate and butyrate production, and systemic inflammation collectively restrict
de novo fatty acid synthesis and gradually reduce milk fat concentration. Thus, milk fat
depression should be regarded as the consequence of sustained metabolic reprogramming
rather than an immediate effect of elevated temperature [45].

Transcriptomic studies have further expanded this concept by demonstrating that
chronic HS is accompanied by persistent changes in the expression of genes involved in
nutrient transport, lipid synthesis, mitochondrial energy metabolism, antioxidant defence,
and cellular stress responses. These molecular alterations reflect a transition from transient
functional adaptation to sustained metabolic reprogramming of the mammary epithelium,
explaining the persistent suppression of de novo fatty acid synthesis, shifts in milk fatty
acid composition, and the continued deterioration of milk processing characteristics even
after thermal conditions have returned to normal [46].

Long-term field observations closely mirror these molecular findings. During 26 con-
secutive days of heat exposure (THI ≥ 72), milk fat declined from 3.73% to 3.50% (−6.2%),
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milk protein from 3.24% to 3.03% (−6.5%), and solids-not-fat by approximately 7%, whereas
average daily milk yield remained relatively stable. These results indicate that molecular
disturbances accumulate progressively and become evident as changes in milk composition
before substantial declines in milk yield occur. Consequently, economic losses may begin
to develop well before reductions in production become apparent [47].

The magnitude of these responses is, however, strongly influenced by management
practices. Under modern ventilation and cooling systems, correlations between thermal
load and milk quality traits remained relatively weak (r = −0.21 to −0.28), suggesting that
effective cooling substantially mitigates the adverse effects of HS. In contrast, a survey of
53 dairy farms identified much stronger negative associations between air temperature and
milk fat (r = −0.68), protein (r = −0.71), and solids-not-fat (r = −0.65), while somatic cell
count increased with rising ambient temperature (r = 0.70; p < 0.05). In addition, total mixed
ration (TMR) feeding improved resilience to thermal stress compared with conventional
feeding systems. These findings emphasise that the biological consequences of HS are
determined not only by its severity but also by the effectiveness of management strategies
aimed at maintaining metabolic stability [48,49].

Collectively, evidence from molecular, experimental, and field studies supports a uni-
fied model of mammary adaptation to heat stress. Short-term exposure is characterised by
predominantly reversible functional responses, whereas prolonged thermal stress induces
stable metabolic and transcriptomic reprogramming, resulting in persistent impairment
of mammary synthetic activity. These findings further demonstrate that the duration of
heat exposure is as important as the absolute THI level in determining the transition from
reversible adaptation to sustained deterioration in milk composition and the accumulation
of economically significant production losses.

Although the effects of HS on productivity have been investigated most extensively
in dairy cattle, growing evidence indicates that the underlying biological principles are
broadly conserved across livestock species. Regardless of species, increasing thermal load
activates similar adaptive responses aimed at maintaining thermal homeostasis. However,
their productive consequences vary according to physiological characteristics, metabolic
intensity, production purpose, and thermoregulatory capacity.

A common feature across species is the redistribution of energy and nutrients from
productive functions towards thermoregulation and maintenance of homeostasis. In high-
producing dairy cows, this is primarily expressed as impaired mammary synthetic activity,
whereas in meat-producing animals the earliest manifestations are reduced growth per-
formance and poorer feed efficiency. Thus, the same adaptive mechanisms are reflected
through different production traits depending on species-specific biology.

This concept is supported by studies in small ruminants. Under acute heat exposure,
goats lost approximately 0.5 kg of body weight for every 1 ◦C increase in ambient tem-
perature, reflecting the rapid development of negative energy balance. These changes
were attributed to reduced feed intake, increased energetic costs of thermoregulation, and
suppression of anabolic processes, demonstrating that nutrient partitioning shifts from
growth towards maintenance of homeostasis even in the absence of lactation [50].

Prolonged HS also compromises product quality across livestock species. In meat-
producing animals, chronic thermal stress alters post-mortem glycolysis, muscle pH de-
cline, water-holding capacity, colour stability, antioxidant status, and protein denaturation,
thereby increasing the incidence of PSE (pale, soft, exudative) and DFD (dark, firm, dry)
meat. As in dairy cattle, HS therefore affects not only production volume but also product
quality and technological value [51].

The severity of these losses is strongly influenced by species-specific thermoregulatory
capacity and the effectiveness of management interventions. In pigs, where physiological
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heat dissipation is inherently limited, evaporative cooling increased final body weight by
approximately 5 kg, reduced stocking density contributed a further 3 kg, and combining
both strategies improved body weight by nearly 9 kg after an 81-day finishing period.
Animals managed under the most effective cooling strategy reached 89.9 kg compared with
80.6 kg under conventional conditions, accompanied by lower hair cortisone concentrations,
indicating that improved productivity reflected both enhanced growth and reduced chronic
physiological stress [52].

Commercial poultry exhibits even greater susceptibility to HS because the absence of
sweat glands and exceptionally high metabolic heat production substantially restrict heat
dissipation. Consequently, heat exposure rapidly reduces feed intake, growth rate, feed
efficiency, and breast muscle yield while increasing mortality and the incidence of heat-
associated myopathies. Nevertheless, local cooling systems markedly reduce both mortality
and muscle pathology, demonstrating that appropriate management can substantially
alleviate production losses even in highly susceptible species [53,54].

Taken together, evidence from diverse livestock systems indicates that interspecies
differences relate primarily to the rate and phenotypic expression of thermal adaptation
rather than to its fundamental biological mechanisms. Across species, increasing thermal
load consistently redirects physiological resources from production towards survival,
making reduced productivity and declining product quality the earliest and most consistent
manifestations of HS, although their specific expression depends on species biology and
production system [55].

Overall, productivity should be regarded not merely as an economic outcome but
as an integrated biological indicator of the animal’s adaptive capacity under thermal
stress. Importantly, production losses represent only the visible consequence of broader
physiological, metabolic, and molecular disturbances. A comprehensive understanding of
HS therefore requires productivity to be evaluated alongside animal health, reproductive
performance, and welfare, which are discussed in the following sections of this review.

3.4. A Challenge to Animal Health, Welfare, and Reproduction

The consequences of HS extend far beyond impaired thermoregulation and reduced
productivity. As discussed in the previous sections, prolonged thermal exposure triggers
integrated endocrine, metabolic, and immune disturbances that progressively manifest as
clinical disorders affecting mammary health, locomotion, reproduction, pregnancy, and
fetal development. Rather than representing independent outcomes, these conditions
should be viewed as interconnected stages of systemic maladaptation.

Unlike immediate production losses, many health consequences develop gradually
and persist beyond the period of heat exposure. Their effects may become evident dur-
ing the subsequent lactation or even in the next generation, emphasising that the bi-
ological burden of HS extends from early immunometabolic disruption to long-term
physiological programming.

Among all physiological stages, transition cows are particularly vulnerable because
the high metabolic demands of the periparturient period coincide with limited adaptive
capacity. Within the framework of immunometabolism, negative energy balance, ele-
vated concentrations of non-esterified fatty acids (NEFA), and ketone bodies directly alter
immune-cell function, thereby increasing susceptibility to postpartum disease [56].

Large cohort studies strongly support this concept. In dairy cows, prepartum NEFA
concentrations ≥ 160 µmol/L were associated with increased risks of hyperketonaemia
(OR = 2.0), displaced abomasum (OR = 12.3), metritis (OR = 9.4), and clinical mastitis
(OR = 5.8) [57]. Similarly, analysis of 13,120 calvings demonstrated that increasing THI sig-
nificantly increased the incidence of retained placenta, metritis, and ketosis, particularly fol-
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lowing periods of sustained heat exposure [58]. Together, these findings indicate that post-
partum disorders should be interpreted as manifestations of systemic immunometabolic
dysregulation rather than isolated clinical diseases.

The mammary gland is among the organs most susceptible to this systemic imbalance.
Whereas alterations in milk composition reflect impaired secretory activity, increases in
somatic cell count and mastitis indicate disruption of local immune defence. Consistent
with the mechanisms outlined in Section 3.2, HS impairs mammary immunity through
oxidative stress, inflammatory signalling, altered gene expression, microbiome disruption,
and reduced neutrophil function. Importantly, heat exposure during the dry period exerts
prolonged effects that persist into the subsequent lactation, while cooling during this
period improves postpartum neutrophil function and passive immune transfer to calves,
demonstrating that immunological consequences extend beyond the period of thermal
exposure itself [59,60].

Field studies further indicate that mastitis develops through the interaction between
impaired host defence and environmental conditions. Rising ambient temperature increases
somatic cell count and mastitis risk while simultaneously altering barn microclimate and
bedding characteristics. Bedding moisture, pH, and surface temperature were identified as
major determinants of subclinical mastitis, indicating that the effects of HS are partially
mediated through changes in the housing environment and microbial exposure rather than
through direct thermal injury alone [61].

Collectively, current evidence supports a dual-pathway model of mastitis development
under HS. Systemic immunometabolic dysfunction increases host susceptibility, whereas
deterioration of the housing microenvironment enhances pathogen challenge. Their in-
teraction explains the marked increase in mammary disease observed during prolonged
periods of thermal stress.

HS affects animal welfare through a progressive transition from adaptive behavioural
responses to persistent functional impairment. Because welfare integrates behavioural,
physiological, and pathological changes, it provides a more comprehensive assessment of
the biological consequences of HS than individual clinical indicators.

The earliest manifestations of HS are behavioural adaptations that enhance heat dissi-
pation, including reduced feed intake and physical activity, altered daily activity patterns,
prolonged standing, shorter lying and rumination times, and increased competition for
access to water, shade, or cooling devices. Although initially compensatory, these responses
become detrimental during prolonged HS by increasing mechanical loading of the claws
and predisposing animals to lameness.

The delayed nature of these disorders is particularly noteworthy. Following severe HS
(THI = 88), the prevalence of sole ulcers increased from 15.2–18.6% to 28.1% three months
after the heat event before subsequently declining to 12.9% (p < 0.05), demonstrating that
clinically important consequences may emerge long after environmental temperatures have
returned to normal [62].

Once lameness develops, it initiates a secondary cycle of pain, metabolic disturbance,
and reduced welfare. Although the following studies did not directly investigate HS-
induced lameness, they illustrate the systemic consequences of this condition, the risk
of which increases under prolonged HS. Lameness was associated with elevated cortisol
concentrations (r = 0.630; p < 0.001), increased milk electrical conductivity, and alterations
in blood urea nitrogen, the BUN/creatinine ratio, sodium, and copeptin concentrations,
indicating widespread neuroendocrine and metabolic disruption and identifying potential
biomarkers for objective welfare assessment [63,64].

Taken together, current evidence supports a sequential model of welfare deterioration
during HS. Heat stress initially induces adaptive behavioural responses, prolonged stand-
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ing subsequently increases the risk of claw disorders, and the resulting lameness further
amplifies systemic metabolic and endocrine dysfunction, creating a self-reinforcing cycle of
declining health and welfare.

A similar progression from adaptive responses to systemic dysfunction occurs in the
reproductive system, whose function depends on the coordinated interaction of endocrine,
metabolic, vascular, and immune pathways. HS disrupts reproduction at multiple stages,
from oestrus expression and ovulation to fertilisation, early embryonic development, and
maternal–embryonic interactions.

The earliest manifestations include reduced oestrus intensity and duration, impaired
oestrus detection, hormonal dysregulation, suppressed follicular development, and dis-
turbed ovulation. Consequently, conception rates decline, while days open and the service
period increase, with fertility recovering more slowly than milk production following
summer HS [65]. Even a 0.5 ◦C increase in body temperature has been associated with
reduced conception, whereas pregnancy rates may decline by more than 20–30% during HS
owing to impaired oocyte quality, endocrine disruption, and increased embryonic loss [66].

Large population studies further demonstrate that reproductive performance is af-
fected before extreme THI values are reached. Analysis of more than two million records
from Canadian Holstein cows identified fertility thresholds at approximately THI 66 (range
65.0–68.6 depending on parity and evaluation period), with the greatest sensitivity oc-
curring from three days before to two days after insemination. Cows inseminated under
synchronised breeding programmes were considerably more sensitive than those bred after
natural oestrus detection (THI threshold 64 vs. 72.8), highlighting that both the intensity
and timing of HS determine reproductive success [67].

Beyond endocrine regulation, HS directly compromises female gamete competence
and early embryonic development. Elevated temperature impairs oocyte maturation,
increases oxidative stress, disrupts meiosis, and reduces blastocyst development. Partial
restoration of oocyte maturation and embryo development by supplementation with IGF-1
(100 ng/mL) further emphasises the importance of metabolic and growth-factor signalling
pathways involved in reproductive thermotolerance [68].

HS also compromises male fertility, although this aspect has received less attention
than female reproductive physiology. Elevated testicular temperature disrupts spermato-
genesis, reduces sperm motility, viability, and fertilising capacity, increases sperm abnor-
malities and oxidative damage, and ultimately compromises semen quality in breeding
bulls. Together, these findings indicate that successful reproduction under HS depends on
preserving the functional competence of both female and male gametes [66].

However, direct hyperthermia alone cannot fully explain reproductive failure. Experi-
mental studies suggest that widely used in vitro exposure to 40–41 ◦C may overestimate
the actual thermal conditions experienced by reproductive tissues in vivo. During HS,
uterine temperature typically increases by only about 0.5 ◦C and rarely exceeds 39 ◦C, even
at THI ≥ 74. Nevertheless, a further increase of only 0.5 ◦C above 38.6 ◦C within the uterine
lumen was associated with a 12% reduction in conception rate [69]. These observations
indicate that reproductive losses arise not only from direct cellular heat damage but also
from impaired ovarian perfusion, altered nutrient and hormone transport, and disruption
of the reproductive microenvironment.

Collectively, current evidence indicates that reproductive dysfunction during HS
cannot be attributed to a single mechanism. Population studies identify critical windows of
thermal susceptibility, experimental models reveal cellular mechanisms of damage, and
physiological observations demonstrate that even modest local increases in reproductive
tract temperature may have important clinical consequences. Together, these findings
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support the concept that reproductive failure during HS results from the combined effects
of direct cellular injury and systemic maternal maladaptation.

The reproductive consequences of HS are inherently cumulative and often persist
beyond the period of thermal exposure. Recovery of reproductive function may remain
incomplete for weeks or months after environmental conditions return to normal. This
concept is consistent with autumn low milk yield syndrome (ALMYS), in which reduced
milk production, impaired fertility, increased mastitis incidence, and postpartum disorders
are interpreted as interconnected manifestations of cumulative physiological exhaustion
rather than independent seasonal events [70].

The effects of HS also extend beyond conception and early embryogenesis. During
pregnancy, the placenta becomes the primary biological interface through which maternal
HS influences fetal development. Hyperthermia, dehydration, impaired uteroplacental
perfusion, systemic inflammation, and oxidative stress compromise placental structure and
function, reducing the efficiency of oxygen and nutrient transfer to the fetus. Consequently,
maternal HS increases the risks of intrauterine growth restriction, shortened gestation, still-
birth, and neonatal mortality, with placental dysfunction representing a central mechanism
linking maternal thermal stress to adverse pregnancy outcomes [71].

