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Preface

Homeostasis by definition is the tendency of a system, especially the physiological
system of higher animals, to maintain internal stability, through coordinated
response of its components to any perturbation or stimulus that would tend to
disturb its normal condition or function. Animals interact with the environment in
a dynamic manner. Changes in the environment, in other words stress, trigger an
equal response from the animals which is known as adaptation. Thus, adaptation is
an ongoing process that helps an animal to adjust to the environment. Stress, to an
animal, can be physical including climatic parameters such as heat, cold, relative
humidity, and changes in oxygen tension with altitude. Alternately, stress can also
be physiological due to an infection, nutritional deficiency, and metabolic diseases.
Whatever the etiology of stress, an animal always strives to establish a balance that
would enhance its survival. However, just survival does not suffice. To be
successfully adapted, an animal must survive, produce, and reproduce. Therefore,
depending on its physiological status, the effect of stress on an animal varies.
Although there are innate adaptive mechanisms that help the animal to overcome
stress and establish homeostasis, these adaptive mechanisms can be limiting
especially when the animal is being raised for production. Stress can have a serious
impact on the health of the animal which in turn can reduce feed intake, feed
efficiency, milk or meat production, and fertility. Therefore, as a manager, the
farmer has an essential role to play in ameliorating stress in animals. It is precisely
in this context that this volume is specifically devoted to several adaptive strategies
which elaborate how judicious management practices can help an animal adjust
and adapt to any changes in its environment. This in turn helps maintain animal
health and productivity.

This volume is specifically prepared by a team of multidisciplinary scientists to
be a valuable reference material for researchers as the primary target group for this
compendium. In addition, the material contained in this volume is also relevant to
teaching undergraduates, graduates, and other professionals involved in livestock
production. Given the importance of livestock to the global economy, there is a
strong need for a world class reference material on sustainable management of
livestock in diverse ecoregions. With uncertain climate involving unpredictable
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extreme events (e.g., heat, drought, infectious disease), environmental stresses are
becoming the most crucial factors affecting livestock productivity. Reference
materials pertaining to stress physiology of livestock are scanty and obsolete. By
addressing systematically and comprehensively all aspects of environmental
stresses and livestock productivity, this volume is a useful tool for graduates and
undergraduates in understanding the various intricacies of stress physiology.
Further, scholars involved in research concerning livestock and its welfare can
make use of this book for conducting high quality research in the field of adap-
tation physiology of livestock. In addition, this volume can also guide livestock
researchers in identifying researchable priorities in adaptation physiology. With
information and case studies collated and synthesized by professionals working in
diversified ecological zones, the volume attempts to study the influence of the
environment on livestock production across global biomes.

This 17-chapter compendium provides readers with an insight into the major
stress factors that livestock are exposed to and their influence on livestock phys-
iology and production. An attempt is also made to discuss the innate adaptive
mechanisms that animals exhibit to counteract the adverse effects of stress. In
addition to the adaptive mechanisms, several management and feeding practices
have also been established as tested methods for reduction of stress effects. This
book also highlights the challenges the livestock industry faces in maintaining the
delicate balance between animal welfare and production. Therefore, this book is a
comprehensive resource for researchers to understand stress, stress management,
and livestock productivity.

The contributors of the various chapters are world class professionals with vast
experience in the chosen field supported by several peer reviewed publications.
The Editorial Committee takes this opportunity to thank all the contributors from
different parts of the world for their dedication in preparing these chapters, for
their prompt and timely response, and for sharing their knowledge and experience
with others. The efforts of many others, all of those that cannot be individually
listed, were also very pertinent in completing this relevant and important volume.

15 February 2012 V. Sejian
S. M. K. Naqvi

T. Ezeji
J. Lakritz

Rattan Lal
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Chapter 1
Introduction

Veerasamy Sejian

Abstract Animals live in complex environments in which they are constantly
confronted with short- and long-term changes due to a wide range of factors, such as
environmental temperature, photoperiod, geographical location, nutrition, and
socio-sexual signals. Homeostasis, the state of relative physiological stability in an
organism, is a prerequisite to survive. Despite changes in environmental conditions,
many living species have the ability to maintain their homeostasis within fixed limits
by means of a set of specific innate repertoire of counter regulatory behavioral and
physiological mechanisms. When the individual innate and acquired repertoire of
counter regulatory mechanisms are overridden by environmental or internal per-
turbations a state of stress is reached and the ‘stress responsive systems’ are activated.
The ‘stress system’ consists of neuroanatomical and functional structures that pro-
duce the behavioral, physiological, and biochemical changes directed toward
maintaining homeostasis, when threatened. The environment surrounding livestock
plays a significant role in influencing their productivity. Among the environmental
variables affecting livestock, heat stress seems to be one of the most intriguing factors
making difficult animal production in many of the world areas. Though the animals
live in a complex world but researchers most often study the influence of only one
stress at a time since comprehensive, balanced multifactorial experiments are
technically difficult to manage, analyze, and interpret. There is, in general, a strong
relationship between agro-climatic conditions, population density, cropping sys-
tems, and livestock production. Rangelands are the largest land use systems on the
Earth. They predominate in semi-arid tropical areas of the world. These pastoral
systems are those in which people depend entirely on livestock for their livelihoods.
The key constraints of arid and semi-arid tropical environment are their low biomass
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productivity, high climatic variability, and limited availability of water. All these
constraints make these regions difficult for sustainable livestock production.
Research agendas need to take into account the trade-offs and synergies arising from
these livestock population in tropical environments so that the poor are able to reap
the multiple benefits provided by these ecosystems.
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Livestock have been an integral part of the human civilization from times immemorial
(FAO 2006). Humans have lived and learned to control domesticated animals for more
than 10,000 years (Dib 2010). Over these years, human behavior changed and wild
animals with potential to be explored became tamed. Livestock provide a diverse
number of products that promote quality of human life, such as wool, skin, meat, milk,
eggs, among others. They have also been used for transportation, labor and traction,
companionship, hunting along with other activities for necessity or recreation of human.

As time progressed, mankind invented and discovered new technologies and
ways to live life comfortably and leisurely. Increase in population created several
challenges, such as food, shelter, clothing, etc. which in turn presented the need of
synthetic food production, increased demand for land area, and excessive textile
manufacturing and hence the need for industrialization. In the course of fulfilling
his ever-increasing demands, mankind caused drastic changes in land use through
deforestation and cultivation. Along with combustion of fossil fuels, emissions of
greenhouse gases (GHGs) have and will alter the climatic patterns. The industri-
alization, technological advent, and population explosion together brought about
drastic changes in the environment such that it has reached alarming levels. The
adverse consequences of industrialization, e.g., pollution, air; water; soil and noise,
deforestation, etc. are leading to a gradual increase in atmospheric temperature,
increase in extreme events, such as droughts, increased incidences of natural
calamities, melting of glaciers, rise in sea-level, ozone layer depletion, among
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others. Ecosystems including plants, animals, and birds cannot adjust and adapt to
rapid changes in temperature, precipitation, and other extreme climatic events.

Animals live in complex environment in which they are constantly confronted
with short- and long-term changes due to a wide range of factors, such as environ-
mental temperature, photoperiod, geographical location, nutrition, and socio-sexual
signals (Kleemann and Walker 2005; Ali and Hayder 2008). Homeostasis, the state
of relative physiological stability in an organism, is a prerequisite to survive. Despite
changes in environmental conditions, many living species have the ability to
maintain their homeostasis within fixed limits by means of a set of specific innate
repertoire of counter regulatory behavioral and physiological mechanisms. When the
individual innate and acquired repertoire of counter regulatory mechanisms are
overridden by environmental or internal perturbations a state of stress is reached and
the ‘stress responsive systems’ are activated (Johnson et al. 1992; Karman 2003). The
‘stress system’ consists of neuroanatomical and functional structures that produce
the behavioral, physiological, and biochemical changes directed toward maintaining
homeostasis when it is threatened (Karman 2003).

There is, in general, a strong relationship between agro-climatic conditions,
population density, cropping systems, and livestock production (Marai et al. 2007; Ali
and Hayder 2008). Rangelands are the largest land use system on the Earth. They
predominate in semi-arid tropical areas of the world. In some of these pastoral systems,
people depend entirely on livestock for their livelihoods. The key constraints of arid
and semi-arid tropical environment are their low biomass productivity, high climatic
variability, and limited availability of water (Sejian et al. 2010a; Maurya et al. 2010).
All these constraints exacerbate the challenges of sustainable livestock production in
the rangeland ecosystems. Thus, research agendas must take into account the trade-offs
and synergies arising from these tropical environments so that the resource poor land
managers and farmers can harvest the multiple benefits provided by these ecosystems.

Seasonal variations in climatic conditions impact the availability of feed in the
livestock. Over and above the effect of seasonal variations that cause considerable
economic hardship, it is the unforeseen and unexpected periods of inclement and severe
weather conditions which exacerbate the gross economic losses. In addition to mortalities
of livestock associated with severe climatic conditions, reductions in reproductive and
productive performances generate sizeable economic setback. Impressive advances in
research have been made to assess the impact of climatic stressors on the physiological
and dynamic responses of livestock. At the same time livestock managers and farmers
continue to search for management options which can alleviate and reduce the effects of
severe weather on livestock performance and productivity.

1.1 Economic Importance of Livestock

Livestock sector includes animal husbandry, dairy, and fishery. It plays a significant role
in national and international economy, and in socio-economic development. In devel-
oping countries and emerging economies alike, it has a critical role in contributing to the
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rural economy by supplementing family incomes and generating gainful employment,
particularly among the landless laborers, small and marginal farmers, and women (FAO
2009). Environmental factors affecting livestock productivity are discussed below.

1.1.1 Heat Stress in Livestock

Environmental stresses reduce the productivity and health of livestock resulting in
significant economic losses. Livestock productivity is thought to be affected by many
factors including, biomass productivity, photoperiod, geographical location, age,
breed, nutrient availability, water availability, management practices, environmental
conditions so on, and so forth (Khalifa 2003). Of all these factors, environmental
condition influencing livestock productivity is of major concern (Shelton 2000;
Koubková et al. 2002). Among the environmental variables, heat stress seems to be the
most detrimental factor affecting livestock production (Rivington et al. 2009). Heat
stress can cause a significant financial burden to livestock producers by decreasing
milk and meat production, decreasing reproductive efficiency, and adversely affecting
livestock health. Heat stress is a significant issue for livestock grazing in the tropics and
subtropics and the effects of heat stress may aggravate with prospects of global
warming caused by the accelerating emission of GHGs. Heat stress affects animal
performance and productivity at all stages of the life cycle. The adverse effect of heat
stress in livestock may be attributed to repartitioning of energy necessary for main-
tenance of homeothermy. The impact encompasses decreased growth, reduced milk
yield, decreased reproduction, increased susceptibility to diseases, and delayed initi-
ation of lactation. Heat stress in cattle reduces feed intake and growth, and in extreme
cases can cause death, resulting in substantial revenue loss to producers (Brown-brandl
et al. 2005). Heat stress also negatively affects reproductive function (Maurya et al.
2004; Sejian et al. 2011b). Infact reproductive inefficiency is one of the most costly
production-limiting problems facing the livestock industry. Heat stress causes infer-
tility in farm animals and this represents a major source of economic loss to the farmers.
Reproductive processes in both the male and female are sensitive to environment. As a
general rule, increased temperature decreases ovulation rates, shortens duration of
estrus, decreases fertility of males, and increases rate of embryonic mortality. Given
the associated economic losses through heat stress in several livestock species, addi-
tional research is needed on the interactions among heat stress, nutritional require-
ments, immunological status, and the overall livestock performance.