Experimental evidence confirms these mechanisms. In dairy cows, HS during the
dry period (THI 77–79) induced structural and functional placental alterations, shortened
gestation by 3.0 days (p = 0.04), and reduced calf birth weight by 3.4 kg (p = 0.03) despite
compensatory increases in placental vascularisation [72]. Similar trends have been reported
in sheep, where a 1 ◦C increase in ambient temperature was associated with approximately
a 3.5% reduction in lambing rate and a 0.6% decrease in lamb birth weight [73]. Despite
species differences, both experimental and population studies identify the placenta as the
principal biological interface linking maternal HS with impaired offspring development.

These observations underpin the concept of developmental programming, whereby
prenatal HS influences offspring health, reproductive performance, and productivity long
after birth. The long interval between prenatal exposure and postnatal outcomes compli-
cates causal inference and highlights the importance of longitudinal cohort studies.

This delayed impact is particularly evident when HS occurs during the transition
and dry periods. In Holstein cows, exposure to THI 71.4–72.7 increased the incidence of
retained placenta, metritis, and mastitis, reduced pregnancy rate after first insemination by
10.6%, and increased the risk of culling during the first 90 days of lactation [74]. Similarly,
analysis of 12,102 lactations showed that increasing THI during the dry period reduced
pregnancy rate after first insemination by 6.1% and overall pregnancy rate by 17.6%,
while increasing the number of inseminations per pregnancy and reducing 305-day milk
yield [75]. Collectively, these findings identify the transition and dry periods as critical
windows during which HS has lasting consequences for subsequent productivity, fertility,
and health.

The consequences of HS may extend well beyond a single production cycle. In a cohort
of 7331 Holstein cows, animals born in autumn after prenatal exposure to summer HS had
a significantly shorter lifespan (1303 ± 16 vs. 1385 ± 17 days; p < 0.01), lower lifetime milk
yield, and fewer completed lactations [76]. However, because season of birth is only a proxy
for prenatal HS and may also reflect seasonal differences in nutrition, disease pressure,
and management, these findings demonstrate a strong long-term association rather than
definitive causality.

These observations indicate that the consequences of maternal HS may extend well
beyond pregnancy and birth, affecting offspring development and subsequent productive
performance. Evidence indicates that intrauterine HS is associated with reduced birth
weight, impaired passive immune transfer, slower postnatal growth, delayed puberty,
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shortened productive life, lower lifetime milk yield, and an increased risk of premature
culling [76,77]. Although the long interval between prenatal exposure and postnatal
outcomes complicates causal inference, the consistency of these associations strongly
suggests that fetal development is the principal biological pathway through which the
long-term consequences of maternal HS are transmitted across generations.

Mechanistic studies attribute these long-term effects to impaired placental develop-
ment and reduced uteroplacental nutrient and oxygen transport, leading to persistent
alterations in immune, endocrine, and metabolic development [78]. Supporting this con-
cept, prenatal HS has been associated with structural remodelling of the adrenal gland
together with transcriptomic changes affecting immune function, inflammation, prolactin
signalling, calcium transport, and cellular regulation, indicating long-term programming of
the hypothalamic–pituitary–adrenal axis and adaptive capacity [79]. Collectively, these find-
ings identify placental dysfunction and fetal developmental programming as key biological
mechanisms linking maternal HS with long-term alterations in offspring phenotype.

Overall, current evidence supports the concept of a biological memory of HS. Cohort
studies consistently associate prenatal and periparturient HS with reduced health, fertility,
productivity, longevity, and offspring performance, while mechanistic studies identify
placental dysfunction and endocrine programming as the biological basis of these long-term
effects. Although additional longitudinal studies are required to strengthen causal inference,
the available evidence indicates that the consequences of HS may persist throughout the
productive life of the offspring.

3.5. Early-Life Effects of HS and Programming of Future Productivity

The biological memory established by prenatal HS originates during specific devel-
opmental windows, when environmental conditions exert disproportionate effects on
organ development and physiological plasticity. Fetal life, neonatal adaptation, and the
pre-weaning period represent these critical windows, during which thermal exposure may
induce persistent changes in physiological, metabolic, and productive phenotypes. This
process, commonly described as developmental programming, establishes the biological
limits of future productive performance [77].

Among the mechanisms underlying developmental programming, placental function
occupies a central position because it represents the primary biological interface through
which maternal HS is translated into long-term alterations in the offspring. During late
gestation, hyperthermia alters placental morphology and vascularisation, impairs oxy-
gen and nutrient transport, and modifies both gene expression and epigenetic regulation.
Consequently, fetal development occurs within an altered metabolic and endocrine en-
vironment that influences organ growth, tissue differentiation, and the establishment of
functional reserves [78].

Evidence from organ-specific studies demonstrates that placental dysfunction is ac-
companied by persistent developmental remodelling of endocrine organs. In calves born
to cows exposed to HS during the final 54 ± 5 days of gestation (THI > 68), adrenal glands
exhibited greater relative weight (0.08 vs. 0.06 g/kg; p = 0.04), increased size, and cortical
thickening after weaning. Transcriptomic analysis further identified approximately 30 dif-
ferentially regulated signalling pathways associated with inflammation, immune function,
prolactin signalling, and calcium transport. Notably, circulating cortisol concentrations
remained unchanged, indicating that conventional endocrine biomarkers may fail to detect
substantial structural and molecular reprogramming of the stress-response system [79].

These developmental alterations extend beyond endocrine function to include ther-
moregulation and energy metabolism. Offspring born to dry cows with elevated β-
hydroxybutyrate concentrations (0.64 ± 0.02 vs. 0.21 ± 0.005 mmol/L) exhibited reduced

https://doi.org/10.3390/su18168210

https://doi.org/10.3390/su18168210


Sustainability 2026, 18, 8210 18 of 54

brown adipose tissue mass, lower mitochondrial density, suppressed expression of UCP1,
CREBP4, and CPT1B, reduced abundance of UCP1 and PGC-1α proteins, and impaired glu-
cose tolerance. Complementary in vitro experiments demonstrated that β-hydroxybutyrate
directly inhibited brown adipocyte differentiation and mitochondrial biogenesis, suggesting
a mechanistic link between the maternal metabolic environment and prenatal program-
ming of thermogenesis and energy homeostasis [80]. Considered alongside the endocrine
findings, these results indicate that the long-term adaptive capacity of the offspring is
shaped through coordinated remodelling of stress responsiveness, thermogenic capacity,
and metabolic regulation [79,80].

The persistence of these effects after maternal heat exposure has ceased indicates that
they cannot be explained solely by transient alterations in placental or maternal metabolism.
Instead, increasing evidence points to epigenetic programming as a mechanism of biological
memory, whereby stable modifications of gene regulation occur without changes in DNA
sequence. Among these mechanisms, DNA methylation appears particularly important
because of its potential influence on immune development, endocrine function, energy
metabolism, and adaptive responsiveness.

Direct evidence for this mechanism has recently been reported in calves prenatally
exposed to HS (THI > 68) during the final 54 ± 5 days of gestation. At birth, 682,898 differen-
tially methylated cytosines were identified, including 55,304 located within genes expressed
in blood cells. Although many methylation differences diminished before weaning, reflect-
ing postnatal epigenetic plasticity, 97,289 methylation sites (14.2% of the original profile)
remained stable throughout early life, while the 500 most informative loci clearly distin-
guished calves according to prenatal HS exposure. These persistent changes were primarily
associated with pathways regulating immune development, inflammation, metabolism,
and cellular signalling, indicating that the epigenetic response comprises both dynamic and
stable components. The latter may provide a foundation for future biomarkers of prenatal
HS exposure and its long-term biological consequences [81].

Epigenetic modifications should therefore be viewed as one component of an in-
tegrated developmental response rather than as an isolated mechanism. Placental dys-
function, together with alterations in the prenatal endocrine environment, may reshape
the regulatory networks governing growth, metabolism, stress responsiveness, and im-
mune development. Likewise, the presence of stable DNA methylation patterns alone
does not establish causality, as their biological significance ultimately depends on corre-
sponding changes in gene expression, tissue development, physiological function, and
productive performance.

Taken together, these findings support a multilevel model linking prenatal HS with
persistent developmental alterations. Placental dysfunction establishes an adverse fe-
tal environment, endocrine and metabolic remodelling influences organ development,
and epigenetic modifications provide a potential mechanism through which these effects
are retained after birth. Establishing definitive causal relationships, however, will re-
quire integrated longitudinal studies combining molecular, physiological, and lifetime
productivity data [78,79,81].

After birth, the biological consequences of prenatal HS become evident through
alterations in thermoregulation, energy metabolism, and metabolic adaptation. During the
neonatal period, the functional reserves established in utero determine the newborn’s ability
to maintain thermal homeostasis, transition to enteral nutrition, and adjust its metabolism
to extrauterine life. Consequently, even subtle impairments in functional maturity may
reduce neonatal viability and influence subsequent developmental trajectories.

One of the earliest manifestations of developmental programming is the efficiency of
neonatal thermoregulation, which is critical for survival during the first days of life. Ther-
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mal homeostasis depends on the coordinated action of peripheral vasoconstriction, shiv-
ering, non-shivering thermogenesis mediated by brown adipose tissue, timely colostrum
intake, and behavioural responses. Impaired maturation of these mechanisms increases
the risk of perinatal mortality, which in buffalo calves, largely owing to hypothermia,
may reach 3.0–17.9% [82]. Consistent with this concept, calves with greater birth weight
(>46 kg), indicative of more favourable prenatal development, maintained significantly
higher body surface temperatures throughout the first six days of life (p < 0.05). These
findings demonstrate a close relationship between prenatal development and postnatal
thermoregulatory competence while highlighting infrared thermography as a valuable tool
for assessing neonatal functional maturity [83].

Together, these observations indicate that the earliest consequences of developmental
programming are expressed not through isolated physiological abnormalities but through
the newborn’s overall capacity to maintain thermal and metabolic homeostasis. Impor-
tantly, the final phenotype remains strongly influenced by the postnatal environment,
which may either exacerbate or partially compensate for prenatal programming, em-
phasising that the biological consequences of maternal HS are modifiable rather than
fully predetermined [82,83].

The biological consequences of prenatal HS persist well beyond neonatal adaptation,
influencing postnatal growth, organ development, and ultimately future productivity. The
mammary gland provides one of the clearest examples of such long-term programming
because its morphogenesis begins long before the onset of lactation. Disturbances during
early tissue development may therefore remain functionally silent until the animal enters
productive life.

Structural evidence of this process is detectable soon after birth. Heifer calves born to
cows exposed to HS during the final 54 ± 5 days of gestation (mean THI = 79) exhibited
reduced mammary gland, fat pad, and parenchymal mass, fewer and smaller mammary
ducts, and approximately 35% lower parenchymal cell proliferation at birth and 27% lower
proliferation after weaning (p < 0.05), indicating that prenatal HS limits mammary secretory
potential before lactation has even commenced [84].

However, developmental programming is not confined to the mammary gland. Ma-
ternal HS during the final trimester of gestation (THI 70.15–74.28) shortened gestation
by approximately 1.4 days, increased the incidence of neonatal diarrhoea more than 2.6-
fold during the first week of life, and altered endocrine (ACTH, GnRH, insulin), cellular
stress (HSP70), oxidative status (SOD, LPO), and immune (TNF-α, IFN-γ, IgG) biomarkers
in the offspring. These findings indicate that prenatal HS induces coordinated remod-
elling of endocrine, metabolic, and immune function rather than isolated changes in
individual organs [85].

Evidence from longitudinal studies indicates that these developmental alterations
persist throughout growth. At 11–14 months of age, heifers prenatally exposed to ma-
ternal HS during the dry period exhibited lower body weight, reduced wither height,
and approximately 24% less mammary parenchymal mass, accompanied by decreased
proliferation of secretory tissue cells (p = 0.01). Thus, changes initiated before birth remain
detectable through puberty and may constrain mammary secretory capacity long before
the first lactation [86].

Collectively, these observations identify postnatal growth as a critical intermediate
stage linking prenatal programming with adult productive performance. They also empha-
sise the value of longitudinal studies that follow animals from fetal exposure to productive
maturity, as only such designs can establish whether early developmental disturbances are
subsequently expressed in the adult phenotype.
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Recent research has substantially expanded the concept of developmental program-
ming by incorporating the gastrointestinal microbiome and rumen development. Whereas
earlier work primarily attributed the long-term consequences of maternal HS to altered
growth, endocrine regulation, or organ development, increasing attention is now directed
towards the establishment of microbial communities, maturation of the rumen epithelium,
and their interactions with host metabolism.

After weaning, calves born to heat-stressed cows exhibited marked remodelling of the
rumen microbiome, characterised by increased bacterial diversity and shifts in the relative
abundance of major microbial taxa. These changes were accompanied by differential ex-
pression of ruminal epithelial genes involved in nutrient transport, cell proliferation, barrier
integrity, and volatile fatty acid metabolism, indicating that maternal HS simultaneously
influences the microbial ecosystem and functional maturation of the rumen epithelium [87].
Transcriptomic analyses further revealed differential regulation of genes associated with
cell-cycle control, intercellular communication, immune function, tissue remodelling, and
metabolite transport, providing molecular evidence that microbial restructuring is closely
coupled with epithelial development [88].

Importantly, these molecular alterations have also been linked to productive perfor-
mance. Associations between specific bacterial taxa, ruminal epithelial gene expression,
and growth traits indicate that the rumen microbiome is not merely a passive consequence
of postnatal nutrition or management but an active component of long-term physiological
adaptation established before birth [89]. These findings identify the rumen as a major
target of fetal programming through which maternal HS may influence nutrient utilisation,
metabolic efficiency, and lifetime productive potential [87–89].

Overall, the available evidence indicates that prenatal HS should no longer be regarded
as a transient environmental challenge affecting isolated physiological traits. Instead, it
represents a trigger for multilevel biological programming encompassing organ devel-
opment, endocrine and immune regulation, metabolic adaptation, establishment of the
microbiome, and the lifelong expression of productive potential. Consequently, offspring
health, welfare, and productivity are shaped to a considerable extent by biological processes
initiated during fetal development.

These advances also have important practical implications. Effective mitigation strate-
gies should extend beyond the protection of lactating cows to include cooling during the
dry period, optimisation of the maternal thermal environment throughout critical stages of
gestation, and appropriate management during early postnatal life, thereby supporting
neonatal viability, tissue development, growth, and future productivity [90,91]. Assessment
of the biological impact of HS should therefore encompass the entire life course, from fetal
development to adult productive performance. Protecting cows from HS during gestation
should be regarded not only as a welfare intervention but also as a fundamental strategy
for safeguarding the health, productivity, and adaptive capacity of future generations [92].

3.6. Biomarkers and Monitoring of HS: From Detection to Prediction

Although THI remains the most widely used measure of environmental heat load, no
single climatic index consistently predicts the biological response to HS. Diagnostic per-
formance varies according to the physiological endpoint considered. The Comprehensive
Climate Index, which incorporates wind speed and solar radiation, showed the strongest
associations with skin (r = 0.845), rectal (r = 0.672) and ocular temperatures (r = 0.617),
whereas the Equivalent Temperature Index for Dairy Cattle was more closely related to
respiratory rate (r = 0.850) [93]. Among THI-derived metrics, THI_PST best predicted
tympanic temperature (r = 0.75; R2 = 53%), compared with 44% of the variation explained
by conventional THI, while associations with respiratory rate remained weaker across all in-
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dices evaluated (r = 0.27–0.34) [94]. Climatic indices therefore capture different components
of thermal exposure, and their value depends on the biological outcome being assessed.

Recognition of this limitation has encouraged a shift from static environmental mea-
surements towards metrics that account for the duration and temporal pattern of exposure.
A composite five-day THI measure improved daily milk-yield prediction by 21% (R2 = 0.73;
Lin’s concordance coefficient = 0.84), confirming that cumulative heat load may be more
informative than single-day conditions [95]. The Grazing Heat Load Index applies a similar
principle to pasture-based systems by combining air temperature, solar radiation and wind
speed. However, its performance also declines during extreme weather, illustrating the
inherent limitations of environment-based assessment alone [96]. Climatic indices are
therefore most useful as measures of external challenge rather than direct indicators of the
animal’s biological response.

Physiological variables provide a more immediate indication of thermoregulatory
strain. Respiratory rate and peripheral body temperature generally respond before sus-
tained hyperthermia because they reflect the initial activation of heat-dissipation mecha-
nisms. In cows with low immune responsiveness, respiratory rate exceeded 50 breaths/min
at THI ≥ 75–77, whereas highly responsive cows reached this threshold only at approxi-
mately THI 80. Rectal temperature remained within 38.5–39.3 ◦C and rumination changed
little over the same range, indicating that respiratory rate is more sensitive to moderate
thermal challenge, although its response varies with individual adaptive capacity [97].

The sequence in which physiological variables change also provides information on
the progression of thermal strain. Forehead skin temperature responded at ambient tem-
peratures of 24.1–24.2 ◦C, followed by respiratory rate at 24.4 ◦C and ocular temperature
at 24.6 ◦C, whereas vaginal and muzzle temperatures increased later, at approximately
25.3 and 25.4 ◦C, respectively [98]. Surface temperature and respiratory rate therefore
characterise the compensatory phase of thermoregulation, while increases in core tem-
perature indicate that heat dissipation is becoming insufficient. Their diagnostic value
lies in this temporal complementarity rather than in the selection of a single optimal
physiological measure.

Laboratory biomarkers extend HS assessment beyond observable thermoregulatory
responses by characterising systemic metabolic and cellular disturbances. NEFA, BHB,
glucose, indices of protein metabolism, liver enzymes, oxidative status and haematological
variables remain useful for evaluating changes in energy balance, hepatic function and
immune homeostasis [56–58]. However, because many of these measures respond to
several metabolic and pathological conditions, they are generally more informative when
interpreted as part of a broader biomarker profile.

HSP70 is among the most sensitive molecular indicators of cellular heat strain. At
THI > 80, its concentration nearly doubled, while cortisol increased more than fivefold,
despite comparatively limited changes in conventional metabolic and haematological
variables [99]. In high-producing cows, increased HSP70 expression was accompanied
by higher cortisol and IL-6 concentrations, lower total antioxidant capacity and poorer
reproductive performance [100]. HSP70 was positively associated with THI and the number
of inseminations per pregnancy, whereas elevated cortisol was related to reduced pregnancy
rates. These markers represent distinct dimensions of the response to HS and consequently
have greater diagnostic value when evaluated jointly rather than in isolation.

Despite its high sensitivity to acute HS, HSP70 expression is tissue-specific and pri-
marily reflects the early cellular response to thermal challenge. Consequently, it may not
accurately represent prolonged or chronic HS and should be interpreted together with
complementary physiological, endocrine, inflammatory and oxidative biomarkers.
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Non-invasive matrices offer an additional means of characterising prolonged exposure.
Unlike blood, saliva or milk, which predominantly represent the current physiological
state, hair, earwax and other tissues may accumulate glucocorticoids over several weeks or
months, enabling retrospective assessment of sustained hypothalamic–pituitary–adrenal
axis activity. Their interpretation nevertheless requires consideration of tissue-specific
hormone deposition and metabolism.

No cumulative matrix appears universally applicable across species or production
conditions. In pigs, hair cortisone and the cortisone-to-cortisol ratio were more infor-
mative than cortisol concentration alone, indicating that local glucocorticoid metabolism
influences the assessment of chronic heat load [101]. Milk HSP70 provides a different
non-invasive opportunity because it can be incorporated into routine sampling without
additional animal handling [102]. Redox profiling may further improve diagnostic reso-
lution when biomarkers of oxidative damage, including isoprostanes, AOPP, 8-Oxo-dG
and MDA, are considered together with TAC and antioxidant enzyme activity. By con-
trast, TBARS or MDA alone lack sufficient specificity for robust assessment of oxidative
stress [103]. Combining molecular indicators, redox profiles and cumulative matrices
therefore permits simultaneous evaluation of cellular strain, metabolic consequences and
exposure duration [104].

Behavioural responses add a functional dimension because they represent the com-
bined outcome of thermoregulatory, metabolic and motivational adjustments. Their diag-
nostic value is not confined to the total duration of feeding, rumination, lying or standing,
but also includes changes in behavioural sequence and spatial organisation. Alteration of
the characteristic lying posture with the head turned backwards preceded reductions in
total lying time and the prolonged standing behaviour commonly associated with HS [105].
Specific postural patterns may therefore reveal subtle thermal discomfort before conven-
tional time-budget measures change substantially.

PLF technologies have made continuous and objective behavioural assessment feasible
under commercial conditions. Automated rumination detection using nasal pressure sen-
sors and accelerometers achieved sensitivities of 99.1–100% and specificities of 87.8–95.0%
relative to visual observation [106]. In postpartum cows exposed to HS, the combination
of reduced rumination, lower activity and increased rumen temperature distinguished
animals that subsequently developed postpartum disorders before overt clinical signs
appeared [107]. Behavioural data can therefore support both welfare surveillance and the
identification of animals at increased risk of functional or clinical impairment.

Digital assessment has subsequently progressed from recording individual variables
to combining climatic, behavioural, physiological and production data within decision-
support frameworks. A five-level HS assessment system incorporating THI, dry matter
intake, milk yield, milk composition, mastitis and lameness demonstrated that different
exposure metrics correspond to different biological outcomes. Daily maximum THI was
most strongly associated with changes in milk production and composition, whereas
cumulative heat load and elevated night-time THI were more informative for mastitis
and lameness [108]. This distinction emphasises the need to match the temporal scale of
exposure with the outcome being predicted. Collar-based systems apply the same principle
at the animal level by simultaneously recording rumination, feed intake, activity and
respiratory rate [109].

Infrared thermography has expanded the possibilities for rapid, non-contact assess-
ment of body surface temperature. The ocular region, muzzle, udder and tail base show
the most consistent associations with rectal temperature, respiratory rate and related physi-
ological measures [110]. However, solar radiation, air movement, camera characteristics,
recording angle and distance can materially affect temperature estimates. Thermography
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should therefore be regarded as a complementary measurement requiring standardised
acquisition rather than as a direct substitute for core-temperature assessment.

The integration of sensors, computer vision and AI has enabled the development of
more complex prediction models. Body surface temperature has been associated with
rumen temperature, panting and posture, supporting its use within multimodal models
of thermal strain [111]. Rumen bolus data analysed using machine-learning algorithms
increased prediction sensitivity to 79%, compared with 34–68% for conventional climate-
based models [112]. Nevertheless, the diagnostic value of a sensor depends on the biological
relevance of the variable recorded. Rumen temperature showed little association with THI
in one study, whereas rumination duration was substantially more responsive to increasing
heat load [113]. Sensor selection should therefore be guided by biological validity rather
than technological availability alone.

Machine-learning models can further identify non-linear relationships among climatic,
physiological, behavioural and production variables. Models combining rumination, rumen
pH and milk-quality data achieved high classification performance, with Random Forest
reaching an AUC of 0.99 and an overall accuracy of 98.3%, outperforming SVM, KNN
and ANN approaches [114]. Computer-vision systems have also advanced non-contact
phenotyping. A modified YOLOv8 model integrating infrared and RGB images recognised
anatomical regions with an accuracy exceeding 93% and estimated body temperature with
a mean absolute error of 0.40 ◦C [115]. These results demonstrate strong technical potential
for automated herd-level surveillance.

High internal accuracy does not, however, guarantee practical applicability. Many cur-
rent algorithms have been developed and tested within a single herd, breed or production
environment, increasing the risk that performance will decline when they are transferred
to different populations or climatic conditions. External validation, calibration across man-
agement systems and transparent identification of the variables driving predictions are
therefore essential. The value of AI-based systems will ultimately depend on robustness,
reproducibility and biological interpretability rather than on classification accuracy alone.

A further development is the analysis of temporal patterns rather than isolated obser-
vations. Combining continuous rumination data with cumulative indicators such as hair
cortisol and blood fructosamine improved the characterisation of chronic stress [116]. Indi-
vidual 24 h behavioural profiles allow each animal to serve as its own reference, increasing
sensitivity to deviations that may remain undetected when fixed population thresholds
are applied. The related concept of a herd signature identifies departures from established
group-level daily rhythms and may reveal emerging disturbances before clinical mani-
festations become apparent [117]. In this context, the trajectory of change is often more
informative than the absolute value of an individual measurement.

Overall, HS assessment is moving from isolated environmental thresholds and bio-
logical measurements towards systems that combine data across different temporal and
functional scales. Multidimensional models incorporating routine milk records, welfare
indicators, sensor outputs and biochemical measures can identify distinct health, metabolic
and adaptive profiles at both animal and herd levels [118]. The principal contribution of
digital technologies is therefore not the replacement of conventional indicators, but their
integration into predictive frameworks that characterise individual resilience, anticipate
adverse outcomes and support precision management under increasing thermal challenge.

3.7. Nutritional Strategies for Improving Resilience to HS

HS profoundly disrupts energy metabolism, nutrient utilisation and gastrointestinal
function, reducing dry matter intake (DMI), impairing nutrient digestibility, and promoting
oxidative stress, systemic inflammation and negative energy balance. Nutritional interven-
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tions have therefore become an integral component of comprehensive HS management,
complementing environmental modification and genetic improvement rather than merely
compensating for nutrient deficits [119].

Reduced DMI, typically by 10–30%, is among the earliest consequences of HS and
accounts for only 35–50% of the associated decline in milk yield. The remaining losses
arise from altered energy partitioning and increased maintenance requirements. Current
feeding programmes therefore focus on increasing dietary energy density, optimising
rumen fermentation and incorporating functional feed additives to maximise nutrient-use
efficiency rather than simply stimulating feed intake [120].

Feed efficiency during HS also has a substantial genetic component. Analysis of
6333 Holstein cows comprising nearly 390,000 daily feed-intake records revealed moderate
heritability of feed intake (h2 = 0.16–0.33) together with negative genetic correlations
between thermoneutral and HS conditions (up to −0.48), indicating that highly productive
cows are particularly susceptible to disruption of energy balance. These findings support
integrating nutritional and genetic approaches to enhance thermotolerance [121].

Increasing dietary energy density through rumen-protected fat remains one of the
most effective nutritional strategies. Supplementation with 0.70 kg/day increased 4%
fat-corrected milk without affecting DMI or physiological variables. Subsequent studies
demonstrated that production responses depend primarily on fatty acid composition rather
than total fat content. Palmitic acid (16:0) most effectively increased milk fat and energy-
corrected milk yield, oleic acid (18:1) enhanced fatty acid digestibility, whereas stearic acid
(18:0) reduced digestibility and limited productive responses. Combining palmitic and
oleic acids therefore provides the greatest production benefit [122,123].

Beyond increasing dietary energy supply, lipid supplementation also modifies rumen
function. Palmitic acid, either alone or combined with stearic and oleic acids, enhanced
fibre degradation, increased short-chain fatty acid production and shifted the rumen micro-
biome towards greater abundance of Fibrobacter and Prevotella, accompanied by reduced
Ruminococcus and Butyrivibrio. These findings demonstrate that dietary lipids improve
nutrient utilisation not only by increasing energy availability but also by optimising rumen
fermentation and microbial ecology during HS [124]. However, productive responses
remain context-dependent, being influenced by diet composition, stage of lactation, pro-
duction level and the severity of HS. Therefore, the optimal fatty acid strategy should be
selected according to specific production conditions.

Current concepts of protein nutrition have shifted from correcting crude protein defi-
ciencies towards targeted supplementation with functional amino acids. Because reduced
DMI coincides with increased metabolic demands associated with thermoregulation and
immune activation, dietary efficacy depends increasingly on amino acids that support
cellular adaptation in addition to protein synthesis. Methionine, lysine, arginine, glutamine
and tryptophan participate in pathways regulating antioxidant defence, intestinal integrity,
stress responses and cellular metabolism, making them promising targets for nutritional
intervention during HS [125].

Controlled feeding trials strongly support this concept. Supplementation with rumen-
protected methionine nearly doubled plasma methionine concentrations (59 vs. 30 µM;
p < 0.001) and preserved immunometabolic homeostasis despite HS-induced increases
in serum amyloid A, haptoglobin, lipopolysaccharide-binding protein and IL-1β [126].
Likewise, rumen-protected L-tryptophan increased milk yield by 11.3%, reduced rectal
temperature and cortisol concentrations, and enhanced HSP70 and HSP90 expression,
whereas zinc methionine increased milk yield by 4.9% while lowering malondialdehyde
concentrations by 24% [127,128].
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Despite their differing modes of action, these supplements converge on common phys-
iological outcomes, including enhanced antioxidant capacity, attenuation of inflammatory
responses and more efficient nutrient utilisation. Functional amino acid supplementation
is therefore increasingly recognised as a strategy for promoting metabolic adaptation and
thermotolerance rather than simply correcting protein deficiencies [125–128].

Oxidative stress is a central component of the systemic response to HS, making antioxi-
dant support an essential element of nutritional intervention. Under severe HS (THI = 88.2),
small ruminants exhibited increased malondialdehyde concentrations, reduced total antioxi-
dant capacity and impaired metabolic homeostasis, highlighting that effective interventions
must preserve not only redox balance but also energy metabolism, inflammatory regulation
and cellular adaptation [129].

L-theanine exemplifies this multifunctional approach. Supplementation improved
nutrient digestibility, increasing acid detergent fibre digestibility by 10.4% and milk yield
by approximately 1.8 kg/day while reducing malondialdehyde concentrations and en-
hancing antioxidant enzyme activity. Likewise, combined supplementation with silymarin
and selenium yeast proved more effective than either component alone, whereas betaine
enhanced antioxidant defence, improved productivity and maintained osmotic home-
ostasis. Collectively, these findings demonstrate that interventions targeting multiple
physiological pathways provide greater adaptive benefits than strategies based solely on
antioxidant activity [130–132].

Similar multifunctional properties have been reported for other nutraceuticals. Fer-
ulic acid improved growth performance and energy metabolism while reducing rectal
temperature and respiratory rate in growing sheep, demonstrating concurrent effects on
thermoregulation, metabolism and oxidative status. Their efficacy depends less on chemi-
cal origin than on the biological pathways they modulate, including antioxidant defence,
inflammatory regulation, cellular metabolism and osmotic balance. Consequently, nutri-
tional programmes tailored to the predominant mechanisms of HS are likely to provide the
greatest practical benefit [133].