1.1.2 Economic Losses by Heat Stress

The livestock sector is socially, culturally, and politically significant both
nationally and globally. It accounts for 40% of the world’s agricultural gross
domestic product (GDP). It employs 1.3 billion people, and creates livelihoods for
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one billion of the world’s population living in poverty (Gaughan et al. 2010).
Global demand for livestock products is expected to double during the first half of
this century (FAO 2009), as a result of the growing human population, and its
growing affluence. Hence it is of utmost importance to concentrate on improving
the productivity of livestock to meet the growing needs of human population.

Although most livestock possess well-developed mechanisms of thermoregulation,
they may not be able to adequately maintain homeothermy under heat stress, especially
the high producing animals (Gaughan et al. 2010). Indeed, the hyperthermia negatively
affects any form of productivity, regardless of breed, and stage of adaptation (Marai
et al. 1999). An understanding of the control of body temperature in livestock under
heat loads, and the relationship of this to productivity must come from an approach in
which the animal is viewed in relation to both its thermal and nutritive environments
(Sejian et al. 2010a). Exposure to elevated ambient temperature evokes a series of
drastic changes in the livestock biological functions that include depression in feed
intake efficiency and utilization; disturbances in metabolism of water and protein; and
alteration in energy, and mineral balances, enzymatic reactions, hormonal secretions,
and blood metabolites. Such physiological changes lead to a low live body weight and
impaired reproduction, i.e., depression in age at puberty, reproductive activity, and
fertility ( Marai et al. 2009). As a result the production potential of the livestock species
are directly under threat leading to severe economic losses.

1.2 Stress and Reproduction

Reproductive axis is one plane where stress effects are most pronounced and have
gross economic impact. Stress activates systems which influence reproduction at
hypothalamus, pituitary, or gonads levels. The reproductive axis is inhibited at all
levels; steroidogenesis is directly inhibited at both ovaries and testes. The principle
target is the GnRH neuron activity thus affecting the GnRH secretion into the
hypophyseal portal blood. Stress can also affect the gonadotrophic cell responsiveness
to GnRH. Glucocorticoids are critical to mediate inhibitory effect on reproduction.
Environmental stresses affect the estrous behavior, embryo production, birth weights
of lambs, placental size, and function and foetal growth rate.

Several factors affect the reproductive performance of farm animals, among which
the physical environment and nutrition play a significant role (Gaughan et al. 2009).
Proper nutrition supports mediocre biological types to reach their genetic potential, and
may even alleviate the negative effects of a harsh physical environment. Poor nutrition
on the other hand, may not only exacerbate detrimental environmental effects, but also
reduce performance to below the genetic potential. In other words, nutritional factors
appear quite important in terms of their direct effects on reproduction, and the potential
to moderate the effects of other factors. Most reproductive responses to environmental
factors are coordinated at the brain level, where all external and internal inputs
ultimately converge into a final common pathway that controls the secretion
of gonadotrophin-releasing hormone (GnRH). In turn, this neurohormone controls
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the secretion of gonadotrophins, the pituitary hormones that determine the activity
of the reproductive axis (Martin et al. 2004). Reproductive fitness may be regarded as
the most important criteria for studying or evaluating of animal adaptation. Body
systems activated by stress influence reproduction by altering the activities of the
hypothalamus, pituitary gland, or gonads. Reproduction processes in animals may
be impacted during heat exposure, and glucocorticoids are paramount in mediating the
inhibitory effects of stress on reproduction (Kornmatitsuk et al. 2008).

1.3 Significance of Optimum Nutrition
to Livestock Production

Livestock grazing in hot semi-arid environment is prone to extreme fluctuations in
the quantity and quality of feed throughout the year (Martin et al. 2004). Quality of
feed, and thus, nutrition is one of the main factors affecting ovulation rate and sexual
activity in livestock (Vinoles et al. 2005; Forcada and Albecia 2006). Nutrition
modulates reproductive endocrine functions in many species including livestock
(Martin et al. 2004; Sejian et al. 2011a). Further, undernutrition affects reproductive
functions in ruminants at different levels of the hypothalamus-pituitary–gonadal axis
(Robinson 1996; Boland et al. 2001; Chadio et al. 2007). Thermal stress and feed
scarcity are the major predisposing factors for the low productivity of ewes under hot
semi-arid environment (Martin et al. 2004). High ambient temperature augments the
effort by livestock to dissipate body heat, resulting in increased rate of respiration,
body temperature, heart beat, and water consumption (Marai et al. 2000). Increased
body temperature and respiration rate are the most important signs of heat stress in
livestock (Al-Haidary 2004). Further, increase in body temperature is associated
with marked reduction in feed intake, redistribution in blood flow, and changes in
endocrine functions that negatively affect the productive and reproductive perfor-
mance of livestock (Averos et al. 2008). In addition, exposure of livestock to elevated
temperature decreases body weight, growth rate, and body total solids (Marai et al.
2007). The depleted body condition during periods of energy deficiency also reduces
heat tolerance (Minka and Ayo 2009).

1.4 Climate Change and Multiple Stresses Concept

In the present changing climate scenario, there are numerous stresses other than the
heat stress which constraint the livestock and have severe consequences on their
production (Sejian et al. 2010b). The projected climate change (CC) seriously
hampers the pasture availability especially during the period of frequent drought in
summer. Thus, livestock suffer from drastic nutrition deficiency. Both the quantity
and the quality of the available pastures are affected during extreme environmental
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conditions (Gaughan et al. 2009). Further, with the changing climate, animals have
to walk long distances in search of pastures. This locomotory activity also puts
the livestock species under enormous stress (Gustafson et al. 1993; Sejian et al.
2011a). The majority of domesticated ruminants are raised solely or partially in
semi-extensive or extensive production systems in which most nutrients are derived
from grazed forage. Grazing is associated with daily activities considerably different
than for confined animals such as time spent for eating and distances traveled. These
activities result in greater energy expenditure (EE) than in confinement, which can
limit energy available for maintenance and production. The grazing animals in the
tropical areas usually have access to poor quality food available at lower densities per
unit area, and to counter such hardship, animals increase their grazing time and
disperse widely. Hence its not only the heat stress that needs to be counteracted but
the nutrition and walking stress are also of great concern. Though the animals live in a
complex world, researchers most often study the influence of only one stress factor at
a time. Comprehensive, balanced, and multifactorial experiments are technically
difficult to manage, analyze, and interpret (Blanc et al. 2001). When exposed to one
stress at a time, animals can effectively counter it based on their stored body reserves
and without altering the productive functions (Sejian et al. 2011b). However, if they
are exposed to more than one stress at a time, the summated effects of the different
stressors might prove detrimental to these animals. Such a response is attributed to
animal’s inability to cope with the combined effects of different stressors simulta-
neously (Sejian et al. 2010b; Sejian et al. 2011b). In such a case, the animal’s body
reserves are not sufficient to effectively counter multiple environmental stressors.
As a result their adaptive capabilities are hampered and the animals struggle to
maintain normal homeothermy (Sejian et al. 2010b). Moberg (2000) hypothesized
that when animals are exposed to only one stress, they may not require the diversion
of biological resources needed for other functions. If, however, two of these stressors
occur simultaneously, the total cost may have a severe impact on other biological
functions. Thus, normal basal functions are drastically affected which jeopardizes
production.

1.5 Ameliorative Measures to Counter
Environmental Stresses

This volume focuses on developing suitable ameliorative strategies which must be
given due consideration to minimize economic losses incurred through impact of
environmental stresses on livestock production. Several chapters are specifically
devoted to the ameliorative strategies. Specific focus is on the managemental and
nutritional strategies which must be adopted to prevent environmental stresses
affecting livestock production. Further, an emerging theme of the probable role of
pineal gland in relieving heat stress by its endocrine secretion is also addressed.
Besides being a neuroendocrine transducer of cyclic photic input, pineal gland also
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impacts seasonal changes in reproductive capability of many animal species. Apart
from this, it has influence on extra reproductive processes, such as pineal-adrenal;
pineal-thytorid, and pineal-immune planes. It has antistress and tranquilizing
effect, via melatonin. Melatonin has marked effect on several adrenal-cortex
secretions and functions during the stress. Other pineal peptides have also been
identified having antithermal stress property. Pineal plays an important role in heat
stress amelioration in livestock (Sejian et al. 2008; Sejian and Srivastava 2009;
2010a). Pineal gland through its secretions, melatonin and other pineal proteins,
was able to reduce heat stress in ruminant livestock (Darul and Kruczynska 2004;
Sejian and Srivastava 2010b; Sejian et al. 2011c). Thus interrelated, both adrenal
and pineal glands help animal to cope with stressful environment (Sejian and
Srivastava 2009, 2010a, b).

Multidisciplinary approaches are required to counter environmental stresses
influence on livestock production. There are varieties of options pertaining to
animal nutrition, housing, and animal health (Collier et al. 2003). Some of the
biotechnological options may also be used to reduce environmental stresses.
However, it is important to understand the livestock responses to environment,
analyze them, in order to design modifications of nutritional and environmental
management thereby improving animal comfort and performance (Sejian and
Naqvi 2011). An amelioration strategy must be cost-effective, suitable to the target
agro-ecological zone, and provide high returns to farmers implementing it.
Nutritional manipulation is one of the principal ways to optimize production
during extreme environmental conditions (Martin et al. 2004; Scaramuzzi et al.
2006). Improved nutrition is an important tool to enhance ovulation rate and
accentuate the overall reproductive efficiency especially in low input systems
prevalent in arid, and semi-arid tropical environment (Archer et al. 2002;
Scaramuzzi et al. 2006).

1.6 Adaptive Mechanisms of Livestock

The third section of the volume describes several mechanisms by which the livestock
tries to adapt to an adverse environment. It addresses the basic principles that are
involved in livestock adaptation to the environmental stresses. It focuses on the
neuroendocrine mechanisms that control the process of livestock adaptation, and
also deliberates the molecular mechanisms involved in making an animal adaptable
to a specific environment. The genetic basis and its significance for livestock
adaptation are also addressed in this section. Finally, efforts are made to incorporate
information pertaining to identifying genes involved in thermal tolerance of
livestock. This section provides an insight into how adaptations are controlled
involving various systems of the body including nervous, endocrine, genetic, and
molecular level control.

Animals in different parts of the world face different types of environmental factors
in the form of temperature, solar radiation, photoperiod, humidity, geographical
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location, nutrition, and socio-economic signals. Homeostasis is referred to as the
relative physiological activity in an organism critical to survival. Regardless of the
changes in the environmental conditions, living species attempt to maintain constant
core body temperature within a range through a definite set of regulatory behavioral
and physiological mechanisms. Each species, breed, or animal category, correlated
with its physiological state, has a comfort zone, in which the energy expenditure of the
animal is minimal, constant, and independent of environmental temperature. Outside
of this zone, the animal experiences stress to maintain homeothermy. Because main-
taining homeothermy requires extra energy to thermoregulate, less energy is available
for production processes (Nardone et al. 2006). Thus, animals modifies its behavior,
especially feeding, physiological, and metabolic functions and the quantity and quality
of its production. The extents to which they are able to adapt are limited by physio-
logical (genetic) constraints (Alhidary et al. 2012). Responses of animals vary
according to the type of thermal challenge: short-term adaptive changes in behavioral,
physiological, and immunological functions (survival-oriented) are the initial
responses to acute events, while longer term challenges impact performance-oriented
responses (Gaughan et al. 2010). When environmental conditions change, an animal’s
ability to cope (or adapt) to the new conditions is determined by its ability to maintain
performance and oxidative metabolism (Gaughan et al. 2010). The stress response is
influenced by a number of factors including: species, breed, previous exposure, health
status, level of performance, body condition, mental state, and age. Neuroendocrine
responses to stress play an integral role in the maintenance of homeostasis in livestock.
There are substantial evidences which suggests that neuroendocrine responses varies
with the type of stressor and are specific and graded, rather than ‘all or none’. While
acute responses bring about survival; chronic responses may result in morbidity and
mortality. Both of these responses are integrated via a network of mutual interplay
between immune system, central nervous system, and the endocrine system. Infact, it is
a network that exists between nervous and endocrine system which coordinate this
stress response. An important component of this network is the hypothalamo-pituitary-
adrenal (HPA) axis; it consists of 3 components: corticotrophin releasing hormone
(CRH) neurons in the hypothalamus, corticotrophs in the anterior pituitary, and the
adrenal cortex (Bernabucci et al. 2010). The HPA axis is a critical part of this mesh
which is activated by the release of several neurotransmitters and hormones. Further,
understanding the cellular dynamics behind the short- and long-term adaptation in
the tropical animals is useful in developing mitigatory measures for improving the
productivity (Collier et al. 2006). Genetic selection has been a traditional method to
reduce effects of environment on livestock by development of animals that are
genetically adapted to hot climates. Despite the strong knowledge base about the
physiological aspects, the effects of heat stress at the cellular and genetic level are not
clearly understood (Basirico et al. 2011). It is the cellular/molecular level at which
stress also has its deleterious effects. Thus, the adaptive response is observed at
cellular level as well and an insight into the molecular/cellular mechanism of stress
relieve is important. As a result of stress, there is an increased number of nonnative
conformational proteins with anomalous folding. Heat shock proteins, as we know, are
evolutionarily conserved and many of them act as regulator of protein folding
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and structural functions of proteins. There is presence of common environment-
specific response genes, making 18–38% of the genome. These genes induce
expression of classical heat shock proteins, osmotic stress protectants, protein
degradation enzyme, etc.

Genetic adaptability/improvement is an evolutionary process. Evolution is
defined as a ongoing process of adaptation of population of organisms to the
changing geological, biological, and climatic environment. Due to innumerable
combinations of environmental dynamics, animals have a range of genetic types
that can counter a variety of climatic, locational, biological, or other conditions.
Any population must therefore be genetically heterogenous to be able to withstand
the challenges of the environmental stressors. It is this concept that forms the basis
of genetic improvement and which is critical to the livestock farming. Indeed, the
livelihood of billions of families around the world depends on the economic
returns from the livestock sector.

Functional genomics research is providing new knowledge about the impact of
heat stress on livestock production and reproduction. Using functional genomics to
identify genes that are regulated up or down during a stressful event can lead to the
identification of animals that are genetically superior for coping with stress and
toward the creation of therapeutic drugs and treatments that target affected genes
(Collier et al. 2006). Given the complexity of the traits related to adaptation to
tropical environments, the discovery of genes controlling these traits is a very
difficult task. One obvious approach of identifying genes associated with
acclimation to thermal stress is to utilize gene expression microarrays in models of
thermal acclimation to identify changes in gene expression during acute and
chronic thermal stress (Collier et al. 2008). Further, gene knockout models in
single cells also allow for better delineation of the cellular metabolic machinery
required to acclimate to thermal stress. With the development of molecular
biotechnologies, new opportunities are available to characterize gene expression
and identify key cellular responses to heat stress. These new tools enable to
improve the accuracy and the efficiency of selection for heat tolerance. Epigenetic
regulation of gene expression and thermal imprinting of the genome could also be
an efficient method to improve thermal tolerance.

1.7 Livestock and Climate Change

The final section of the volume addresses the impact of climate change on
livestock production, the latter is adversely affected by detrimental effects of
extreme climatic conditions (Gaughan et al. 2009). Climate change is projected to
be a major threat to the survival of many species, ecosystems and viability and
sustainability of livestock production systems in many parts of the world (King
2004; Frankham 2005; Hulme 2005). Even if to varying extents, all productive
traits of livestock are affected by climate. Heat associated with high humidity or
drought represents the most stressful constraint for animal (Nardone et al. 2006).
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The animals respond to these events by decreasing the feed intake, physiological
responses, and production responses like reduction in reproductive efficiency and
milk production etc. Consequently, adaptation to and mitigation of detrimental
effects of extreme climates have played a major role in combating the adverse
impact in livestock production. Whereas the animals can adapt to the hot climate,
the response mechanisms are helpful to survival but detrimental to performance.
Hence formulating mitigation strategies incorporating all requirements of livestock
is the essential need of the hour to optimize productivity in livestock farms.

One of biggest challenges facing animal science is to increase the production in
the context of climate change. Animal performance may be limited by adverse
climatic focus. The economic impact of climate changes in relation to livestock
production are widely reported (St-Pierre et al. 2003; Rosenweig et al. 2007), and
several losses are predicted if current management systems are not modified to
reflect the shift in climate. Animals that have evolved to survive in adverse
conditions are endowed with the following characteristics: high resistance to
stress, low metabolic rate, low fecundity, long lives, behavioral differences, late
maturing, smaller mature size, and slow rate of development (Hansen 2004;
Gaughan et al. 2010). Therefore, selection or use of animals (often indigenous
breeds) that are adapted to adverse climates may have lower productivity than
those selected for less stressful climates. Hence, it is necessary to select livestock,
and use livestock systems (e.g., pasture management) on the basis of projected
climatic conditions (Gaughan et al. 2010).

Like people, livestock are both the cause and the victim of the CC. The last
section of the book describes the various impacts of CC on livestock production
and identifies several mitigation strategies available to reduce the enteric methane
(CH4) emission from livestock. There is a growing interest in decreasing the
potential threat of CC by reducing emissions of GHGs into the atmosphere (Moss
et al. 2000; Sejian et al. 2011d). The scientific evidence of anthropogenic inter-
ference with the climate system through GHG emissions has led to worldwide
research on assessing impacts that could result from potential CC associated with
GHG accumulation (Sejian et al. 2011d). As ecosystems are sensitive to CC, it is
necessary to examine the likely impacts of climate change on various components
within ecosystems to provide a comprehensive understanding of the long-term
effects. While carbon dioxide (CO2) receives the most attention as a factor relative
to CC, there are other gases to consider, including CH4, nitrous oxide (N2O) and
chlorofluorocarbons (CFCs). Agricultural activities contribute significantly to
global GHG emissions, namely CO2, CH4, N2O, and ammonia (NH3), which are
major GHGs contributing to the radiative forcing (IPCC 2001). The global release
of CH4 from agricultural sources accounts for two-thirds of the anthropogenic
CH4 sources (Moss et al. 2000). These sources include rice paddies, enteric
fermentation by ruminants (enteric CH4), biomass burning, and animal wastes
(Sejian et al. 2011d). CH4 is a potent GHG and its release into the atmosphere is
directly linked with animal agriculture, particularly ruminant production
(Beauchemin and McGinn 2005). It has a global warming potential (GWP) 25
times more potent that of CO2, making CH4 one of the most important GHG
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because of its stronger molar absorption coefficient for infrared radiation and its
longer residence time in the atmosphere (Wuebbles and Hayhoe 2002; Forster
et al. 2007). In fact, livestock are produced throughout the world, and are an
important agricultural product in virtually every country. Globally, ruminant
livestock are responsible for about 85 Tg of the 550 Tg CH4 released annually
(Sejian et al. 2011d). Ruminant animals, particularly cattle, buffalo, sheep, goat,
and camels produce significant amounts of CH4 under the anaerobic conditions
present as part of their normal digestive processes. This microbial fermentation
process, referred to as ‘enteric fermentation’, produces CH4 as a by-product which
is released mainly through eructation and normal respiration, and small quantities
as flatus (Lassey 2007; Chhabra et al. 2009; Sejian and Saumya 2011).

There is mounting awareness worldwide of the necessity to protect the
environment by reducing the emission of GHGs. Offering relatively fewer
cost-effective options than other sectors, such as energy, transport and buildings,
agriculture has not yet been a major player in the reduction of GHG emissions
(UNFCCC 2008). Agriculture and livestock are nevertheless poised to play a
greater role in post-2012 climate agreements (UNFCCC 2008), and indeed wide
ranging policy actions are inevitable (McAlpine et al. 2009). Adapting to CC and
reducing GHG emission may require significant changes in production technology
and farming systems that could affect productivity. Several opportunities exist for
reducing CH4 emissions from enteric fermentation in ruminant animals (Sejian and
Indu 2011). To be considered viable, these emissions reduction strategies must be
consistent with the continued economic viability of the producer, and must
accommodate cultural factors that affect livestock ownership and management
(Sejian et al. 2011d). With high GWP of CH4, livestock producers can be ideal
environmental custodians and adopt environment-friendly practices encumbering
the enteric emissions. While meeting consumer demands for livestock production,
animal welfare, and social responsibilities encounter issues that challenge the
environmental domains. These issues must be recognized in order to be dealt with
and resolved. Therefore, in considering ethical animal production practices,
special consideration must be given to the impacts of the system on the
environment.