The gastrointestinal microbiome is increasingly recognised as a central mediator of
systemic adaptation to HS rather than merely a component of digestive function. Heat
stress disrupts rumen fermentation, alters microbial composition, impairs intestinal barrier
integrity and promotes systemic inflammation, driving the development of dietary strate-
gies that modulate the gut and rumen microbiota while preserving digestive efficiency,
immune competence and metabolic stability.

Probiotic supplementation represents one of the most effective approaches to achieving
this objective. In lactating Holstein cows, Saccharomyces cerevisiae increased DMI by
1.3 kg/day and milk yield by 1.8 kg/day while increasing IgA, IgG and IgM concentrations,
reducing TNF-α and IL-1β, and improving antioxidant status. Comparable benefits have
been reported across livestock species. In poultry, probiotics increased body weight gain by
5–12% and reduced mortality by 20–40%, accompanied by enhanced antioxidant defence
and reduced lipid peroxidation [134,135].

Collectively, these findings establish the gut microbiome as a major biological target
of nutritional intervention. By enhancing nutrient utilisation, limiting inflammation and
maintaining metabolic stability, microbiome-directed strategies substantially strengthen
thermotolerance under HS [134,135].

Phytogenic feed additives have emerged as promising nutritional interventions be-
cause of their ability to influence multiple mechanisms underlying HS. Their biological
effects extend beyond antioxidant activity to include modulation of inflammatory responses,
intestinal barrier integrity, heat shock protein expression and the gut microbiome. However,
considerable variation in plant composition, dosage and supplementation protocols contin-
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ues to limit the development of universally applicable recommendations, underscoring the
need for standardised formulations and long-term production studies [136].

Additional evidence from feeding trials supports this concept. In lactating Holstein
cows, a phytogenic blend reduced cholesterol concentrations in milk by approximately
26% and in plasma by 15%, while increasing lactose and selected unsaturated fatty acids
without affecting milk yield. Together with earlier evidence on ferulic acid, these findings
indicate that individual phytogenic compounds preferentially influence metabolic status,
thermoregulation or product quality according to their bioactive composition [133,137].

Rather than replacing antioxidants or probiotics, phytogenic compounds are best
regarded as complementary components of integrated nutritional programmes. Their
capacity to simultaneously regulate oxidative balance, inflammatory activity, metabolism
and the gut microbiome underpins their considerable adaptive potential, although wider
commercial implementation will depend on greater standardisation and validation under
commercial production conditions [136,137].

Beyond supporting physiological adaptation to HS, modern nutritional strategies are
increasingly recognised as tools for improving the environmental sustainability of dairy
production. Feed interventions that reduce enteric methane emissions while maintaining
productive performance contribute not only to animal resilience but also to improved
nutrient-use efficiency and a lower carbon footprint [138]. Meta-analyses consistently
identify Asparagopsis spp. and 3-nitrooxypropanol as the most effective methane-mitigating
additives, whereas lipid supplementation, nitrates, condensed tannins, and polyunsat-
urated fatty acids generally provide moderate but biologically meaningful reductions
without compromising milk production [139,140]. Their environmental benefits can be fur-
ther quantified through integrated modelling approaches combining rumen fermentation
models with life cycle assessment, enabling evaluation of carbon mitigation at both farm
and agri-food system levels [141,142].

Collectively, these findings indicate that no single nutritional intervention provides uni-
versal protection against HS. Instead, the greatest benefits are achieved through integrated,
context-specific nutritional strategies that simultaneously improve metabolic homeostasis,
oxidative stress, immune regulation, rumen function, and environmental efficiency.

Taken together, the evidence presented in Sections 3.2–3.7 demonstrates that HS should
be regarded as a systemic biological condition involving coordinated responses across mul-
tiple levels of biological organisation, from thermoregulation and cellular homeostasis to
metabolism, immune function, reproduction and long-term adaptive capacity. These in-
terconnected mechanisms underpin the broad spectrum of productive, health and welfare
consequences observed in dairy cattle and provide the biological foundation for the develop-
ment of effective adaptation strategies. The principal biological domains, their underlying
mechanisms, major consequences and key supporting evidence are synthesised in Table 1.

Table 1. Biological mechanisms and major consequences of heat stress in dairy cattle: From disrupted
homeostasis to lifetime and intergenerational effects.

Biological Domain Key Mechanisms Major Consequences Key References

Thermoregulation
and heat dissipation

Hypothalamic integration of thermal
signals; increased respiratory rate

and peripheral vasodilation;
redistribution of blood flow towards

the skin; increased water intake;
reduced activity; behavioural

avoidance of heat; progressive loss of
heat dissipation efficiency during

prolonged exposure

Increased body temperature and
respiratory effort; reduced lying
and feeding activity; cumulative
heat storage; failure of nocturnal

recovery; transition from
compensated thermal strain to

hyperthermia and
thermoregulatory exhaustion

[19–21,93–
98,108]
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Table 1. Cont.

Biological Domain Key Mechanisms Major Consequences Key References

Neuroendocrine
adaptation

Activation of the
hypothalamic–pituitary–adrenal axis;
increased CRH, ACTH and cortisol

secretion; altered prolactin signalling;
modification of water, electrolyte and

energy homeostasis; endocrine
plasticity dependent on physiological

status and individual
thermotolerance

Redistribution of resources
towards survival; altered stress

responsiveness; impaired
lactation and reproductive

signalling; reduced conception;
persistent endocrine

dysregulation after heat exposure

[22,23,65–
69,79,99,100]

Oxidative stress and
cellular homeostasis

Excessive ROS production; activation
of NF-κB and suppression of

Nrf2-dependent antioxidant defence;
mitochondrial dysfunction; impaired

ATP synthesis and calcium
homeostasis; endoplasmic reticulum
stress; autophagy, apoptosis and heat

shock protein responses

Oxidative damage to lipids,
proteins and DNA; chronic

inflammation; impaired tissue
function; reduced cellular

resilience; dysfunction of the liver,
mammary gland, skeletal muscle,

intestinal epithelium and
reproductive tissues

[24,25,68,99,100,
103,104,125–129]

Metabolic and
nutrient partitioning

Reduced dry matter intake; increased
maintenance requirements; altered

insulin signalling; preferential use of
glucose and amino acids for

thermoregulation, immune activation
and tissue repair; impaired lipid

mobilisation; negative energy
balance; suppression of anabolic

pathways

Lower feed efficiency; reduced
availability of substrates for milk

synthesis and reproduction;
increased susceptibility to ketosis

and other transition disorders;
progressive decline in productive

efficiency beyond the effects of
reduced feed intake alone

[25–
28,36,37,45,56–

58,119–124]

Mammary gland
function and milk

synthesis

Reduced mammary perfusion,
oxygen supply and glucose uptake;

inhibition of mTOR signalling;
decreased expression of amino acid
transporters and milk protein genes;

altered lipid metabolism;
transcriptomic reprogramming of

mammary epithelial cells

Reduced milk yield; earlier
declines in milk fat and protein

than in milk volume; altered fatty
acid composition; poorer

technological and hygienic milk
quality; increased somatic cell
count; persistent production

losses after heat exposure

[26–28,36–
49,59,60,84,86]

Gastrointestinal
function, barrier

integrity and
microbiome

Heat-induced remodelling of the
ruminal microbiome; reduced

abundance of fibrolytic bacteria;
altered carbohydrate and nitrogen
metabolism; changes in short-chain

fatty acid production; impaired
epithelial barrier integrity; increased

intestinal permeability and
translocation of microbial products

Reduced fibre digestion and
energy harvest; altered nutrient

availability; amplification of
systemic inflammation; impaired
immune competence; variation in
feed efficiency, milk composition
and individual thermotolerance

[25,29–31,87–
89,113,124]

Immune
remodelling and

disease
susceptibility

NF-κB-mediated inflammatory
activation; altered PBMC,

macrophage, monocyte and
neutrophil function; concurrent

pro-inflammatory and regulatory
responses; disruption of

immunometabolic signalling;
reduced mammary and uterine

immune defence

Increased susceptibility to
mastitis, metritis, retained
placenta and postpartum
disorders; delayed disease

manifestation after heat exposure;
impaired passive immune

transfer; prolonged recovery and
increased culling risk

[25,32–35,56–
61,74,75,100,107,

118]
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Table 1. Cont.

Biological Domain Key Mechanisms Major Consequences Key References

Productivity and
product quality

Systemic diversion of energy and
nutrients away from production;

impaired mammary synthetic
activity; reduced feed intake and
nutrient digestibility; cumulative
effects of heatwave duration and

insufficient recovery; interaction with
production level and lactation stage

Lower milk yield and
energy-corrected milk; reduced
fat, protein and solids-not-fat
content; increased somatic cell

count and bacterial
contamination; reduced economic

performance; persistent
production losses for 7–12 days or

longer after thermal conditions
improve

[36–49,95,108]

Reproductive
function and
pregnancy

maintenance

Impaired oestrus expression and
detection; altered gonadotrophin and
ovarian signalling; reduced follicular
development and oocyte competence;
oxidative damage to gametes; altered

uterine perfusion and
microenvironment; impaired

maternal–embryonic communication

Lower conception and pregnancy
rates; increased embryonic loss;

prolonged days open and service
period; more inseminations per
pregnancy; slower reproductive

recovery than recovery of
milk yield

[65–70,74,75,100]

Placental function
and developmental

programming

Reduced uteroplacental perfusion
and nutrient–oxygen exchange;

altered placental vascularisation and
gene expression; endocrine and

metabolic reprogramming; persistent
DNA methylation changes; altered

adrenal, brown adipose tissue,
mammary gland and ruminal

development

Shorter gestation; lower birth
weight; impaired neonatal

thermoregulation and passive
immunity; slower growth;

reduced mammary development;
altered microbiome establishment;
lower fertility, lifetime milk yield,
longevity and adaptive capacity

[71–92]

Behaviour,
locomotion and
animal welfare

Reduced feeding and rumination;
increased standing; shorter lying
periods; altered posture and daily
activity rhythms; competition for

water, shade and cooling; prolonged
mechanical loading of claws;

pain-associated neuroendocrine
responses following lameness

Thermal discomfort; impaired
behavioural expression and rest;
increased risk of sole ulcers and

lameness; chronic pain and stress;
reduced mobility and feeding

activity; deterioration in physical
health and affective state

[62–64,105–
110,117]

Integrated resilience
and biological
heterogeneity

Interaction among thermoregulatory
capacity, endocrine responsiveness,

antioxidant defence, immune
plasticity, microbiome composition

and genetic background; coordinated
genomic, transcriptomic, epigenomic,

metabolomic and phenotypic
networks; dynamic, multilevel

adaptation rather than reliance on
individual traits

Marked individual and breed
differences in heat tolerance;
variable recovery trajectories;
identification of resilient and

susceptible phenotypes; transition
from descriptive heat stress

assessment towards predictive,
systems-level selection and

management

[97,116–118,121]

Note: Key references were selected based on their direct relevance to the biological mechanisms summarised
within each domain.

3.8. Management and Technological Adaptation of Production Systems to HS

Active cooling remains one of the most effective approaches for mitigating HS, al-
though its benefits do not increase proportionally with cooling intensity or duration. Un-
der moderate thermal conditions, cooling systems generally maintain body temperature
within the physiological range. During prolonged heat waves, however, even intensive
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cooling often fails to prevent hyperthermia, indicating that technological interventions
have physiological limits once environmental heat gain exceeds the animal’s capacity for
heat dissipation [143].

Cooling performance is governed primarily by the mechanism of heat transfer rather
than cooling intensity alone. Local delivery of cooled air to the head reduced respiratory
rate, maintained feed intake and improved feeding behaviour without significantly af-
fecting body temperature or milk yield [144]. In contrast, automated sprinkler systems
simultaneously lowered body temperature and respiratory rate, increased feed intake and
lying time, and improved milk yield by approximately 1.5 kg/cow/day [145]. These con-
trasting responses indicate that air cooling mainly alleviates respiratory heat load, whereas
evaporative cooling provides more efficient whole-body heat dissipation.

Mechanistic modelling supports these physiological observations. Convective cooling
remained beneficial only while a favourable temperature gradient existed between the
animal and the surrounding air. Increasing air velocity to 2.0 m/s delayed the onset of
body temperature elevation from approximately 22 to 26 ◦C, whereas its cooling capacity
declined rapidly above 28 ◦C. Wetting the body surface introduced an additional evap-
orative pathway, increasing total heat dissipation by 162% compared with convection
alone, while optimisation of sprinkler cycles further enhanced cooling performance by
approximately 19% and reduced unnecessary water use. Nevertheless, evaporative cooling
became progressively less beneficial under high relative humidity because evaporation was
constrained by air saturation [146].

Accordingly, cooling systems should operate adaptively rather than continuously at
maximum capacity. The relative contribution of convective and evaporative heat loss varies
with ambient temperature, humidity and the physiological state of the animal, making
dynamic adjustment of cooling intensity more appropriate than fixed operating schedules.

The benefits of active cooling are closely linked to ventilation performance. Mod-
ern ventilation systems therefore focus on optimising airflow distribution within the
animal-occupied zone rather than simply increasing air exchange. Similar ventilation
rates may produce markedly different cooling responses depending on building geometry,
air-distribution systems and airflow patterns.

Experimental studies and computational fluid dynamics (CFD) modelling consistently
demonstrate that ventilation performance is determined by airflow distribution rather
than airflow volume alone. In perforated air-distribution systems, a discharge angle of
45◦ generated the most uniform airflow (1.8–2.0 m/s) within the occupied zone, whereas
smaller angles directed airflow away from the animals and larger angles caused premature
upward deflection. CFD simulations further showed that realistic representation of building
geometry, animal heat production and ventilation characteristics is essential for predicting
local airflow patterns and temperature gradients, highlighting the importance of optimising
air distribution instead of simply increasing fan capacity [147,148].

Accurate evaluation of ventilation likewise requires detailed assessment of spatial
airflow patterns. In naturally ventilated dairy barns, vertical ultrasonic anemometer
profiles combined with trapezoidal integration reduced discrepancies between inlet and
outlet airflow estimates to −5–11%, whereas conventional central-point measurements
produced deviations of 20–36%. Bidirectional airflow occurred in approximately 38% of
observations when wind direction was nearly parallel to side-wall openings, indicating that
measurement accuracy depends more on sensor placement than on sensor number [149].

The influence of external aerodynamics has also been demonstrated under commercial
naturally ventilated housing systems. Although these observations were obtained in
pig facilities, the underlying aerodynamic principles are broadly applicable to livestock
buildings with large side-wall openings. Wind direction substantially altered airflow
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patterns, while the optimal measurement strategy varied with airflow configuration. Grid-
based sampling reduced measurement error to below 5%, although bidirectional airflow
under specific wind conditions required considerably denser spatial sampling [150].

Rather than maximising air exchange, contemporary ventilation systems aim to de-
liver air precisely where it is most needed. Consequently, successful environmental control
relies on optimised airflow distribution, reliable environmental monitoring and adap-
tive ventilation strategies that maximise heat dissipation while avoiding unnecessary
energy consumption.

Unlike active cooling, which enhances heat dissipation after heat load has accumulated,
passive strategies reduce heat gain before physiological strain develops. Shading therefore
represents the first line of defence against HS and an essential component of climate-resilient
dairy production systems.

The benefits of shade depend not only on its presence but also on the availability of
sufficient protected space. Under severe HS (THI > 80), increasing shaded area to 9.6 m2

per animal reduced rectal temperature by approximately 0.3 ◦C, decreased respiratory rate
by 15–20 breaths/min and improved average daily gain by 8–10%. However, differences
between 2.4 and 9.6 m2 per animal were considerably smaller than those between shaded
and unshaded conditions, indicating that ensuring simultaneous access to shade is more
important than continually expanding shaded space beyond a practical threshold [151].

Shade can be provided by either artificial structures or natural vegetation. Silvopas-
toral systems reduced afternoon air temperature by approximately 2 ◦C, lowered body
surface temperature by 1.5–3.0 ◦C and decreased respiratory rate from 55–60 to around
40 breaths/min compared with open pastures. Unlike artificial shelters, trees simultane-
ously modify solar radiation, airflow, humidity and ground temperature, creating a more
favourable microclimate without additional energy inputs [152].

Across production systems, the physiological benefits of shading are generally more con-
sistent than improvements in productivity. In temperate regions, shading enhanced respiratory
comfort and animal welfare without significantly affecting growth performance [153]. Under
subtropical conditions (THI > 84), by contrast, it reduced rectal temperature by 0.4–0.6 ◦C,
lowered respiratory rate by 20–30 breaths/min and increased average daily gain by 10–12%,
particularly when solid-roof shelters were used [154]. These observations suggest that produc-
tive responses become increasingly apparent as thermal challenge intensifies.

The complementary roles of passive and active cooling are clearly illustrated by
integrated environmental management. Combining shade, mechanical ventilation and
evaporative cooling reduced rectal temperature by 0.3–0.8 ◦C, decreased respiratory rate
by 15–35 breaths/min, increased dry matter intake by 3–8% and improved milk yield
by approximately 1–3 kg/day, whereas individual interventions produced substantially
smaller responses. These synergistic effects reflect the distinct physiological functions of
each technology: shading limits radiant heat gain, ventilation promotes convective heat
exchange, and evaporative cooling enhances latent heat loss [155].

This integrated approach is fully consistent with recent recommendations from the
European Food Safety Authority (EFSA), which identifies HS as one of the major welfare risks
affecting dairy cattle. Thermoregulatory disturbances may begin at a THI of approximately
68, whereas severe HS becomes increasingly likely above a THI of 78. Current guidance
therefore recommends combining shade, adequate ventilation and evaporative cooling with
environmental, physiological and behavioural monitoring to enable timely intervention [156].

Housing management represents another key component of thermal resilience. In
compost-bedded pack barns, maintaining optimal bedding moisture, regular tilling, ade-
quate resting space and appropriate ventilation supports composting, reduces moisture
accumulation and improves both udder health and thermal comfort [157]. Likewise, natu-
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rally ventilated loose-housing systems remain vulnerable during periods of elevated THI,
when natural airflow alone is often insufficient to dissipate excess heat. Supplementing nat-
ural ventilation with mechanical airflow and sprinkler or evaporative cooling substantially
improves physiological responses, although overall performance continues to depend on
housing design, resting area management and microclimatic conditions [158].

Collectively, these studies demonstrate that the success of cooling programmes depends
less on individual technologies than on their coordinated implementation within the housing
environment. The greatest improvements in thermal comfort, welfare and productivity are
achieved when passive cooling, active cooling, ventilation and housing management operate
as complementary elements of an integrated environmental control strategy.

Although engineering interventions remain fundamental for mitigating HS, their suc-
cess increasingly depends on timely implementation. Consequently, conventional reactive
cooling strategies are being replaced by precision livestock farming (PLF), where continu-
ous monitoring and artificial intelligence enable intervention before severe physiological
strain develops.

The transition towards PLF began with automated environmental monitoring. Wire-
less sensor networks continuously measure temperature, relative humidity, and concen-
trations of CO2 and NH3 with high accuracy (R2 > 0.99; error < 0.3 ◦C and approximately
2%), allowing spatial variation within livestock buildings to be detected while supporting
automated control of ventilation and cooling systems. Integration of these environmental
measurements with wearable biosensors and computer vision has further enabled continu-
ous assessment of heart rate, respiratory rate, activity and other physiological responses.
Automated video-based estimation of respiratory rate, for example, achieves high accuracy
(R2 = 0.97; MAE = 1.81; RMSE = 2.32 breaths/min) in less than 2 s per recording, providing
a reliable basis for early detection of HS and individualised management [159–161].

The most significant advance of recent years, however, has been the transition from
data collection to intelligent decision support. Machine-learning algorithms integrate
information on milk yield, milk conductivity, rumination, activity, feed intake and envi-
ronmental conditions into predictive models capable of identifying mastitis and metabolic
disorders several days before clinical signs appear. Ensemble algorithms such as Ran-
dom Forest and XGBoost achieve accuracies exceeding 90% (AUC > 0.90) up to 3–7 days
before disease onset, while personalised models incorporating individual circadian pat-
terns further improve predictive performance (Accuracy > 95%; AUC ≈ 0.97) and predict
heat-related stress 24–48 h before clinical manifestation [162,163].

This technological evolution reflects a broader shift from threshold-based management
towards predictive, animal-centred decision support. Instead of responding to predefined
environmental limits, PLF increasingly detects deviations from each animal’s normal
physiological profile, allowing management decisions to be tailored to individual responses
rather than herd-wide averages.

Nevertheless, digital technologies cannot compensate for inadequate environmental
control. Their greatest value lies in supporting adaptive management, where real-time
sensing, artificial intelligence and engineering systems operate together to optimise cooling
strategies while improving animal welfare and production efficiency.

Environmental sustainability has become an equally important consideration when
evaluating HS mitigation strategies. Increasing ventilation effectively reduces heat load but
may increase NH3 emissions by approximately 10–20% owing to enhanced mass transfer
from manure surfaces. In contrast, sprinkler systems provide efficient cooling without
substantially increasing NH3 emissions, whereas the performance of evaporative cooling
remains strongly influenced by ambient temperature and relative humidity. As global
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warming increases the demand for cooling, balancing animal welfare, resource use and
atmospheric emissions will become an increasingly important challenge [164].

Achieving this balance requires coordinated housing design and manure management.
Because 50–80% of NH3 emissions originate from barn floors and manure accumulation areas,
automated manure removal, improved manure channels, low-emission flooring and opti-
mised airflow can reduce emissions by 20–60% without compromising thermal comfort [165].
Emission mitigation must also extend beyond the livestock building. According to the AL-
FAM2 model, most NH3 losses occur within the first 24 h after slurry application, whereas
immediate soil incorporation, slurry injection or trailing-hose spreading systems, together
with weather-adapted application strategies, reduce emissions by 30–80% [166]. Effective
climate adaptation therefore requires coordinated management of cooling, ventilation and
manure handling throughout the entire manure management chain.

Environmental performance should likewise be assessed beyond NH3 emissions alone,
because dairy production also contributes to CO2 and CH4 emissions. Improving ventila-
tion without addressing emission sources may simply transfer pollutants from indoor to
outdoor environments, whereas integrating low-emission housing design, efficient manure
management, optimised ventilation and environmental monitoring provides substantially
greater environmental benefits [167].

Overall, the evidence reviewed in this section demonstrates that HS mitigation is
evolving from isolated cooling technologies towards integrated climate-resilient produc-
tion systems. The effectiveness of modern adaptation strategies depends on coordinated
interactions among housing design, ventilation, cooling technologies, digital monitoring
and manure management rather than on any single intervention. Future dairy production
will therefore rely on adaptive environmental control that integrates engineering solutions,
precision livestock farming and resource-efficient management to simultaneously improve
animal welfare, sustain productivity and reduce environmental impacts.

3.9. Genetic and Breed-Related Mechanisms of Thermotolerance and Resilience

Pronounced breed differences provide compelling evidence for a substantial genetic
contribution to heat tolerance. Under identical feeding and management conditions, Hol-
stein cows maintained higher milk yield, mounted a stronger immune response and
resolved the acute stress phase more rapidly, whereas Brown Swiss cows showed more
persistent oxidative and metabolic adjustments. These included increased concentrations
of reactive oxygen metabolites, ceruloplasmin, bilirubin and β-hydroxybutyrate, greater
liver enzyme activity and reduced paraoxonase activity, without a proportional loss of
productivity. Thus, highly productive and more heat-adapted breeds appear to rely on
distinct physiological strategies when coping with HS [168].

A similar contrast was observed between Holstein and Jersey cattle exposed to high
ambient temperature and direct solar radiation. Jerseys maintained dry matter intake
relative to body weight more effectively and exhibited greater heat tolerance, whereas
Holsteins showed a larger decline in feed intake. The absence of marked biochemical
changes following active cooling suggests that these breed-specific differences primar-
ily reflect behavioural and physiological adjustments rather than extensive metabolic
remodelling [169]. Breed effects therefore extend beyond production capacity to encom-
pass distinct adaptive phenotypes.

Substantial variation also occurs within breeds, creating opportunities for selective
improvement. An integrated TOPSIS assessment showed that approximately 22% of
cows maintained both a lower body temperature and greater milk production under
comparable heat-load conditions. This degree of within-population diversity indicates
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meaningful scope for selecting animals that combine productive performance with superior
thermal tolerance [170].

Inherited morphological characteristics provide an additional phenotypic expression
of heat adaptation. Coat structure and pigmentation influence heat transfer and the ab-
sorption of solar radiation, making them potentially useful indicators of thermal sensitivity.
Hair cortisol, an integrated marker of chronic HS, was consistently higher in dark- than
in light-pigmented hair [171,172]. In Holstein cows, the proportion of black pigmentation
was also associated with skin temperature, core body temperature and heat tolerance
index (p < 0.05–0.01) [173]. Similarly, sheep with shorter and less dense fleece displayed
greater phenotypic stability across climatic conditions (r2 = 0.22 vs. 0.38) [174]. Readily
measurable coat traits may therefore complement physiological phenotyping and facilitate
the identification of animals with favourable adaptive characteristics.

Modern genomic technologies have moved the study of heat tolerance beyond external
phenotypes towards its underlying genetic architecture. Genome-wide analysis in Holstein
cattle identified more than 13 million SNPs, of which 3554 were significantly associated
with thermal tolerance, while functional annotation prioritised 61 candidate genes involved
in cell survival, apoptosis and immune regulation. The most informative variants were
subsequently incorporated into a molecular marker panel for early prediction of adaptive
potential. This extensive distribution of associated loci confirms that the trait is governed by
multiple interacting regulatory networks rather than by a small number of major genes [175].

Transcriptomic evidence reveals how this genetic architecture is functionally ex-
pressed during HS. A total of 428 differentially expressed genes were identified, including
HSP90AA1, HSPA1A, DNAJB1, VEGFA, JUN, FOS, ATF3 and DUSP1, reflecting coordinated
regulation of protein homeostasis, oxidative balance, inflammation and cell survival [176].
More broadly, over 100 candidate genes, including HSP70, HSP90, HSF1, ATP1A1, SLICK,
TLR4, TNF, IL10, IFNG, PRL and PRLR, converge on a relatively limited set of conserved
pathways, notably MAPK, PI3K-Akt, NF-κB, FoxO and JAK-STAT. Genetic improvement
should therefore focus on the collective behaviour of biological networks rather than the
effects of isolated loci [177].

Nevertheless, individual functional genes may retain value as practical markers.
HSP70, one of the most extensively studied examples, protects cellular proteins against
thermal damage. In sheep, 11 SNPs within this gene were identified, several of which were
associated with rectal temperature, respiratory rate and heat tolerance index. Animals
carrying favourable alleles exhibited less pronounced physiological responses to heat
exposure [178]. Although derived from another livestock species, these results illustrate
how candidate-gene information can complement genome-wide prediction and support
the cross-species relevance of conserved heat-shock pathways.

Recognition of the polygenic basis of heat tolerance has enabled its inclusion in
contemporary breeding programmes. Heritability estimates for thermotolerance-related
production traits are generally low to moderate. In Canadian Holstein cattle, heritability
increased from 0.20 to 0.23 for milk yield and from 0.14 to 0.16 for protein yield as THI
exceeded the heat-stress threshold, while remaining approximately 0.17 for fat yield, indi-
cating sufficient additive genetic variation for genetic improvement [179]. Despite relatively
low heritability, large-scale evaluations indicate that sustained genetic progress is feasible.

The practical utility of such selection has been demonstrated using the Heat Tolerance
Australian Breeding Value (HT ABV). At THI 79, cows with higher HT ABV maintained lower
body temperature, showed smaller increases in respiratory rate and preserved milk production
more effectively than animals with lower values, despite comparable dry matter intake. Their
advantage therefore appeared to arise from more efficient thermoregulation rather than
reduced nutrient intake, confirming the value of HT ABV for early genetic selection [180].
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Predictive accuracy may be further strengthened by combining genomic estimates
with physiological phenotypes. HT ABV was significantly related to eye temperature, rectal
temperature and respiratory rate, and also showed favourable associations with composite
production and health indices. The inclusion of readily measurable physiological traits
can therefore improve discrimination between animals with contrasting genetic capacity to
tolerate HS [181].

These developments are increasingly reflected in national evaluation systems, where
genomic information is combined with THI records, physiological measurements, produc-
tion data and automated sensor outputs. Breeding is consequently moving beyond the
identification of individual markers towards the prediction of animal performance under
commercially relevant heat-load conditions [182].

Accounting for genotype-by-environment (G×E) interactions is essential because genetic
merit is conditional on the environment in which it is expressed. Analysis of 4.79 million
test-day records showed that above approximately THI 72, milk yield heritability declined
from 0.17 to 0.13, while genetic correlations between performance under thermoneutral and
heat-stress conditions fell to 0.79–0.82. The resulting reranking of Brown Swiss sires indicates
that reaction norm models may estimate breeding value more accurately than approaches that
assume genetic effects remain constant across climatic conditions [183].

At the molecular level, environmental sensitivity is mediated partly through regula-
tion of gene expression. Multi-omics analyses integrating genomic, transcriptomic and
epigenomic data have implicated DNA methylation, histone modifications, microRNAs
and long non-coding RNAs in the modulation of cellular responses without alteration
of the underlying DNA sequence. These regulatory layers help explain why the same
genotype can produce contrasting phenotypes in different environments and suggest that
epigenetic information may eventually complement conventional genomic markers [184].

Evidence from other livestock species supports the broader relevance of this principle.
Analysis of more than 57,000 body-weight records in quail revealed heat-dependent changes in
both heritability estimates and genotype ranking. Failure to model environmental sensitivity
may therefore reduce selection accuracy across species, rather than solely in dairy cattle [185].

Methodological advances in genetic evaluation reinforce the broader shift towards
functional performance. Single-step genomic evaluation combines phenotypic, pedigree
and genomic information to predict production, health and longevity simultaneously. In
a dataset exceeding 5.8 million lactation records, the inclusion of correlated functional
traits increased the reliability of evaluations for young sires by approximately 5–10% com-
pared with conventional models [186]. Reflecting the same change in breeding priorities,
functional traits now contribute 35–60% of national selection indices across 10 European
countries, with increasing emphasis on longevity, fertility, udder health, calving perfor-
mance, feed efficiency and hoof health rather than milk yield alone [187].