1.8 Concluding Remarks

This volume entitled ‘‘Environmental Stress and Amelioration in Livestock
Production’’ is targeting primarily the researchers involved in improving livestock
production under the changing climate scenario. This state-of-the-knowledge
compendium pertains to environmental influence on livestock production. This
volume is unique because it addresses numerous issues facing researchers around the
world. The information presented is specifically relevant to the impact of environ-
mental stresses to livestock production, and adaptation and mitigation strategies to
counter such environmental extremes. World class researchers around the world
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representing different agro-climatic zones have contributed their knowledge and
experiences in this volume. The information presented will enhance understanding of
improving livestock production under different agro-climatic zones, especially under
the changing climate scenarios.
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Chapter 2
Factors Influencing Livestock
Productivity

Elsa Lamy, Sofia van Harten, Elvira Sales-Baptista, Maria Manuela
Mendes Guerra and André Martinho de Almeida

Abstract Numerous factors affect livestock production and productivity. In this
chapter we will address those that are of paramount importance: climate, nutrition,
and health aspects. In initial section we will review the effects of climate on
livestock productivity and provide examples of livestock adaptation to climate
constraints such as the Bos indicus cattle breeds adapted to hot weather and the fat
tailed sheep, particularly adapted to arid conditions. In subsequent sections we
address the influence of diseases and parasitism on livestock production and
provide specific case studies on how diseases and parasites conditions affect
livestock productivity and how domestic animals have adapted in order to cope
with them. Finally, we describe two major nutrition-related factors affecting
livestock productivity: seasonal weight loss and the browsing vs. grazing abilities
in ruminants at the level of the oral cavity. In all section, case studies are provided
as examples of specific adaptations to these problems.
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2.1 Introduction

Livestock systems occupy about 30% of the planet’s ice-free terrestrial surface
area and this sector is increasingly organized in long market chains employing
approximately 1.3 billion people globally and directly supporting the livelihoods
of 600 million smallholding farmers in the developing countries (Thornton 2010).
Livestock production is therefore a key component of world agriculture. In fact,
throughout the world, human populations largely depend on domestic animals for
a multitude of purposes, essentially the production of meat, fat, milk, and other
dairy products, eggs and fibers like wool or cashmere as well as other purposes
such as transport, draft, and provision of fertilizers, especially in developing
countries. Additionally, in some parts of the world West Africa, for example, farm
animals particularly cattle are symbolic of an individual’s wealth and status.
Herders in Scandinavian Lapland largely depend on reindeer (Rangifer tarandus),
(Ulvevadet and Hausner 2011) as the major source of protein, the Pacific Islanders
largely depend on pig as the only source of meat while Andean cultures of South
America depends on the Llama (Lama glama) for transport, milk, meat, and hides
production (Markemann and Valle Zárate 2010). Although less conspicuous, the
situation is analogous to the developed countries like Australia where merino
sheep wool production is very advanced or United States and Canada with
sophisticated cattle ranching, meat, and dairy production. Brazil and Argentina
are examples of emerging countries with advanced meat and dairy production
industry.

In such a context, livestock productivity is therefore of utmost importance as
breeder’s income, livelihoods, and ultimately the survival of entire populations and
cultures relying on animal production. Numerous factors affect livestock produc-
tivity which is the main focus area of this book and also of the present chapter.
Most of them will be dealt separately throughout this book. In the present chapter
we will give a brief introduction to those factors that have the most significant
and frequently limiting effects: Climate, Diseases and Parasites, and Nutrition.
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The latter will be divided into two sections, the first deals with the effect of
seasonal weight loss (SWL), the major drawbacks to animal production in tropical
and Mediterranean climates, and the second details on adaptation of ruminants to
different diets and particularly the difference between browsers and grazers in the
adaptations to poor quality diets. In all sections examples are provided on how
such factors impact livestock productivity. Furthermore, case studies depicting
specific adaptation levels of farm animals to stress and other environmental factors
are also provided.

2.2 Climate Influence on Livestock Productivity

Of all the factors influencing livestock production, climate, and location are
undoubtedly the most significant. In fact, climatology characteristics such as
ambient temperature and rainfall patterns have great influence on pasture and food
resources availability cycle throughout the year, and types of disease and parasite
outbreaks among animal populations.

In the literature, there are numerous climate classifications types. The most
widely used is the Köppen classification that roughly divides world climates under
the following categories: Tropical (Group A), Dry (Group B), Temperate (Group
C), Continental (Group D), Polar (Group E), and Alpine (Group H). Generally
speaking, it is assumed that animal production is a vital economic activity in all
categories with the exception of polar climates. These climate types pose impor-
tant constraints to animal production, for example, uneven distribution of rainfall
during rainy and dry (tropical), prolonged dry periods of several years (Dry), long
and extremely cold winters (Temperate), long hot summers (Continental), or
winters with a significant amount of snowfall (Alpine). Domestic animals that
have been selected in such climate conditions have developed strategies in order to
cope with factors associated with climate variability either by maintaining body
temperature (homeostasis) under high or low environmental temperatures through
a broad range of physiological responses; or by adapting to seasonal nutrition
scarcity, in particular SWL through physiological and behavioral adaptations or by
possessing the ability to tolerate endemic diseases and parasites that severely limit
animal performance.

Tropical climate (Group A) is usually divided into 3 subgroups (Tropical
rainforest, Monsoon and Tropical wet and dry, or Savannah). All three are
characterized by dry and rainy seasons with different durations according to
the geographical location, among other factors. In general, the rainy season is
characterized by high ambient temperatures and humidity. To cope with such
conditions, farm animals have developed several physiological strategies such as
higher surface of skin area, localized fat depots, or behavioral strategies like late
afternoon grazing and the search for shade. In cattle, such combination of strat-
egies is extraordinarily evident and is therefore an interesting case study.
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Domestic cattle comprise two species, the European cattle (Bos taurus) and the
Zebu or Indian cattle (Bos indicus), presented in Fig. 2.1. B. taurus was bred
from the auroch, a wild bovid species existing in Eurasia until the nineteenth
century and presently spread globally due to human settlements. On the contrary,
B. indicus evolved in the Indian subcontinent but later spread to Africa, and to the
Americas, the Pacific Islands and Australia around 300 years ago. It is generally
accepted that both species share a common ancestor that at some point around
100,000 years ago diverged (Hansen 2004). Both species are however very sim-
ilar, produce fertile hybrids and in fact numerous composite breeds of the two
species exist. B. indicus cattle are particularly adapted to tropical environments,
particularly to hot environments. Several studies on the comparison of zebu breeds
and B. taurus breeds when subjected to high ambient temperatures are available in
the literature (Barros et al. 2006; Collier et al. 2006, 2008), particularly originating
from the United States, Brazil, and Australia, either under field conditions or more
frequently in controlled environmental chambers (Barros et al. 2006) or gene
expression studies (Collier et al. 2006, 2008). Additionally, zebu adaptation to heat
stress has been thoroughly reviewed by Hansen (2004). To avoid increase in body
temperature and maximize heat loss when animals are subjected to high ambient
temperatures, the amount of heat produced by the body must equal to the amount
dissipated to the surrounding environment. B. indicus rely on a combination of six
strategies in order to accomplish this objective: (1) increasing surface area per unit
of body weight; (2) increasing temperature gradient between animal and air; (3)
increasing conduction of heat from the body core to the skin; (4) decreasing solar
radiation reflection; (5) increasing metabolic rate and feed intake, and (6) adjusting
cellular mechanisms.

Such a combination of strategies is achieved by a number of physiological
abilities, as reviewed by Hansen (2004) and Berman (2011). Metabolic rate may be
defined as the amount of energy produced by unit of surface area. B. taurus tend to
have higher metabolic rates than B. indicus, as the latter are lighter, have pro-
portionally smaller internal organs and tend to have larger body surface area. Zebu
cattle also have a greater ability to produce sweat. In particular, in comparison to

Fig. 2.1 A B. indicus (zebu)
bull indigenous to India.
Contrary to European cattle
(B. taurus), zebu cattle are
particularly adapted to hot
environments. Such trait is
mainly achieved through a
number of physiological
adaptations such as the
characteristic hump and
presence of appendages,
localized fat deposition,
and a light coat color
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B. taurus breeds, Zebu cattle have a higher density of larger and more superficially
located sweat glands. Increases in sweat production allows zebu to dissipate more
heat through sweating than B. taurus. A second adaptation lays in a higher
resistance to outer influx of heat flow from the environment. This is achieved
chiefly through the coat cover of B. indicus tending to be lighter in color, sleeker,
and shinier in contrast to the darker, denser, and typically wooly coating of
European cattle. Skin appendages are also an important and recognizable feature
of B. indicus cattle. The main function of appendages is to increase the surface
area of the skin therefore specifically contributing to the already mentioned low-
ering of the metabolic rate and the increase in the presence of sweat glands, hence
reducing the amount of heat produced by the body and increasing heat dissipation.
A very visible characteristic of all Zebu breeds is the cervo-thoracic hump.
In B. indicus, hump fat allows decreased body fat deposition throughout the body,
resulting in increased heat dissipation. Additionally, the hump is an additional
appendage that contributes to the increase of body surface area. Zebu cattle
reputedly utilize a series of mechanisms at the cellular and molecular level
resulting in a greater adaptation to high environmental temperatures. Such
mechanisms are poorly defined at present, however phenomena such as higher
lymphocyte in in vitro of Zebu cattle when exposed to higher ambient tempera-
tures in comparison to European cattle. B. indicus are undoubtedly an interesting
case study regarding adaptation to high ambient temperatures that make them the
cattle type of choice for most of the extensive production systems in the tropics
and subtropics. They are known for having higher tolerance to tick infestations and
tick-borne diseases and also have greater capacity to digest fodders with high
dietary fiber content when compared to B. taurus. Nevertheless, zebus are also
regarded by breeders as animals with poorer productive performance with lower
meat tenderness that significantly affects access to several export markets. Milk
production is also considered to be poor with a persistent lactation. Finally, short
estrus and long pre-pubertal periods and a characteristic difficult temperament
rendering difficult herd management. Nevertheless, it is generally accepted that
the ability to withstand and produce under hot temperatures clearly surpasses the
above-mentioned inconveniences.

Group B (Dry climates) include deserts and steppe-like climates, encompassing
large areas of all continents. Large areas in Africa, the Middle East and Central
Asia have this type of climate which is characterized by rain seasonality and the
existence of periods of prolonged droughts. In these vast areas, sheep production
relies heavily on indigenous breeds with distinct anatomy namely fat tail and fat
rump (see Fig. 2.2). These breeds are the main ovine genetic resource in the
Middle East, North Africa, Iran, Pakistan, Central Asian Republics, China,
Mongolia, East and Southern Africa and have important populations in agricultural
export countries like Brazil and Australia (Almeida 2011a). With regards to
international diffusion, only two fat tailed breeds may be classified as interna-
tional: the Awassi breed originating from several Middle Eastern countries that
was improved in Israel and dissipated to the rest of the world as a selected dairy
breed (Gootwine 2011). The Karakul (Astrakhan) breed from the former Soviet
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Union Republics of Central Asia gained importance in the pelt production
industry, particularly in Southern Africa, although it has lost the importance of the
sixties and seventies (Almeida 2011b).