Resilience indicators extend this framework by quantifying the ability of animals to
maintain function or recover following disturbance. Their heritability estimates range
from 0.02 to 0.13, revealing modest but exploitable genetic variation. More resilient cows
generally produce slightly less milk but maintain higher fat and protein concentrations,
illustrating a trade-off between maximum output and functional robustness [188]. Under
sustained heat load, favourable genotypes have also been associated with better fertility,
shorter service periods and lower climatic sensitivity, supporting the inclusion of resilience
in breeding objectives for heat-prone production systems [189].

Overall, heat tolerance is best understood as a complex phenotype shaped by genomic
architecture, physiological regulation and environmental exposure, rather than by indi-
vidual genes alone. Further progress will require harmonised phenotyping, validation of
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genomic predictions across populations and production systems, and explicit evaluation of
the balance between climatic resilience and sustained productive performance.

3.10. A Challenge to the Economic and Environmental Sustainability of Livestock Production

HS can no longer be regarded solely as a constraint on animal productivity, health or
welfare. In a warming climate, it increasingly shapes the economic viability, environmental
footprint and social acceptability of dairy production. Responses to thermal stress should
therefore be evaluated not only by their capacity to limit biological damage, but also by their
effects on resource use, production costs, greenhouse gas emissions, animal welfare and
the long-term resilience of farming systems. This broader perspective requires economic,
environmental, technological and social outcomes to be considered as interconnected
components of sustainability rather than as independent objectives.

The economic burden of HS extends well beyond reduced milk yield. It also encom-
passes poorer feed efficiency, increased water demand, impaired reproduction, greater dis-
ease risk and the additional energy and management costs associated with heat abatement.
In South Korean dairy farms exposed to THI ≥ 73, summer milk production declined by ap-
proximately 5–8%, whereas maintaining May-like microclimatic conditions was estimated
to increase farm profit by up to KRW 12.25 million while reducing greenhouse gas emissions
by almost 30 kg CO2-eq per day [190]. Substantial losses have also been documented under
temperate conditions. At THI 74.4, daily milk yield declined by 1.25–2.78 kg per cow, corre-
sponding to EUR 0.46–0.55 per cow per day and approximately EUR 219–481 per day in
large commercial herds [191]. Moderate heat exposure can therefore generate considerable
cumulative losses when it persists across large numbers of animals.

The estimated magnitude of these losses depends strongly on how thermal exposure is
quantified. In Chile, an adjusted temperature–humidity index incorporating solar radiation
and wind speed predicted milk losses 2.0–6.4 times greater than those estimated using
conventional THI. The associated economic burden reached USD 91.5–184.2 per cow and
USD 29.0–108.4 million across the national dairy sector [192]. In Tunisia, productivity
began to decline at three-day mean THI values of only 65–67, despite prolonged seasonal
exposure to THI > 72, and cumulative losses amounted to 110–142 kg of milk per cow [193].
Universal thresholds and simplified indices may thus underestimate financial risk where
solar load, air movement, herd productivity or acclimatisation differ from the conditions
under which conventional THI thresholds were established.

Economic evaluation should consequently move beyond the valuation of avoided
milk losses to consider investment costs, operating expenditure, expected returns and the
useful life of heat-abatement infrastructure. Evidence from 800 Bos indicus × Bos taurus
bulls showed that appropriately designed shade structures, oriented north–south and
providing approximately 2.7 m2 of shade per animal, improved average daily gain, feed
efficiency and hot carcass weight. Capital costs were recovered within the first production
cycles [194]. Although derived from beef cattle, these findings illustrate a principle relevant
across livestock systems: well-targeted thermal protection can generate returns through
several production pathways rather than through output preservation alone.

Taken together, the available evidence shows that economic risk is determined by
the interaction of climatic intensity, exposure duration, herd productivity, farm scale, as-
sessment method and management capacity. This heterogeneity limits the transferability
of universal cost estimates. Farm-level decisions should instead be informed by locally
calibrated heat-load indicators and cost–benefit analyses that account for both direct pro-
duction losses and the broader consequences of thermal stress for health, reproduction,
resource demand and production stability.

The economic consequences of declining performance are closely linked to environ-
mental outcomes. When productivity falls, more feed, water, land and greenhouse gas
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emissions are required per unit of saleable product. Environmental performance is there-
fore more meaningfully assessed through emission and resource-use intensity than through
absolute input use alone. Improvements in feeding, genetic selection, reproductive man-
agement, veterinary care and animal welfare can increase biological efficiency and reduce
emissions per kilogram of milk without requiring a reduction in total output [195]. The
relevant question is not simply whether an intervention uses additional resources, but
whether it lowers the overall environmental burden of the production system.

Life cycle assessment provides a framework for tracing these effects across the dairy
supply chain. Farm-level processes, particularly enteric fermentation, manure management
and feed production, account for approximately 75–89% of the carbon footprint of dairy
products, identifying primary production as the principal target for mitigation. In a local
dairy chain, conservation practices such as soil-protective cultivation and rotational grazing
offset approximately 17% of emissions, while improvements in transport and logistics
provided further reductions [196]. Although interventions beyond the farm gate remain
relevant, the largest mitigation potential lies in measures that improve animal performance
and resource use within the farm itself.

Cooling systems illustrate why environmental trade-offs should be evaluated in rela-
tion to output rather than inputs alone. Their direct contribution to the total water footprint
was only 0.04%, whereas the absence of cooling increased the water footprint per unit of
milk by approximately 1.1% because of lower productivity [197]. Optimised cooling also
remained more resource-efficient than the no-cooling scenario despite additional electricity
demand. Increased use of water or energy does not therefore necessarily imply poorer
environmental performance when it prevents larger efficiency losses elsewhere in the
system. Nevertheless, the net balance depends on local water availability, the source of
electricity, climatic severity and system design, making targeted optimisation preferable to
unrestricted resource use.

The translation of environmental performance into market value is increasingly pur-
sued through sustainability certification and product labelling. More than 129 European
labelling schemes currently incorporate sustainability-related criteria, many of which draw
on life cycle assessment. However, heterogeneous standards, complex certification pro-
cedures, high auditing costs and the absence of harmonised metrics continue to restrict
participation, particularly among small and medium-sized farms [198]. More credible and
accessible frameworks will need to integrate carbon footprint, water and energy use, animal
welfare and economic performance without imposing disproportionate administrative or
financial burdens on producers.

Climate adaptation and environmental mitigation should therefore not be treated as
inherently competing objectives. Measures that preserve animal health and productive
output can reduce emissions and resource use per unit of milk, although their net effects
must be assessed across the full production system. Evaluations based solely on the direct
consumption of water or electricity risk misrepresenting the environmental consequences
of heat-abatement strategies.

These environmental and economic considerations are inseparable from the social
dimension of dairy production, which encompasses animal welfare, working conditions,
public confidence and farmers’ capacity to adopt new practices. Protection against HS has
both ethical and financial significance because inadequate thermal management compro-
mises animal welfare while increasing production losses and reputational risks. Investment
in housing, cooling and welfare-oriented management may generate returns through im-
proved health and performance, fewer losses and greater consumer valuation of responsibly
produced food [199]. Animal welfare should therefore be regarded as a central component
of production resilience rather than as an external constraint.
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Credible welfare assessment increasingly relies on animal-based measures (ABMs) that
directly capture behavioural, physiological and health outcomes instead of inferring welfare
solely from housing conditions or resource provision. Protocols developed according to the
principles of Welfare Quality® provide a structured basis for this approach. One such system
comprised four principles, 12 criteria and 36 indicators, most of which were animal-based.
Its application on 14 commercial farms enabled the classification of overall welfare status
and identified deficiencies in microclimate, lighting, resource provision, bedding quality and
lameness control [200,201]. These tools can support corrective action, investment prioritisation
and certification, although their widespread application requires trained personnel, suitable
infrastructure and consistent monitoring. Such requirements may be particularly difficult to
meet on smaller farms with limited financial and technical capacity.

Adoption is shaped not only by awareness of environmental or welfare benefits, but
also by farmers’ broader socioeconomic circumstances. Among owners of small dairy farms,
willingness to introduce greenhouse gas mitigation measures was positively associated
with satisfaction with their financial situation (ρ = 0.42), improved working conditions
(ρ = 0.32) and the possibility of spending more time with family (ρ = 0.34). The strongest
association was observed between having concrete mitigation ideas and willingness to
implement them (ρ = 0.59), while the perceived need for financial support was also closely
related to adoption intentions (ρ = 0.54) [202]. Nevertheless, 84% of respondents had
never received funding for farm modernisation, only 22% considered emission-reduction
technologies feasible, and just 32% expressed readiness to implement them.

These results reveal a persistent gap between technical potential and practical feasibil-
ity. Evidence that an intervention is effective does not guarantee its uptake when producers
lack capital, labour, advisory support or confidence in the expected return. Policies for
climate-resilient dairy production should therefore combine financial incentives with ex-
tension services, staff training and decision-support tools tailored to farms with different
scales, resources and technological capacities.

PLF may help bridge these economic, environmental and social dimensions by en-
abling continuous monitoring, earlier intervention and more precise use of labour and
resources. Computer-vision systems can identify individual animals, quantify feeding and
behavioural patterns, assess physiological and reproductive status and detect early signs of
disease in real time. When integrated with wearable sensors, automated milking systems
and artificial intelligence, these technologies can support productivity, welfare surveillance
and management precision [203].

Their value also extends beyond immediate farm management. Large-scale digital
phenotyping can support selection for heat tolerance, resilience, longevity and resource-
use efficiency, thereby linking short-term management responses with long-term genetic
improvement. Integrating sensor-derived phenotypes with genomic information may also
increase the accuracy of breeding-value estimation for traits that are difficult or expensive
to measure conventionally [204]. PLF is thus evolving from a collection of monitoring tools
into an infrastructure for coordinated management, phenotyping and selection.

Digitalisation, however, is not intrinsically sustainable. Its benefits depend on data quality,
interoperability, affordability, accessibility, cybersecurity and the ability to translate automated
outputs into effective decisions. Unequal access may widen existing disparities between
large commercial enterprises and smaller farms, while poorly validated algorithms can
produce misleading recommendations. Standardised data collection, transparent validation
and compatibility among sensor, farm-management and genetic-evaluation platforms are
therefore prerequisites for the responsible deployment of digital systems at scale.

Current evidence indicates that sustainable dairy production under increasing heat
load cannot be secured through isolated interventions. Economic viability, environmen-
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tal performance, animal welfare, farmer capacity, technological management and genetic
improvement are interdependent elements of the same production system [205]. Cooling
may require additional water and energy while reducing emissions and resource use per
kilogram of milk; welfare improvements may involve initial expenditure while supporting
productivity and public confidence; and digital monitoring may facilitate earlier interven-
tion while remaining inaccessible to farms without sufficient capital or technical expertise.

Future adaptation should therefore be guided by integrated decision frameworks
that compare biological effectiveness, investment requirements, operating costs, resource
demand, welfare outcomes and environmental consequences under specific regional and
production conditions. The most sustainable strategy will not necessarily maximise any
single outcome, but should maintain productive performance and animal welfare while
limiting environmental burdens and remaining economically and socially feasible.

3.11. From Omics Technologies to Climate Resilient Livestock Production

The study of HS in livestock has evolved from describing isolated physiological
responses to understanding the complex biological networks that determine adaptive ca-
pacity. Rather than representing a single adaptive trait, thermotolerance is now recognised
as a systems-level phenotype that emerges from interactions among molecular, cellular,
physiological, behavioural and environmental processes. This conceptual transition has
been driven by advances in high-throughput molecular technologies, digital phenotyping,
bioinformatics and computational biology, making it possible to investigate adaptive re-
sponses across multiple levels of biological organisation instead of focusing on individual
physiological traits. As a result, HS research has progressed from descriptive physiology
towards systems biology, providing the foundation for predicting resilience rather than
simply documenting its biological consequences [206].

Advances in omics technologies have greatly expanded understanding of the molecu-
lar mechanisms underlying thermal adaptation. Joint analysis of genomic and transcrip-
tomic data enables the simultaneous identification of genetic variants associated with
thermotolerance alongside transcriptional responses to HS. Using weighted single-step
genome-wide association studies (WssGWAS) combined with RNA sequencing in Holstein
cattle, researchers identified multiple quantitative trait loci, thousands of differentially
expressed genes and several promising candidate genes, including PMAIP1, TMEM33 and
CHORDC1. Despite the relatively low heritability of physiological indicators of heat adap-
tation (h2 = 0.03–0.06), these genes represent valuable molecular markers for breeding
programmes aimed at improving thermotolerance [206].

Subsequent research has moved beyond individual candidate genes towards inter-
connected regulatory pathways governing thermoregulation, energy metabolism, immune
function and cellular protection. This systems-oriented perspective recognises resilience
as the product of coordinated biological networks rather than isolated “heat-resistance
genes”, providing a more realistic framework for genomic improvement under future
climatic conditions [207].

This concept has been further advanced through multiomics, which integrates ge-
nomic, transcriptomic, epigenomic, metabolomic, microbiome and phenotypic informa-
tion within unified analytical frameworks. Such strategies reveal coordinated molecu-
lar, metabolic and microbial responses that cannot be resolved from individual datasets
alone [208]. Their potential is illustrated by studies combining RNA sequencing, un-
targeted metabolomics and 16S rRNA sequencing of the nasopharyngeal microbiome,
which identified shared signalling pathways across transcriptomic and metabolomic
datasets and reconstructed coordinated biological responses to HS rather than isolated
molecular alterations [209].
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The biological relevance of multiomics becomes even more apparent when molec-
ular data are linked with phenotypic traits. Joint analyses of the rumen microbiome,
LC-MS metabolomics and milk production demonstrated that greater adaptive capacity
was associated with coordinated changes in microbial composition and metabolism, accom-
panied by higher milk protein and lactose concentrations together with lower somatic cell
counts (p < 0.05). These findings establish a direct connection between molecular regulation
and productive performance [210]. More recently, Bayesian network analysis has been
integrated with immune profiling, GC-TOF-MS metabolomics and uterine microbiome char-
acterisation to reconstruct causal relationships among metabolic dysfunction, inflammation,
microbial dysbiosis and disease development. Although originally developed to investi-
gate metritis, this systems-based framework demonstrates how multiomics can generate
mechanistic models readily applicable to HS and other complex adaptive conditions [211].

The translation of multiomics into herd management has accelerated the evolution of
PLF from an automated monitoring system into a predictive decision-support framework.
Modern PLF integrates wearable and stationary sensors, computer vision, environmental
monitoring and farm management records to generate continuous digital phenotypes
describing activity, rumination, feed and water intake, body temperature, respiration rate,
behaviour and microclimatic conditions. Continuous acquisition of these data enables
physiological disturbances to be detected before clinical signs or production losses become
evident, supporting earlier intervention under HS conditions [212].

As livestock datasets become increasingly complex, AI has emerged as a central
component of modern herd management. Machine learning, deep learning and computer
vision can identify subtle behavioural and physiological alterations, predict productive
performance and disease risk, and analyse heterogeneous datasets beyond the capability
of conventional statistical approaches. By combining sensor-derived information with
environmental variables, including temperature, relative humidity and thermal indices,
AI can anticipate HS events and optimise cooling strategies, housing management and
other preventive interventions [213]. Predictive accuracy alone, however, is insufficient
for successful implementation. The concept of farmer-centred AI therefore emphasises
transparent decision-support systems that complement human expertise, making successful
adoption dependent not only on algorithm performance but also on sensor infrastructure,
interoperability, economic feasibility and user confidence [214].

Beyond advances in AI, digital livestock farming as a whole has progressed more rapidly
in monitoring technologies than in automated management. Wearable sensors currently dom-
inate applications in dairy cattle and sheep, whereas stationary systems are more widely used
in pig and poultry production. Future development will depend on integrating heterogeneous
data streams with automated environmental control and intelligent decision-support plat-
forms capable of transforming continuous monitoring into adaptive herd management [215].

This digital transformation is also reshaping livestock breeding through the conver-
gence of PLF, digital phenotyping and genomics. Continuous collection of high-dimensional
phenotypic data provides a far more comprehensive characterisation of adaptive capacity
than conventional production records, creating new opportunities for genomic prediction of
complex resilience traits. Large-scale genetic studies have shown that convolutional neural
networks (CNNs) increased the estimated heritability of digital limb conformation traits
from 0.21 to 0.60 for forelimbs and from 0.18 to 0.45 for hindlimbs while maintaining strong
genetic correlations with conventional assessments (>0.90). Similarly, combining automated
behavioural monitoring with ResNet50 architectures and ridge regression predicted live body
weight with high accuracy (r = 0.89). Although these studies were performed in pigs, they
highlight the broader potential of digital phenotyping to improve the efficiency, objectivity
and scalability of genomic selection across livestock species [216].
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Routine use of high-frequency phenotypes also requires computational tools capable
of processing datasets at the scale of national breeding programmes. An approximation
algorithm implemented within random-regression single-step GBLUP successfully anal-
ysed approximately 30 million test-day records, 2.5 million animals and 54,000 genotyped
cattle in the Czech national evaluation system, producing results that closely matched
full mixed-model inversion (r = 0.98; slope = 0.91) while completing the analysis in only
21 min [217]. Together, these developments indicate that future breeding programmes
will increasingly combine continuous phenotypic monitoring with genomic information,
enabling selection for functional efficiency and climate resilience while maintaining produc-
tive performance. In doing so, genomic selection is evolving from a production-oriented
methodology into a comprehensive strategy for improving robustness, adaptive capacity
and long-term resilience under climate change [218].

Nevertheless, genetic improvement alone cannot deliver climate-resilient dairy pro-
duction. Sustainable adaptation instead requires coordinated breeding, precision livestock
farming, nutritional management, engineering solutions and environmental stewardship to
maintain productivity and animal welfare while simultaneously reducing greenhouse gas
emissions, improving resource-use efficiency and ensuring long-term economic viability.

Among available mitigation strategies, reducing enteric methane emissions offers
the greatest opportunity for decarbonising dairy production. Existing and emerging tech-
nologies have the potential to lower methane emissions by approximately 40–50%, while
optimised manure storage and processing may provide an additional 5–10% reduction.
Nevertheless, widespread implementation remains constrained by economic feasibility,
emphasising the need to integrate methane mitigation with genetic improvement, preci-
sion nutrition, nitrogen management and whole-herd management rather than relying on
individual technologies alone [219].

Environmental sustainability should likewise be assessed using a broader range of
indicators than greenhouse gas emissions alone. Although pasture-based systems generally
produce lower milk yields, they often achieve reduced overall environmental impacts,
more efficient utilisation of locally available feed resources and a more favourable net
human-edible protein balance. By contrast, intensive production systems typically exhibit
a lower global warming potential per kilogram of fat- and protein-corrected milk (FPCM).
Together, these observations demonstrate that meaningful sustainability assessments must
balance carbon efficiency with land use, feed-use efficiency, ecosystem services and the
broader socio-economic contributions of dairy farming [220].

Ultimately, the convergence of molecular biology, digital agriculture and precision
management is transforming HS research from a discipline focused primarily on describing
biological responses into one capable of predicting, preventing and mitigating their conse-
quences. By integrating genomics, multiomics, digital phenotyping, AI and sustainable
herd management within a unified decision-support framework, future dairy production
systems will be better equipped to safeguard animal health and welfare, sustain productive
performance and minimise environmental impacts under a changing climate. Realising this
vision will depend on harmonised phenotyping protocols, interoperable databases, exter-
nally validated predictive models and robust economic evaluations capable of supporting
evidence-based implementation across diverse production systems [221].

Taken together, these findings indicate that individual adaptation measures differ
substantially in their mechanisms of action, practical applicability, resource requirements,
and long-term sustainability. Rather than representing competing alternatives, they should
be regarded as complementary components of integrated climate adaptation programmes.
Their comparative evaluation is presented in Table 2.
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Table 2. Comparative evaluation of adaptation strategies for sustainable dairy cattle production under heat stress.

Adaptation Strategy Primary Objective Expected Benefits Key Limitations Sustainability
Implications

Most Appropriate
Application

Environmental cooling
(fans, sprinklers,

evaporative cooling)

Rapid reduction in body
heat load and restoration
of thermal homeostasis

Provides the fastest
improvement in

physiological status, feed
intake, milk yield, welfare

and reproductive
performance during

heat events

High installation and
operating costs; increased

water and electricity
demand; reduced
efficiency during

prolonged or extreme
heat waves

Maximises immediate
resilience but increases

resource consumption and
environmental footprint if

poorly optimised

Intensive high-producing
dairy herds exposed to
frequent or severe heat

stress

Housing design and
microclimate management

Improve the thermal
environment and reduce

cumulative heat exposure

Long-term reduction in
thermal load; improves

cow comfort and
complements active

cooling systems

Infrastructure
modifications may require

substantial investment;
effectiveness depends on
climatic conditions and

barn design

Enhances animal welfare
while improving

production efficiency;
energy demand varies

according to ventilation
strategy

New or renovated dairy
facilities; regions with
recurring summer heat

Nutritional interventions

Support energy
metabolism, rumen

function and antioxidant
defence

Flexible implementation;
partially compensates for

reduced feed intake;
improves metabolic

stability and productive
performance

Cannot eliminate heat
load; responses depend on

diet formulation,
physiological stage and

heat intensity

May improve feed-use
efficiency with relatively
moderate resource inputs
but requires continuous
nutritional management

All production systems,
particularly during
seasonal heat stress

Genetic improvement for
thermotolerance

Increase inherent
resilience to thermal stress

Permanent and
cumulative adaptation

without continuous
external inputs; benefits

accumulate across
generations

Slow genetic progress;
possible antagonism with

maximum production
traits; requires long-term

breeding programmes

Represents one of the most
sustainable long-term
adaptation strategies
because resilience is

genetically embedded

National breeding
programmes and
long-term herd

improvement strategies

PLF and AI-based
monitoring

Early detection of heat
stress and individualised

management

Continuous real-time
monitoring; enables timely

interventions; improves
management precision
and resource allocation

Initial investment, sensor
maintenance, data

integration and
interpretation require

technical expertise

Optimises resource use
while supporting animal
welfare, productivity and
precision decision-making

Medium- and large-scale
farms implementing

digital herd management
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Table 2. Cont.

Adaptation Strategy Primary Objective Expected Benefits Key Limitations Sustainability
Implications

Most Appropriate
Application

Management
interventions (shade,

stocking density, feeding
schedule, water

availability)

Reduce exposure to
environmental heat and

support behavioural
adaptation

Relatively simple
implementation;

immediate welfare
benefits; often low

investment requirements

Limited capacity to
prevent severe heat stress

when used alone;
effectiveness depends on

management quality

Cost-effective
improvements in welfare

and resilience with
generally low

environmental impact

Extensive, pasture-based
and resource-limited
production systems

Integrated adaptation
strategy

Simultaneously optimise
biological adaptation,

productivity, welfare and
resource efficiency

Combines complementary
benefits of environmental,

nutritional, genetic and
digital approaches;

provides the highest
overall resilience under

variable climatic
conditions

Requires coordinated
management,

multidisciplinary planning
and greater initial

investment

Offers the best balance
between productivity,

animal welfare, economic
viability and

environmental
sustainability, supporting

climate-resilient dairy
production systems

Long-term climate
adaptation strategies for

sustainable dairy farming

Note: No single adaptation strategy is universally effective under all production conditions. Sustainable heat stress mitigation requires an integrated, tailored implementation of
complementary environmental, nutritional, genetic, management, and precision livestock farming approaches.
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3.12. Future Research Perspectives

Despite substantial progress in understanding the biological mechanisms underlying
HS, research is increasingly shifting from describing individual physiological responses
towards elucidating the integrated mechanisms that determine thermotolerance and re-
silience. One of the major scientific challenges is to integrate knowledge generated at
the molecular, cellular, physiological, behavioural and production levels into comprehen-
sive models capable of explaining individual variation in responses to thermal load and
predicting adaptive capacity across different livestock species and production systems.

A major unresolved question is how to translate the rapidly expanding volume of bio-
logical and production data into predictive tools for practical herd management. Although
PLF technologies, continuous monitoring systems and AI algorithms have advanced consid-
erably, it remains unclear which combinations of physiological, behavioural, environmental
and production indicators provide the earliest and most reliable prediction of HS devel-
opment. Future studies should therefore prioritise externally validated decision-support
systems that transform continuous monitoring into practical, evidence-based management
strategies applicable under commercial farming conditions.

Another important priority is the integration of genomics, transcriptomics, proteomics,
metabolomics and other omics technologies with digital phenotyping. Although numerous
molecular pathways associated with thermal adaptation have already been identified, it
remains uncertain which biomarkers are sufficiently robust across breeds, climatic regions
and production systems to support reliable assessment of thermotolerance and resilience.
Equally important is the integration of molecular information with digital phenotypes
and production records to improve breeding programmes capable of enhancing thermal
resilience without compromising productive performance.

Further research is also required to clarify the long-term biological consequences
of developmental programming. Increasing evidence indicates that HS during critical
prenatal and early postnatal periods may influence health, productivity, reproductive per-
formance and adaptive capacity throughout the lifetime of the offspring, yet the underlying
mechanisms and opportunities for targeted intervention remain poorly understood. Future
studies should likewise focus on developing integrated resilience indices that combine
physiological, productive, reproductive, behavioural and clinical traits, providing a more
comprehensive assessment of adaptive capacity than can be achieved using individual
biomarkers or production traits alone.

Beyond biological research, greater emphasis should be placed on evaluating the
long-term economic and environmental performance of adaptation strategies. Most current
studies focus primarily on short-term physiological or productive responses to cooling
systems, nutritional interventions or digital monitoring, whereas their economic return,
water and energy requirements, carbon footprint and scalability across diverse production
systems remain insufficiently characterised. Comparative life-cycle assessments integrating
biological effectiveness with economic feasibility, environmental trade-offs and practical
applicability will therefore be essential for identifying adaptation strategies that remain
sustainable under future climatic conditions.

Ultimately, future progress in HS research will depend less on the emergence of
individual technologies than on their integration into multidisciplinary frameworks capable
of linking climatic, biological, technological, economic and environmental information.
Such an integrated systems-based approach provides the foundation for more accurate
prediction, prevention and management of HS while supporting the long-term resilience
and sustainability of livestock production.
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4. Conclusions
Climate change is redefining HS from a predominantly seasonal production constraint

into one of the principal challenges facing sustainable livestock production. Rather than
affecting isolated physiological functions, HS disrupts interconnected thermoregulatory,
endocrine, metabolic, oxidative, immune and reproductive processes, resulting in cascading
effects on animal health, welfare, productivity and production efficiency.

The evidence synthesised in this review demonstrates that successful adaptation
cannot rely on individual mitigation measures alone. Instead, improving resilience will
require coordinated nutritional, environmental, technological, management and genetic
approaches that address the complex biological and production-related consequences of
thermal stress while maintaining resource-use efficiency and economic viability.

Overall, HS should be recognised not only as a biological challenge but also as an
economic, environmental and societal issue. Strengthening the resilience of livestock
production systems will be essential for safeguarding animal welfare, sustaining efficient
food production and supporting the long-term sustainability of animal agriculture under
a changing climate. Although this narrative review integrates current evidence from
multiple disciplines, differences in study design, livestock species, climatic conditions and
production systems should be considered when interpreting the available evidence and
translating research findings into practical recommendations.
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Stress Effects on Dairy Cattle: The Implications for Production, Reproduction, and Adaptation in the Context of Climate Change.
Vet. Arh. 2025, 95, 365–380. [CrossRef]

5. Wyrwoll, C.S. RISING STARS: The Heat Is On: How Does Heat Exposure Cause Pregnancy Complications? J. Endocrinol. 2023,
259, e230030. [CrossRef] [PubMed]

6. Van Os, J.; Reuscher, K.; Dado-Senn, B.; Laporta, J. Effects of Thermal Stress on Calf Welfare. JDS Commun. 2024, 5, 253–258.
[CrossRef] [PubMed]

7. Arias, R.A.; Soto, F.; Keim, J.P. Assessment of the Effects of Heat Stress on the Production of Dairy Cows by Using Two Comfort
Thermal Indices in Southern Chile. J. Therm. Biol. 2024, 124, 103942. [CrossRef] [PubMed]

8. Oliveira, C.P.; de Sousa, F.C.; da Silva, A.L.; Schultz, É.B.; Valderrama Londoño, R.I.; de Souza, P.A.R. Heat Stress in Dairy Cows:
Impacts, Identification, and Mitigation Strategies—A Review. Animals 2025, 15, 249. [CrossRef] [PubMed]

9. Casey, N.H. Livestock Adaptation to Climate. Anim. Front. 2023, 13, 3–5. [CrossRef]
10. Ciliberti, M.G.; Albenzio, M.; Sevi, A. From Sensors to Sustainability: Integrating Welfare, Management, and Climate Resilience

in Small Ruminant Farm Systems. Animals 2025, 15, 3240. [CrossRef] [PubMed]

https://doi.org/10.3390/su18168210

https://doi.org/10.3390/atmos13010140
https://doi.org/10.3390/ani15202997
https://www.ncbi.nlm.nih.gov/pubmed/41153924
https://doi.org/10.1111/avj.13275
https://www.ncbi.nlm.nih.gov/pubmed/37620993
https://doi.org/10.24099/vet.arhiv.2788
https://doi.org/10.1530/joe-23-0030
https://www.ncbi.nlm.nih.gov/pubmed/37485966
https://doi.org/10.3168/jdsc.2023-0443
https://www.ncbi.nlm.nih.gov/pubmed/38646580
https://doi.org/10.1016/j.jtherbio.2024.103942
https://www.ncbi.nlm.nih.gov/pubmed/39178648
https://doi.org/10.3390/ani15020249
https://www.ncbi.nlm.nih.gov/pubmed/39858249
https://doi.org/10.1093/af/vfad048
https://doi.org/10.3390/ani15223240
https://www.ncbi.nlm.nih.gov/pubmed/41301949
https://doi.org/10.3390/su18168210