Fat tailed sheep anatomy and morphological characteristics have been thor-
oughly reviewed by Pourlis (2011). Briefly, fat tailed sheep are characterized by
a deposition of fat at the level of the hind quarters. The shape and size of the fat
tail varies considerably among breeds and populations. Some of the fat tailed
sheep breeds have fat accumulations in other parts of the body also, such as the
rump or, less frequently, the back of the neck. Fat tailed sheep usually shed their
hair, characterized as being sheep with a thicker coat in the cooler months and of
varied color (Lundie 2011). Adults are tall and slender and tend to have long
legs. Fat tailed sheep are particularly adapted to dry climates with long and
persistent dry seasons. In fact, adipose tissues accumulating in the tail fat are
readily mobilized in case of prolonged periods of food scarcity and corre-
spondingly tend to decrease its size during seasonal periods of weight loss. The
uneven distribution of body fat in the fat tail have a similar thermoregulatory
effects as proposed for the previously described Zebu hump, as an appendage
favoring heat dissipation. The tall and slender ‘‘low volume’’ types of bodies of
fat tailed sheep are also important adaptations to periods of heat stress charac-
teristic of dry climates. These traits, in conjunction with the longer legs, are
particularly suitable for traveling long distances in search of pasture, water, and
the nomadic lifestyles of herders inhabiting most dry regions of the globe.
Additionally, fat tailed sheep are considered to be more tolerant to diseases and
parasites, and have gregarious and defensive instincts enabling them to defend
the flock from predators like jackals or foxes. These traits make fat tailed sheep
the ideal group of breeds for extensive production systems in desert or semi-
desert areas of the world, where they play a very important role in food security
supplying milk, meat, fat, hides, and fibers for local fabrics and garments, dung
for fertilizing or energy source in addition to social role as cash reserve, wealth,
and status indicators (Udo and Budisatria 2011).

Climate change and global warming are the major concern that will define
livestock production systems and livestock productivity globally and will have
even greater influence on selection of livestock types and breeds in the coming

Fig. 2.2 Fat tailed Damara
sheep. This group of breeds is
particularly adapted to
extensive production systems
in semi-arid environments
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decades (Miraglia et al. 2009), particularly on disease trends in tropical regions of
Africa (Van den Bossche and Coetzer 2008), Asia (Forman et al. 2008), Australia
(Black et al. 2008), and South America (Pinto et al. 2008). Climate change will be
discussed in detail in other chapters of this book, so are addressed here briefly.
A general picture of the effects of the predicted effects of climate change on farm
animal production is presented in Fig. 2.3.

Though without controversy, scientists expect global increase in atmospheric
temperature particularly around Polar Regions, which would be anticipated to
result in significant alterations in rain patterns and frequencies (Miraglia et al.
2009). Consequently, it is likely that present day’s temperate regions will suffer
changes towards becoming somehow similar to present day’s tropical or dry cli-
mates. This would be associated with an increase in desertification, particularly in
the tropics. Additionally, it is speculated that vast areas in Siberia and Canada may
soon be adequate for agricultural and animal production purposes. The advance of
tropical and dry climates toward higher latitudes will surely have adverse effects
on livestock productivity, requiring significant effort from breeders and producers
in order to increase adaptability. It is likely that the modern production animals,
such as cattle will have to adapt in the future. Such changes will likely require
smaller heat tolerant animals, able to survive hot weather and long dry periods
with limited feed and water resources. Another aspect of influence of global

Fig. 2.3 Schematic view of
the expected outcome of
climate change as a
consequence of global
warming on farm animal
productivity and food
security
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warming and climate change on livestock productivity is the likely increase in
incidence of tropical diseases and parasitism in temperate and Mediterranean
climates. The occurrence of bluetongue in Southern Europe (Barros et al. 2007)
and sporadic cases in the UK (Szmaragd et al. 2010) that requires specific control
measures is frequently presented as an example of disease outbreaks related to
climate change. It may therefore be inferred that cattle production in temperate
climates will also shift toward genotypes with higher tolerance to diseases and
parasites, with particular relevance to tick-borne diseases.

2.3 Diseases and Parasites: Influence on Livestock Productivity

Diseases and parasites are among the most severe factors that impact livestock
production and productivity. Animal diseases have great impact on food supplies,
trade and commerce, and human health globally. The last few decades have seen a
general reduction in the burden of livestock diseases. Such reduction is the direct
result of the availability and effectiveness of drugs and vaccines, as well as
improvements in diagnostic technologies (Pearson 2006; Thornton 2010). Future
disease trends are likely to be effectively managed by disease surveillance and
control technologies. At the same time, new diseases have emerged and will
continue to spread by the international movement of animals and animal products,
such as avian influenza H5N1. This disease has caused considerable global con-
cern about the potential for a change in host species from poultry to man and an
emerging global pandemic of human influenza (Murray 2006; Thornton 2010).

From the point of view of producers, livestock diseases are essentially an
economic problem. Diseases that reduce production, productivity, and profitability
are associated with the cost of their treatment, disruption of local markets, inter-
national trade, and exacerbate poverty on rural, local, and regional communities.
At the biological level, pathogens compete for the productive potential of animals
and reduce the share that can be captured for human purposes (FAO 2009; Rushton
2009).

Livestock diseases can cause direct losses (deaths, stunting, reduced fertility,
and changes in herd structure) and indirect losses (additional costs for drugs and
vaccines, added labor costs and profit losses due to denied access to better markets
and use of suboptimal production technology) in revenue (Rushton 2009).

Large ruminants are generally regarded as the most important domestic live-
stock species in the world. The importance is demonstrated by the list of products
they provide. In developed countries, their contributions are mainly restricted to
commercial products such as meat and milk. In developing countries they are a
source of food, particularly protein for human diets, and they provide income,
employment, transport, can serve as a store of wealth, and provide draft power and
organic fertilizer for crop production (Perry et al. 2005; Rushton 2009). The
optimization of animal production in these regions is therefore of paramount
importance.
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Many diseases affect livestock productivity. The added complication is that
they can also cause disease in humans, such as Trypanosomiasis, Salmonellosis,
and Brucellosis. Many animal diseases are not zoonotic, however they result in
severe economic hardship (Rushton 2009). In Africa there are several tropical
parasitic livestock diseases such as the tsetse-transmitted Trypanosomiasis, with a
sub continental scale of distribution that poses a major burden on cattle farming
and rural livelihoods. Increased production costs associated to Trypanosomiasis is
expected to be compensated by reduction in productivity losses, but this may not
be the case if animal healthcare services are of poor quality and the treatment is
not applied correctly. This is a serious problem in many developing countries,
where veterinary services are scarce. Livestock in developing countries is exposed
to a range of diseases that affect productivity; it is a serious hurdle when it infects
draft animals during the plowing season, limiting their ability to work. This
reduces farmers’ incomes from renting out draft animals and causes a reduction in
the area of land that can be planted with staple food crops. Similarly, Salmonel-
losis and Brucellosis have also a detrimental effect of animal production.

The selected diseases subsequently described are those that in our opinion
present significant economic impacts on animal production in developed and
developing countries with recurring consequences. These consequences will be
briefly described in the following paragraphs. In later section, we will address
specific case studies on how some diseases and parasites impact livestock pro-
ductivity. We will also refer to how specific animal breeds have developed
mechanisms of adaptations to those diseases and parasites.

Foot-and-mouth disease (FMD) is a highly contagious, clinically acute, ves-
iculating viral disease of cloven-hoofed animals like domesticated ruminants, pigs,
and more than 70 wildlife species. FMD virus is a non-enveloped icosahedral
virus, member of the Picornaviridae family that contains RNA of around 8.4 kb
(Alexandersen et al. 2003; NRC 2005). The most common mechanism of spread is
by direct contact, ingestion, or inhalation of the virus from contagious animals or
innate objects, such as contaminated vehicles, clothing, feed, or water (Alexan-
dersen et al. 2003; NRC 2005). The disease is characterized by fever and blister-
like lesions followed by erosions on the gastrointestinal tracts, the teats, and
between the skin areas of the hooves (NRC 2005). FMD often leaves affected
animals debilitated and livestock herds experience severe losses in production of
meat and milk (Kitching et al. 2007; NRC 2005). The main effects of FMD on
animal production are abortions, reduction in milk yields (increases the probability
of mastitis due to damage to the teats), lameness in animals, weight loss (animals
are unable to eat), and increases mortality in young animals (NRC 2005). These
losses are most pronounced in intensive cattle and pig production systems. This
disease is also a major constraint to international trade in live animals and their
products because it cannot take place between a FMD-infected country and FMD-
free country. The presence of FMD can also affect the export of fresh fruit and
vegetables to FMD-free countries (Rushton 2009). In much of Africa and Asia,
FMD is endemic and remains a perpetual obstacle to the export of meat and other
livestock products.
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Salmonellosis is one of the most commonly reported zoonotic diseases in
humans in Europe (Kangas et al. 2007). Salmonella is not one disease or one
causal agent. More than 2,300 serovars of Salmonella enterica have been identified
and classified (Heithoff et al. 2008). While chickens can acquire Salmonella from
the poultry house environment, feed, rodents, or insects or through direct contact
between infected and uninfected birds (horizontal transmission), many Salmonella
serotypes are egg transmitted (Dorea et al. 2010). Clinical manifestations of human
and animal Salmonellosis range from self-limiting gastroenteritis to severe bac-
teremia and typhoid fever (Heithoff et al. 2008). The production losses or problems
due to Salmonella go from abortions in large and small ruminants to diarrhea-
associated morbidity and mortality of young animals of large and small ruminants
and pigs, loss of young chicks, lower egg production by hens and turkeys,
depending upon the causative agent (Salmonella pullorum and Salmonella galli-
narum in hens and Salmonella arizona in turkeys) and adult mortality. These
disease problems have many associated costs such as the treatment of sick animals,
destocking of farms and higher feed costs due to poor feed conversion (Rushton
2009) that are all well described. To prevent foodborne Salmonellosis, various
control strategies have been designed in different countries, namely eradication
campaigns at farm level, improved food processing and education campaigns for
households (Rushton 2009).

Brucellosis is one of the most important bacterial zoonoses worldwide and in
particular in developing countries where this disease may have important eco-
nomic, veterinary, and public health consequences. It is caused by Brucellae
(Gram-negative, facultative intracellular bacteria) and it affects humans, large and
small ruminants, and pigs. The main pathogenic species worldwide are Brucellae
abortus, responsible for bovine brucellosis; Brucellae melitensis, the main etio-
logic agent of ovine and caprine brucellosis; and Brucellae suis, responsible for
swine brucellosis. The disease can be spread from livestock to humans (that show
similar symptoms such as abortions) via the consumption of untreated milk or milk
products or by direct contact with diseased animals (Abdoel et al. 2008; Godfroid
et al. 2010; NRC 2005). It is an important reproductive disease causing abortions
in the later stages of pregnancy. The main losses are abortions, loss of milk
production, and weak calves. This disease has high costs related with its control,
such as costs with diagnostic tests, vaccination, the slaughter of positive animals,
and incentives to encourage farmers to eradicate brucellosis at herd level (Rushton
2009). Brucellosis in cattle is effectively controlled and in many industrialized or
developed countries eradicated. The disease in small ruminants has a considerable
public health risk due to the production of soft cheeses from unpasteurized milk.
Brucellosis in pigs also carries a public health risk and causes losses in production
(Rushton 2009).

Trypanosomiasis is a disease that affects a range of species and its impact is
different in different regions of the world. This disease is caused by parasitic
protozoa of the genus Trypanosoma. In Africa, trypanosomes are mainly trans-
mitted by the tsetse fly of the Glossina species. The disease is caused by
Trypanosoma congolense, Trypanosoma brucei brucei, and Trypanosoma vivax

28 E. Lamy et al.



(Courtin et al. 2008; Naessens 2006; NRC 2005). The main interest in this
disease has been Africa, which has all the trypanosome protozoas, including
the trypanosomes that cause sleeping sickness. The more common symptoms
for animal Trypanosomiasis are hyperthermia, anemia, rapid weight loss, mucous
pallor, miscarriage, ‘petering out’, pica, splenomegaly, cachexia, and death
(Courtin et al. 2008). Trypanosomiasis in Africa accounts for heavy losses due to
mortality and morbidity in cattle and other species. Public health issues as
cattle can harbor the trypanosome that causes sleeping sickness in humans and
can also move it from one place to another is also a preeminent issue (Rushton
2009).

East Coast fever (ECF) is a disease caused by a tick-borne intracellular pro-
tozoan parasite (Theileria parva) transmitted by Rhipicephalus appendiculatus
ticks. It infects T and B lymphocytes of cattle. The disease is prevalent in eastern,
central, and southern Africa and has a high mortality and morbidity rate in cattle
(Cicek et al. 2009; Geysen et al. 1999; Katzer et al. 2010; Rushton 2009). Efforts
to control ECF are largely based on the use of acaricides to control tick population,
but this approach is increasingly being compromised by the emergence of acari-
cide resistance in the vector tick populations. Although drugs are available to treat
the disease, they are expensive and require an early diagnosis to be effective
(Katzer et al. 2010).

Bluetongue is a non-contagious hemorrhagic disease of small ruminants and
pigs caused by an arbovirus transmitted via Culicoides species of biting midges
(Noad and Roy 2009; NRC 2005; Willgert et al. 2011). Clinical signs and lesions
include cell injury and necrosis, consumptive coagulopathy (white-tailed deer),
pulmonary edema, and vascular thrombosis (MacLachlan 2004). In many coun-
tries, it is present without clinical outbreaks but these may occur when climate
changes encourage insect vectors of the disease to move to regions outside their
original distribution. It is endemic in many tropical regions of the world and
clinical symptoms are rare in indigenous animals, but are problems for the
introduction of exotic animals. Therefore, this disease has a considerable economic
impact in terms of restricting trade of live animals and adoption of exotic animals
in countries which have endemic bluetongue. It presents minor losses in endemic
areas due to reproductive problems and mortality in situations where clinical
symptoms occur (Rushton 2009).

Many different agents and factors can cause diseases of livestock. Animal
disease agents can have a major impact on livestock health and production and the
zoonotic agents can also cause human as well as animal diseases. New, more cost-
effective approaches for delivering animal health services are critical to poverty
reduction processes, such as vaccines, which are critical technologies for the
prevention of infectious diseases. Many animal diseases prevalent in the devel-
oping world do not occur in the developed countries. Of particular importance are
the tsetse-transmitted trypanosomiasis and the tick-borne East Coast Fever in
Africa, for which safe and effective vaccines do not exist. These are complicated
infections, but because their distributions are restricted to developing countries and
the risk of their spreading beyond Africa is minimal, the research investment on
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these diseases has been very limited. However, for tropical diseases there has been
some development in the study of adapted breeds to some of these diseases, so as
to diminish the costs related to prevention and treatment and also to search
alternatives to existing drugs.

2.3.1 Diseases and Parasites: Influence on Livestock Productivity:
Case Studies of Adaptation

Adaptability of an animal can be defined as the ability to survive and reproduce
within a defined environment or the degree to which an organism, population or
species can remain/become adapted to a wide range of environments by physio-
logical or genetic means (Mirkena et al. 2010).

In livestock, genetic diversity with respect to disease resistance is important
given that disease-causing organisms evolve continuously and develop resistance
to drugs. Today, modern livestock production is highly dependent upon the use of
antimicrobial compounds and antihelmintics to control diseases and parasites.
Natural resistance to diseases and parasites is not usually selected while breeding
animals (Gillespie and Flanders 2010). If a new disease occurs in a country,
animals with a narrow genetic base may all be affected whereas in genetically
diverse livestock, the chances that some animals survive, when others die, increase
(Mirkena et al. 2010). Approximately one billion cattle, most of which are in the
tropics, are at risk from various tick species, tick-borne diseases and worms, all of
which can cause significant production losses (Frisch 1999). Some native livestock
are less affected by these challenges than imported ones. In tsetse fly infested areas
of Africa, indigenous cattle have developed tolerance to Trypanosomiasis disor-
ders, whereas those imported from non-endemic areas die if not managed appro-
priately and treated with chemicals. Similarly, local cattle, sheep and goats in West
Africa are resistant to heartwater, a deadly disease for imported animals or
crossbreds (Mirkena et al. 2010). Cattle are dipped in dip tanks or directly sprayed
with acaricides to prevent deaths due to anemia, to minimize losses in bodyweight
due to infestation and to protect against tick-borne diseases (Jonsson 2006).

To control ticks, strategic programs have been recommended based on appli-
cations of acaricides in spring when the number of ticks on cattle is low and the
proportion of ticks in the parasitic phase is high. This results in a strong effect on
the size of subsequent generations (Jonsson 2006). However, acaricide use has
produced acaricide resistant ticks, leading to a continuing need for the develop-
ment of new drugs. All of these strategies are not cost effective. So, a search for
alternative methods of control was needed, taking into account public concerns
over the safety of chemical residues in livestock products and the undesirable
effects of these chemicals in the general environment (Frisch 1999).

For ticks, an existent efficacious antigen, Bm86, is the basis of two commercial
vaccines, directed against the cattle tick Rhipicephalus (Boophilus) microplus
(Hope et al. 2010). These vaccines have so far proven to be the most effective
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alternative control method for spread of ticks in cattle. However, an integrated
approach utilizing vaccination and high host resistance will be more cost effective
in controlling ticks than vaccination alone, particularly in extensive pastoral sys-
tems (Frisch 1999).

The main method of Boophilus microplus control is the use of tick-resistant B.
indicus breeds (Frisch 1999). B. indicus breeds have evolved a relatively stable
relationship with ticks and, except in unusual circumstances, are not greatly
affected by continuous exposure to ticks. However, almost all of the resistance
found in different breeds is the result of natural, not deliberate selection. Never-
theless, due to low productivity of these breeds, their population size is slowly
decreasing mostly due to crossbreeding with exotic breeds for increased produc-
tion (Wambura et al. 1998). The resistance of the crossbreed is, however, directly
related to the proportion of resistant breed in the cross. Thus, in tick-infested
regions, crossing between ‘‘resistant’’ tropical breeds and ‘‘susceptible’’ temperate
breeds will culminate in the need to use other control methods if production losses
are to be minimized (Frisch 1999). Disease resistance is arguably one of the
important traits possessed by these indigenous breeds and is an important attribute
of livestock in low-input livestock production systems. Such traits, if identified,
are useful in breed improvement programs involving crossbreeding of productive
exotic breeds with indigenous breeds (Jonsson 2006).

Trypanotolerance is the capacity of certain West-African, B. taurus breeds of
cattle to remain productive and gain weight after trypanosome infection (Naessens
2006). This infection is caused by parasitic protozoa of the genus Trypanosoma. In
Africa, trypanosomes are mainly transmitted by the tsetse flies of the Glossina
species. The disease is caused by T. congolense, T. b. brucei, and T. vivax and
occurs in 37 countries resulting in a risk to approximately 60 million cattle living
over 7–9 million km2. It is estimated livestock producers and consumers lose
$1.34 billion annually to trypanosomiasis in Africa. The main economic losses
attributed to animal trypanosomes are related to cattle mortality and morbidity,
diagnosis and treatment costs, the reduction in meat and milk production by the
infected animals, and the reduction of livestock production areas. Human African
trypanosomiasis, or sleeping sickness, a disease caused by Trypanosoma brucei
gambiense and Trypanosoma brucei rhodesiense parasites, remains a major public
health problem and occurs in 36 countries of sub-Saharan Africa. Cattle are
an epidemiologically important reservoir for the human-infective parasite T. b.
rhodesiense (Courtin et al. 2008; Delespaux et al. 2008; Naessens 2006).

African trypanosomes are unique for being able to multiply and survive in
the blood of their mammalian hosts. Trypanosomes elude antibody attack by
sporadically varying their surface glycoprotein, forcing the host to mount a new
cycle of antibody production each time a new variant appears. In this way, the
parasite manages to survive and increase its chances of transmission by tsetse or
biting flies. Unfortunately for the host, the disease often leads to fatal outcomes
(Naessens 2006).

Trypanosomiasis is controlled either by controlling the vector (tsetse fly) or by
controlling the parasite, or a combination of both. Over the years, a large arsenal of
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vector-control tools has been developed with eventual impacts ranging from
reduction of tsetse fly populations to total eradication. Targets and traps, and use of
insecticides on animals have been effective in controlling tsetse fly populations
locally and have been used extensively in agricultural settings (Aksoy 2003;
Delespaux et al. 2008).

Nevertheless, the control of animal trypanosomiasis in poor rural communities
will continue to rely on the use of trypanocidal drugs. This is not surprising
considering the private nature of such treatments and the difficulties in controlling
tsetse flies (Delespaux et al. 2008).

An alternative approach with extensive coverage is the sterile insect technique
(SIT) which has been successfully applied in the control of several important pests
such as the screwworm fly and the Mediterranean fruit fly. SIT is a genetic pop-
ulation suppression approach and involves sustained, systematic releases of irra-
diated sterile male insects among the wild population. Males are sterilized by
irradiation and then taken to the selected area and released. As females only mate
once, by continually releasing sterile males in large numbers, the reproductive
capacity of the target population is progressively reduced until the population is
eliminated. However, this technique involves high costs associated with its
implementation. Despite this counterpart, a recent successful eradication of
Glossina austeni from the island of Zanzibar by SIT has demonstrated the feasi-
bility and applicability of this technology in integrated tsetse control programs
(Aksoy 2003; Vreysen et al. 2000).