Sustainability 2026, 18, 8210 45 of 54

11. Cowan, T.; Wheeler, M.C.; Cobon, D.H.; Gaughan, J.B.; Marshall, A.G.; Sharples, W.; McCulloch, J.; Jarvis, C. Observed
Climatology and Variability of Cattle Heat Stress in Australia. J. Appl. Meteorol. Climatol. 2024, 63, 645–663. [CrossRef]

12. VanderZaag, A.; Riche, E.L.; Qian, B.; Smith, W.; Baldé, H.; Ouellet, V.; Charbonneau, É.; Wright, T.; Gordon, R. Trends in the Risk
of Heat Stress to Canadian Dairy Cattle in a Changing Climate. Can. J. Anim. Sci. 2024, 104, 11–25. [CrossRef]

13. Bionda, A.; Cortellari, M.; Negro, A.; Crepaldi, P. 70 Years of Heat Waves and Summer Climate Change Affecting Italian Small
Ruminant Populations. Pastor. Res. Policy Pract. 2024, 14, 12848. [CrossRef]

14. Manica, E.; Coltri, P.P.; Pacheco, V.M.; Martello, L.S. Changes in the Pattern of Heat Waves and the Impacts on Holstein Cows in a
Subtropical Region. Int. J. Biometeorol. 2022, 66, 2477–2488. [CrossRef] [PubMed]

15. Islam, M.S.; Mondal, A.K.; Aawal, M.R.; Islam, M.S.; Siddiki, S.H.M.F.; Islam, M.A. Assessment of the Temperature and Humidity
Index (THI) to Facilitate the Establishment of a Ruminant Rearing System in Bangladesh. Ann. Bangladesh Agric. 2023, 27, 161–174.
[CrossRef]

16. Suryawanshi, R.; Thakare, R.; Kamat, H.; Deshmukh, O.; Shinde, O.; Alapure, R.; Kamble, A. Climate Change Impacts and Risks
for Animal Health: Indian Context: A Review. Agric. Rev. 2024, 46, 782–789. [CrossRef]

17. Reeve, E.; Watkins, A.B.; Kuleshov, Y. The Impact of Climate Variability on Cattle Heat Stress in Vanuatu. Agriculture 2024,
14, 1955. [CrossRef]

18. Tulu, D.; Gadissa, S.; Hundessa, F. Impact of Water Stress on Adaptation and Performance of Sheep and Goat in Dryland Regions
under Climate Change Scenarios: A Systematic Review. J. Anim. Behav. Biometeorol. 2023, 11, e2023012. [CrossRef]

19. Lees, A.M.; Sejian, V.; Wallage, A.L.; Steel, C.C.; Mader, T.L.; Lees, J.C.; Gaughan, J.B. The Impact of Heat Load on Cattle. Animals
2019, 9, 322. [CrossRef] [PubMed]

20. Foroushani, S.; Amon, T. Thermodynamic Assessment of Heat Stress in Dairy Cattle: Lessons from Human Biometeorology. Int. J.
Biometeorol. 2022, 66, 1811–1827. [CrossRef] [PubMed]

21. Mota-Rojas, D.; Ghezzi, M.D.; Hernández-Ávalos, I.; Domínguez-Oliva, A.; Casas-Alvarado, A.; Lendez, P.A.; Ceriani, M.C.;
Wang, D. Hypothalamic Neuromodulation of Hypothermia in Domestic Animals. Animals 2024, 14, 513. [CrossRef] [PubMed]

22. Besharati, M.; Ahmad, S.; Jabbar, M.; Palangi, V.; Esen, S.; Esen, V.K.; Eseceli, H.; Mammadov, A.; Lackner, M. Effects of Stress
Hormones on Digestibility and Performance in Cattle: A Review. Open Agric. 2024, 9, 20220387. [CrossRef]

23. Clarke, I.J.; Dunshea, F.R.; Chauhan, S.S. Prolactin and Heat Stress: Focus on Domestic Ruminants. J. Anim. Sci. 2025, 103, skaf020.
[CrossRef] [PubMed]

24. Macías-Cruz, U.; Castillo Cristóbal, G.; Avendaño-Reyes, L.; de los Ángeles López-Baca, M.; Roque-Jiménez, J.A.; Mellado,
M.; Meza-Herrera, C.A.; Vicente-Pérez, R.; López-Romero, M.; Rivero-Pérez, N. Thiamine Diphosphate Supplementation as a
Heat-Stress Mitigation Strategy for Hair Male and Female Lambs in Feedlot: Physiological Responses, Growth Performance, and
Carcass Traits. Animals 2025, 15, 3143. [CrossRef] [PubMed]

25. Zhang, Q.; Yang, L.; Li, Y.; Gu, P.; Si, R.; Zhu, L.; Zhang, W. Heat Stress Affects Dairy Cow Performance via Oxidative Stress,
Hypothalamic–Pituitary–Adrenal Axis, Gut Microbiota, and Multi-Dimensional Mitigation. Front. Vet. Sci. 2025, 12, 1686241.
[CrossRef] [PubMed]

26. Zhou, J.; Yue, S.; Xue, B.; Wang, Z.; Wang, L.; Peng, Q.; Hu, R.; Xue, B. Effect of Hyperthermia on Cell Viability, Amino Acid
Transfer, and Milk Protein Synthesis in Bovine Mammary Epithelial Cells. J. Anim. Sci. Technol. 2022, 64, 110–122. [CrossRef]
[PubMed]

27. Zeng, J.; Wang, D.; Sun, H.; Liu, H.; Zhao, F.-Q.; Liu, J. Heat Stress Affects Mammary Metabolism by Influencing the Plasma Flow
to the Glands. J. Anim. Sci. Biotechnol. 2024, 15, 92. [CrossRef] [PubMed]

28. Blaga, S, .; Vizitiu, D.A.; Bratu, D.G.; Lungu, B.C.; Tripon, M.R.; Tulcan, C.; Marc, S.; Hut,u, I. A Review of Heat Stress Effects on
Amino Acid Composition in Cattle. Rom. J. Vet. Sci. 2025, 58, 372–381. [CrossRef]

29. Park, T.; Ma, L.; Gao, S.; Bu, D.; Yu, Z. Heat Stress Impacts the Multi-Domain Ruminal Microbiota and Some of the Functional
Features Independent of Its Effect on Feed Intake in Lactating Dairy Cows. J. Anim. Sci. Biotechnol. 2022, 13, 71. [CrossRef]
[PubMed]

30. Li, M.; Xu, L.-B.; Zhang, C.; Zhang, P.-H.; Tao, S.; Liu, H.-Y. Effects of Acute and Chronic Heat Stress on the Rumen Microbiome in
Dairy Goats. Anim. Biosci. 2024, 37, 2081–2090. [CrossRef] [PubMed]

31. Li, T.; Raja, B.R.; Liao, J.; Zheng, L.; Yin, F.; Gan, S.; Sun, X.; Lyu, G.; Ma, J. The Characteristics, Influence Factors, and Regulatory
Strategies of Growth Retardation in Ruminants: A Review. Front. Vet. Sci. 2025, 12, 1566427. [CrossRef] [PubMed]

32. Cartwright, S.L.; Schmied, J.; Livernois, A.; Mallard, B.A. Effect of In Vivo Heat Challenge on Physiological Parameters and
Function of Peripheral Blood Mononuclear Cells in Immune Phenotyped Dairy Cattle. Vet. Immunol. Immunopathol. 2022,
246, 110405. [CrossRef] [PubMed]

33. Wijffels, G.; Sullivan, M.L.; Stockwell, S.; Briscoe, S.; Pearson, R.; Li, Y.; Macs, A.M.; Sejian, V.; McCulloch, R.; Olm, J.C.W.; et al.
Comparing the Responses of Grain-Fed Feedlot Cattle under Moderate Heat Load and during Subsequent Recovery with Those
of Feed-Restricted Thermoneutral Counterparts: Blood Cells and Inflammatory Markers. Int. J. Biometeorol. 2024, 68, 211–227.
[CrossRef] [PubMed]

https://doi.org/10.3390/su18168210

https://doi.org/10.1175/jamc-d-23-0082.1
https://doi.org/10.1139/cjas-2023-0040
https://doi.org/10.3389/past.2024.12848
https://doi.org/10.1007/s00484-022-02374-3
https://www.ncbi.nlm.nih.gov/pubmed/36201039
https://doi.org/10.3329/aba.v27i2.72544
https://doi.org/10.18805/ag.r-2712
https://doi.org/10.3390/agriculture14111955
https://doi.org/10.31893/jabb.23012
https://doi.org/10.3390/ani9060322
https://www.ncbi.nlm.nih.gov/pubmed/31174286
https://doi.org/10.1007/s00484-022-02321-2
https://www.ncbi.nlm.nih.gov/pubmed/35821443
https://doi.org/10.3390/ani14030513
https://www.ncbi.nlm.nih.gov/pubmed/38338158
https://doi.org/10.1515/opag-2022-0387
https://doi.org/10.1093/jas/skaf020
https://www.ncbi.nlm.nih.gov/pubmed/39907294
https://doi.org/10.3390/ani15213143
https://www.ncbi.nlm.nih.gov/pubmed/41227472
https://doi.org/10.3389/fvets.2025.1686241
https://www.ncbi.nlm.nih.gov/pubmed/41180240
https://doi.org/10.5187/jast.2021.e128
https://www.ncbi.nlm.nih.gov/pubmed/35174346
https://doi.org/10.1186/s40104-024-01050-3
https://www.ncbi.nlm.nih.gov/pubmed/38965570
https://doi.org/10.59463/rjvs.2025.3.04
https://doi.org/10.1186/s40104-022-00717-z
https://www.ncbi.nlm.nih.gov/pubmed/35701804
https://doi.org/10.5713/ab.24.0120
https://www.ncbi.nlm.nih.gov/pubmed/38938027
https://doi.org/10.3389/fvets.2025.1566427
https://www.ncbi.nlm.nih.gov/pubmed/40206254
https://doi.org/10.1016/j.vetimm.2022.110405
https://www.ncbi.nlm.nih.gov/pubmed/35276484
https://doi.org/10.1007/s00484-023-02584-3
https://www.ncbi.nlm.nih.gov/pubmed/38092991
https://doi.org/10.3390/su18168210


Sustainability 2026, 18, 8210 46 of 54

34. Yates, D.T.; White, M.R.; Curry, S.A.; Hahn, A.A. The Essential (and Targetable) Role of Inflammation in the Poor Muscle Growth
and Metabolism of Heat-Stressed Livestock. Meat Muscle Biol. 2025, 9, 20179. [CrossRef]

35. Loor, J.J.; Elolimy, A.A. Immunometabolism in Livestock: Triggers and Physiological Role of Transcription Regulators, Nutrients,
and Microbiota. Anim. Front. 2022, 12, 13–22. [CrossRef] [PubMed]

36. Giannone, C.; Bovo, M.; Ceccarelli, M.; Torreggiani, D.; Tassinari, P. Review of the Heat Stress-Induced Responses in Dairy Cattle.
Animals 2023, 13, 3451. [CrossRef] [PubMed]

37. Soliman, S.M.; El-Saadony, M.T.; Saad, A.; Mosa, W.F.A.; Khalil Ameen, F.M.; Ezzat Ahmed, A.; Mostafa Mohammed, D.; Manasar,
M.M.; Farag, M.R.; Alagawany, M.; et al. The Impacts of Thermal Stress on Dairy Cattle Physiology, Metabolism, Health, and
Performance: A Comprehensive Review. Ann. Anim. Sci. 2025, 26, 27–50. [CrossRef]

38. Campos, I.L.; Chud, T.C.S.; Oliveira, H.R.; Baes, C.F.; Cánovas, A.; Schenkel, F.S. Using Publicly Available Weather Station Data to
Investigate the Effects of Heat Stress on Milk Production Traits in Canadian Holstein Cattle. Can. J. Anim. Sci. 2022, 102, 368–381.
[CrossRef]

39. Rockett, P.L.; Campos, I.L.; Baes, C.F.; Tulpan, D.; Miglior, F.; Schenkel, F.S. Phenotypic Analysis of Heat Stress in Holsteins Using
Test-Day Production Records and NASA POWER Meteorological Data. J. Dairy Sci. 2023, 106, 1142–1158. [CrossRef] [PubMed]

40. Tu, P.A.; Yeh, Y.H.; Chen, Y.H.; Shiau, J.W.; Lin, T.Y.; Banhazi, T.; Yang, M.K. Stage-Specific Milk Yield Losses and Associated
Sweating, Respiration, and Rectal Temperature Responses under Varying Temperature–Humidity Index Thresholds in Lactating
and Dry Cows. J. Dairy Sci. 2025, 108, 2023–2035. [CrossRef] [PubMed]

41. Bokharaeian, M.; Toghdory, A.; Ghoorchi, T.; Ghassemi Nejad, J.; Esfahani, I.J. Quantitative Associations between Season, Month,
and Temperature–Humidity Index with Milk Yield, Composition, Somatic Cell Counts, and Microbial Load: A Comprehensive
Study across Ten Dairy Farms over an Annual Cycle. Animals 2023, 13, 3205. [CrossRef] [PubMed]

42. Besteiro, R.; Fouz, R.; Diéguez, F.J. Influence of Heat Stress on Milk Production, Milk Quality, and Somatic Cell Count in Galicia
(NW Spain). Animals 2025, 15, 945. [CrossRef] [PubMed]

43. Hauser, A.; França, M.; Hauser, R.; Perazzoli, L.; Mendes, B.P.B.; Telles, I.P.; Mendes, T.C.; Miletti, L.C.; Thaler Neto, A. Heat
Stress on the Feed Consumption, Biochemical Indicators, Production and Milk Quality of Holstein and Jersey Cows. Ciênc. Rural
2025, 55, e20220479. [CrossRef]

44. Li, C.; Liu, Z.; Bath, C.; Marett, L.C.; Pryce, J.; Rochfort, S. The Effect of 2-Day Heat Stress on the Lipid Composition of Bovine
Milk and Serum. Front. Anim. Sci. 2023, 4, 1212904. [CrossRef]

45. Razzaghi, A.; Ghaffari, M.H.; Rico, D.E. The Impact of Environmental and Nutritional Stresses on Milk Fat Synthesis in Dairy
Cows. Domest. Anim. Endocrinol. 2023, 83, 106784. [CrossRef] [PubMed]

46. Timlin, M.; O’Callaghan, T.F.; McCarthy, E.K.; Lynch, M.; Sheehan, B.; McCarthy, N.A.; Frizzarin, M. Utilising Fatty Acid
Prediction Equations and Mid-Infrared Spectroscopy to Estimate the Seasonality Changes in Bovine Milk from Pasture-Based
Systems. Int. J. Dairy Technol. 2024, 77, 1213–1224. [CrossRef]

47. Mylostyvyi, R.; Midyk, S.; Izhboldina, O.; Cherniy, N.; Kornienko, V. Changes in the Qualitative Composition of the Milk of
Holstein Cows during Summer Chronic Heat Stress. J. Ilmu Ternak Vet. 2023, 28, 112–121. [CrossRef]

48. Feliciano, R.J.; Boué, G.; Mohssin, F.; Hussaini, M.M.; Membré, J.-M. Raw Milk Quality in Large-Scale Farms under Hot Weather
Conditions: Learnings from One-Year Quality Control Data. J. Food Compos. Anal. 2023, 117, 105127. [CrossRef]
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