The decreasing efficacy of available trypanocidal drugs and the difficulties of
sustaining tsetse control increase the imperative need to enhance trypanotolerance
through selective breeding, either within breeds or through cross-breeding
(d’Ieteren, 1998). Trypanotolerance occurs in some African bovine breeds
(B. taurus) such as longhorn (N’Dama) and shorthorn (Baoule or West-African
Shorthorn) cattle. They have the ability to control the development of the disease,
unlike zebu and exotic taurine breeds. B. taurus breeds are tolerant to both T. vivax
and T. congolense, with a higher degree of resistance to T. vivax. These breeds
have a relatively high capability to reduce parasitaemia waves and related anemia
which are the main pathogenic effects. They also have lower mortality, superior
weight gain and better reproductive performance than more susceptible B. indicus
breeds (Courtin et al. 2008; Naessens 2006).

Resistance to infections with endoparasites is defined as the initiation and
maintenance of responses provoked in the host to suppress the establishment of
parasites and/or eliminate parasite burdens (Baker and Gray 2004). Ruminant
diseases caused by gastrointestinal nematode parasite infections are the diseases
with the greatest impact on animal health and productivity. Ovine hemonchosis is
an endemic helminth disease of considerable economic importance in tropical and
sub-tropical regions of the world. Production losses result from depression in food
intake, increase in the loss of endogenous proteins, reduced efficiency of use of
food energy for tissue deposition, and impairment of bone growth in sheep (Bishop
and Morris 2007; Mugambi et al. 1997; Van Houtert and Sykes 1996). Due to a
growing antihelmintic resistance, there is a need to find alternative and sustainable
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control strategies (Magona et al. 2011). Most of the breeds identified as being
relatively resistant are indigenous. This might reflect the fact that these breeds
have been under natural selection for resistance for many centuries with no anti-
helmintic treatment (Baker and Gray 2004). Sheep breeds resistant and/or resilient
to endoparasites (predominantly Haemonchus contortus) include the East African
Red Maasai, the Florida Native and Gulf Native in the USA, Barbados blackbelly
and the St. Croix from the Caribbean. The Indonesian Thin Tail sheep have been
shown to be resistant to the liver fluke Fasciola gigantica. The Small East African
goat in Kenya and the Alpine goat in France can be included in the endoparasites-
resistant goat breeds (Baker and Gray 2004).

It is generally hypothesized that differences in host resistance relates to
selection for a better immune response against gastrointestinal nematodes, which
affect different stages of the parasite’s life cycle (Hoste and Torres-Acosta 2011).
The major histocompatibility complex has been implicated as a determinant of
host resistance and/or sensitivity to gastrointestinal parasitism in several species.
Mucosal humoral responses to parasites have been involved in mechanisms that
restrict parasite growth and mediate the expulsion of worms (Lee et al. 2011).

Mastitis resistance Mastitis is a complex disease which can be defined as an
inflammation of the mammary gland resulting from the introduction and multi-
plication of pathogenic microorganisms in the mammary gland (Heringstad et al.
2000).

Mastitis causes major economic losses through reduction in milk yield and
waste because milk from infected cows is unfit for consumption. Mastitis is a
major cause of premature culling and it is the most common reason for antibiotic
use in lactating dairy cattle. The prevention and treatment of mastitis present a
serious hurdle to producers and it is always the primary concern of the dairy
industry (Heringstad et al. 2000; Rainard and Riollet 2006). Vaccination against
mastitis has long been an active field of research, but for the time being, the
panoply of mastitis vaccines is neither well stocked nor very efficient (Rainard and
Riollet 2006). Another approach to the control of mastitis is the selection of more
resistant animals. Genetic improvement of mastitis resistance may reduce the need
for treatment and, consequently, reduce the use of antibiotics with concomitant
reduction in chemical residues in dairy products (Heringstad et al. 2000; Rainard
and Riollet 2006).

Breeding for increased resistance to mastitis can be performed by direct
selection corresponding to the diagnosis of infection (bacteriology, observation of
clinical cases), by indirect selection using traits genetically correlated to mastitis
or by a combination of both. The most commonly used indirect measures have so
far been focused on milk somatic cell counts (SCC) to predict the bacterial status
of udders (Heringstad et al. 2000; Rupp and Boichard 2003). Increase in milk SCC
mainly corresponds to an afflux of white blood cells that come from the blood-
stream into the milk to fight infection in the udder. Therefore, SCC is closely
related to the magnitude of the inflammatory process (Rupp and Boichard 2003).

Scandinavian countries were the first to consider udder health in their breeding
objectives for dairy cattle. In the last decade, many other countries similarly
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modified their breeding objectives for dairy cattle and sheep in response to the
increasing consumer’s concern for better animal health and food quality, and also
to maximize profitability by reducing production costs (Rupp and Boichard 2007).

Marked differences between breeds may also be found regarding tolerance to
mastitits. Dairy breeds originating from eastern France (Montbéliarde, Abon-
dance) or central Europe (Simmentaler, Brown Swiss) have lower SCC and
clinical mastitis frequency than Holstein. Within breed, genetic variability is quite
large (Rupp and Boichard 2003). Based on progress in understanding genetic basis
of host’s defense mechanisms, new phenotypes and genes may emerge to target
key components of resistance of the udder gland, and potentially control resistance
to various pathogens and environment-pathogen interactions (Rupp and Boichard
2007).

Considerable work has been made in the last decade in understanding immune
mechanisms and identifying genes that play key role in the mammary gland
defenses, but the function is highly complex and is still a large field for investi-
gation. Studies combining different field approaches (genetics, QTL character-
izations, immunology), including technology such as transcriptomics and
proteomics, may be promising to better understand genetic basis of udder health, to
predict long-term responses to selection, and to develop new tools and strategies
for genetic improvement of udder health (Rupp and Boichard 2007).

Innate immunity is a target of choice for selection against infectious diseases.
Natural resistance to a number of vectors and vector-borne microorganisms exists
in ruminants and varies with breed. Thus, breeding schemes based on these
characteristics are encouraged since they can contribute to a reduction in the use
of chemicals, to an increase in the effectiveness of drugs (as naturally resistant
animals respond better to treatment), to a reduction in the risk and incidence of
drug-resistant strains of pathogens and vectors and lower the cost of animal pro-
duction through a diminished pathological impact, and, consequently a reduced
use of drugs.

2.4 Nutritional Influences on Livestock Productivity:
The Problem of SWL

As discussed earlier, the rain pattern during the year strongly conditions livestock
production systems through pasture development and disease and parasites out-
breaks, therefore influencing animal production systems, productivity. Tropical and
Mediterranean climates are characterized by the existence of a season of varied
duration, when rainfall is scanty or non-prevalent. Such season is termed dry season
in the tropics and summer in Mediterranean climates. During rainy season pastures
are available in higher quantities and show good nutritional quality whereas dry
season’s pastures have poor nutritional quality with high fiber and low protein
contents (Butterworth 1984), which often results in SWL. A schematic representa-
tion of the effects of SWL on animal productivity is presented in Fig. 2.4.
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To mitigate this problem, animal production systems in these regions resort to
strategies such as transhumance in pastoral societies or to supplementation in
developed countries. Animals that evolved in such production systems tend to
have physiological adaptations that enable them to cope with SWL. In this section
we discuss the deleterious effect of SWL and strategies for mitigating it to enhance
livestock productivity. Such strategies rely essentially on transhumance or cattle
and human population migrations, supplementation with concentrates and minerals
and determining the physiological adaptations to nutritional stress displayed by
farm animal breeds that were selected in regions where SWL is a severe problem.

In tropical countries, lack of feed supplementation during the dry season is
frequent in extensive or traditional management systems. This situation leads
to a problem of SWL of approximately 20–40% of the body weight at the onset of
the dry season. This fact has been reported by several authors (Preston and Leng
1987; Clariget et al. 1998). Hence, pasture shortage significantly affects animal
production in tropical nations such as Mali (Wilson 1987), Brazil (Abdalla
et al. 1999), the Philippines (Alejandrino et al. 1999), South Africa (Lusweti
2000; Almeida et al. 2006a, 2007), or Guinea-Bissau (de Almeida and Cardoso
2008a, b). SWL has therefore great impact on all aspects of animal production.
The productive and physiological impact of SWL has been a major area of
research activities for our research group over the last 12 years in laboratory and
farm animals.

Our research group has studied production standards and productivity on one of
the most important goat breeds of the world, the Boer goat. The results obtained
from these studies clearly illustrate the deleterious effect of SWL at the level
of growth, carcass characteristics (Almeida et al. 2006a), carcass minerals
(Almeida et al. 2006b) several reproduction indicators in the male goat (Almeida

Fig. 2.4 Schematic
representation of the effects
of poor nutrition caused by
SWL on farm animal
productivity and food
security
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et al. 2007), with strong implications at the level of serum free amino acids,
muscle protein (Almeida et al. 2004), and lipid profiles (van Harten et al. 2003).
Subsequently, studies on the effect of SWL were directed toward experiments
using two rabbit (Oryctolagus cuniculus) breeds with different level of tolerance to
SWL. Studies were conducted to examine the male reproduction (Carvalho et al.
2009), liver regulatory enzymes (van Harten and Cardoso 2010), and the skeletal
muscle proteome (Almeida et al. 2010a) levels. Similar studies were also con-
ducted on different sheep breeds (Ovis aries) with different levels of tolerance to
SWL. These studies included, growth (Kilminster et al. 2008) and meat charac-
teristics (Scanlon et al. 2008), as well as proteomic studies at the liver level
(Almeida et al. 2010b). In this section, we will illustrate the influence of SWL on
livestock productivity using these set of interesting study cases.

SWL is a major concern in tropical, Mediterranean, and dry climates. In Southern
Africa, SWL is particularly limiting due to the constraints of being a developing
region with vast and remote territories. In order to study the effects of SWL at the
productive level, we conducted an experiment on Boer goat bucks, indigenous to
South Africa (Almeida et al. 2006a). Briefly, animals were subjected to an exper-
imentally induced SWL for a period of 30 days. SWL was induced by feeding the
animals with Themeda trianda (red grass) chopped from a natural pasture in South
Africa in the middle of the dry season. This is an extraordinarily poor fodder, low in
crude protein and high in crude fiber. Animals subjected to nutritional stress were
compared to control animals that were fed the same diet supplemented with maize,
molasses, and urea. Body weights and feed consumed were recorded. Animals were
slaughtered and carcass traits (weight and percentages of selected carcass cuts) and
the carcass chemical composition determined. As expected, animals feed with
fodder supplemented with maize, molasses, and urea showed a higher live weight
than animals fed with T. trianda alone. Carcass cuts from underfed animals repre-
sented a higher percentage of the total carcass, especially carcass cuts where muscle
depots are higher in proportion to fat and bone (legs, best end chops, and prime cuts).
There is an attempt by animals that were not fed with supplement to preserve the
body’s nitrogen reserves under prolonged nutritional stress conditions. This study
clearly stressed the necessity of supplementary feeding of small ruminants fed
winter veld hay, especially if the animals are to be used in subsequent breeding
seasons. This study quantified for the first time the effect of weight loss on the
productive performance of the Boer meat producing goats, particularly at the level
of the meat production. In parallel, we evaluated the effect of SWL on reproduction
by measuring scrotal, testicular, and semen characteristics in the same Boer goat
bucks (Almeida et al. 2007). Results indicate negative impacts of SWL on char-
acteristics such as sperm cell abnormalities (43% in the non-supplemented group
versus 24% in supplemented group), testicular volume (35% reduction as a con-
sequence of SWL) or scrotal circumference (35% reduction as a consequence of
SWL). It is essential to supplement the nutrition of small ruminants during dry
season to maintain scrotal, testicular, and semen characteristics, especially if the
animals are to be subsequently used as sires.
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The effects of SWL on the productive and reproductive performances of Boer
goat bucks led us to investigate other aspects of nutritional impacts on Boer goats.
Particular emphasis was given to physiological aspects, serum amino acids,
myofibrillar protein profiles (Almeida et al. 2004) and the profiles of free fatty
acids and of triacylglycerols incorporated fatty acids (van Harten et al. 2003).
Regarding nitrogen metabolism profiles (Almeida et al. 2004), the aim of the work
was to determine serum free amino acid and myofibrillar protein profiles in Boer
goats following undernutrition in order to study the physiological consequences of
undernutrition in this goat breed. Blood was collected weekly for the determina-
tion of the serum free amino acid profiles. Semimembranosus muscle was sampled
for myofibrillar protein profile determinations. Following 29 days of sample
collection, normally fed animals had higher concentrations of the amino acids
Alanine, Tyrosine, and Citruline, while animals subjected to SWL showed higher
concentration of Valine, Isoleucine, Leucine, Threonine, Methionine, Lysine,
Taurine, Ornithine, Hydroxyproline, and 3-metyl histidyne (Me3His), while Gly-
cine, Serine, Aspartate, Glutamate, Arginine, Histydine, and Proline were similar
in both diets. The control group showed myofibrillar protein degradation of protein
C and a-actinin. From the results it can be concluded that serum amino acid and
myofibrillar protein profiles in the goat are strongly affected by weight loss. Amino
acid results suggest that degradation of small carbon chain amino acid has a higher
efficiency than degradation of long carbon chain amino acid which may have
implications in directed supplementation practices as well as at the level of
physiology studies that may be used to ascertain breed tolerance and adaptation to
nutritional stress. Myofibrillar protein profiles suggest a disruption of muscle
structure at the level of the second third of each half of the A band (protein C) and
the matrix of the Z line (a-actinin). Regarding the lipid profiling (van Harten et al.
2003), the aim of the study was to determine free fatty acids profiles of muscle and
plasma of underfed Boer goat bucks and Boer goats fed with supplemented feed.
The content of blood and muscle free fatty acids was studied. Results indicate that
C16:0 as free fatty acid in the plasma suffered a significant effect of undernutrition
(increase) and C18:1 showed a relative decrease in muscle fatty acid incorporated
in triacylglycerols in underfed goats. C18:2 revealed a relative increase in muscle
fatty acid incorporated in triacylglycerols and a relative decrease in free fatty acid
in the plasma in the restricted group.

The results of these two experiments, in conjugation with the data obtained
regarding the productivity losses as a consequence of SWL directed our research
efforts toward the study of the several physiological components of SWL,
exploiting breed differences. The study of the metabolic changes due to food
restriction, highlighting energy, and protein metabolic saving mechanisms, can be
a useful approach to identify the physiological pathways relevant in breed selec-
tion and development of genetic biomarkers that could be used for the selection of
breeds with metabolic pathways more capable of energy and nitrogen retention,
thus increasing productivity (Almeida et al. 2010a). These mechanisms will
enhance the whole process of selection and development and ultimately lead to
relevant contributions to the improvement of animal husbandry. Therefore, the use
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of these techniques as tools for animal selection is envisaged to be of paramount
interest in the twenty-first century (Fadiel et al. 2005), mitigating the adverse
effects of SWL on livestock productivity.

To study such breed differences, we started with two rabbit breeds subjected to
control and food restriction conditions: wild rabbits (not selected to increased meat
productivity) and the well-known meat producer New Zealand white (the most
common domesticated breed). Studies focused on male reproductive performance
(Carvalho et al. 2009), liver regulatory enzymes (van Harten and Cardoso 2010),
and the skeletal muscle proteome (Almeida et al. 2010a). The objective of using
the rabbit as a mammalian model would allow the extrapolation of the results to
other conventional farm animal species such as swine, cattle, or sheep.

In these studies, a 20% weight reduction was induced in the two above-men-
tioned rabbit breeds: New Zealand white, a selected meat producer (Oryctolagus
cuniculus cuniculus) and the Iberian wild rabbits (Oryctolagus cuniculus algirus).
Regarding the proteomics experiment (Almeida et al. 2010a), the determination of
the differential protein expression in the gastrocnemius muscle within control (ad
libitum) and restricted diet experimental animal groups, using techniques of two-
dimensional gel electrophoresis and mass spectrometry-based identification was
carried out. Results show that spots identified as energy metabolism L-lactate
dehydrogenase, adenylate kinase, b enolase and a enolase, fructose bisphosphate
aldolase A, and glyceraldehyde 3-phosphate dehydrogenase enzymes are differ-
entially expressed, in restricted diet experimental animal groups. These enzymes
are available to be further tested as relevant biomarkers of weight loss and putative
objects of manipulation as a selection tool toward increasing tolerance to weight
loss. Similar reasoning could be applied to spots corresponding to important
structural proteins tropomyosin b chain and troponin I. Additionally, a spot
identified as mitochondrial import stimulation factor seems of capital interest as a
marker of undernutrition and a possible object of further studies aiming to better
understand its physiological role. In parallel, we conducted a study on the Hepatic
glycolytic, lipidic, and protein regulatory enzyme activity at the transcriptional
and metabolite levels (van Harten and Cardoso 2010). Insulin-like growth factor
(IGF-1), triiodothyronine, and cortisol were also evaluated. In the glycolytic
pathways, the New Zealand control rabbits showed a higher phosphofructokinase
and pyruvate kinase activity level when compared to the wild rabbit, while the
latter group showed a higher expression of glycogen synthase, although with less
glycogen content. In the nitrogen metabolism, our results showed a lower activity
level of glutamate dehydrogenase in Wild Rabbits when subjected to food
restriction. The lipid metabolism results showed that although Wild Rabbits had a
significantly higher mRNA hepatic lipase, non-esterified fatty acid levels were
similar between the experimental groups. New Zealand rabbits exhibited a better
glycemia control and greater energy substrate availability leading to enhanced
productivities in which triiodothyronine and IGF-1 played a relevant role.

Results obtained in both studies in conjunction with the productive data led us
to conduct further studies aimed at understanding breed differences in sheep as a
consequence of the effect of SWL. Further trials were therefore conducted in sheep
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with very diverse genetic background and varying levels of adaptation to SWL: the
Australian Merino (Animals of European origin and less tolerant to SWL), the
Damara, a fat tailed sheep from Southern Africa with high levels of adaptation to
nutritional stress and the Dorper, a composite breed of mixed European and
African origin with an intermediate level of adaptation to nutritional stress.

These studies focused essentially on both productive trials, as well as on pro-
teomics-based comparison of the hepatic tissue exploring breed differences.
Scanlon et al. (2008) and Kilminster et al. (2008) studied the effects of food
restriction (15% live weight decrease) on growth and carcass characteristics of
pure Damara, Dorper, and Australian Merino ram lambs. Contrary to our expec-
tation, results indicate that food restriction affected all breeds similarly, as weight
lost proportional to initial body weight (Scanlon et al. 2008). As expected, Dorper
rams had higher proportions of weight gains than Damara and Merinos. In addi-
tion, it was found that differences in carcass and loin meat characteristics were
seen between breeds and between feeding levels. Dorper and Damara lambs had a
higher dressing percentage than Merino lambs and this might partially be
explained by differences in fleece weight. Dorper lambs had heavier carcasses
generally when fed to gain weight than the Damara and Merino lambs. Meat from
Damara lambs was darker in color than that from other breeds, an indication of
differences in metabolic rate. Feeding to lose weight reduced carcass weight and
fatness but not dressing percentage. Meat from lambs fed to lose weight tended to
be lighter and less red in color than meat from lambs fed to gain weight.

Additionally, we conducted experiments on the effect of SWL on liver prote-
ome profiles in the same sheep breeds (Almeida et al. 2010b). At the end of the
afore-said trial, animals were euthanized and liver sampled. Total liver protein was
extracted; quantified and used in two-dimensional gel electrophoresis analysis.
After gel analysis, a total of 67 spots were selected for identification using
MALDI-TOF/TOF. Results obtained reflect the extreme complexity of the liver
when compared to tissues previously studied on the SWL issue, particularly the
skeletal muscle in two different rabbit genotypes (Almeida et al. 2010a), and also a
high conservation of protein expression levels in this tissue as a consequence of
weight loss. The study suggests that proteins such as glutathione S-transferase,
triose phosphate isomerase, phosphoglycerate mutase, carbonic anhydrase,
carbonyl reductase, and a stress protein similar to heat shock protein could be
considered as biomarker for the tolerance to weight loss in sheep. To the best of
our knowledge, this work was the first proteomics-based approach to the study
of protein expression profiles at the liver level in underfed sheep. The study was
also enriched by the possibility of comparing three different breeds of sheep that
show apparent different tolerance levels to weight loss, distinct metabolism type,
and breed origins.

SWL is the main constraint to animal productivity in tropical and Mediterra-
nean regions, the results obtained in the aforementioned studies, allowed us to
quantify the effects of SWL on ruminant production and productivity, primarily at
an experimental level. Further studies were conducted on numerous physiological
and biochemical aspects of effects of SWL and different levels of adaptation on
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animals of commercial interest such as the rabbit and the sheep. These strategies
will enhance animal breeding and development of effective selection tools for
obtaining genotypes with higher tolerance to SWL and improved productivity.

2.4.1 Nutritional Influences on Livestock Productivity:
Adaptation to Poor Quality Diets in Ruminants
at the Oral Cavity Level: Browsers vs. Grazers

In this section, we will explore the differences between ruminants consuming
varied types of foliage (grass vs. shrubs; i.e., browser vs. grazers) primarily at the
level of the adaptations that are found at the oral cavity. The coexistence of species
in the same areas, without competing is possible due to the differentiation of
ecological niches. Support for this statement concerns the ruminant feeding types
proposed by Hofmann (1989): browsers or concentrate selectors, grazers, and
intermediate feeders. This classification was based on the relation between the
functional–anatomical and histological characteristics and the different chemical
and physical properties of the respective food sources. In general, grazers have a
highly developed fermentation system enabling them to digest fibrous fractions of
plants with high amounts of cellulose and lignin, such as monocotyledons. On the
other hand, browsers are animals that select for fresh, juicy foliage, forbs and other
dicotyledonous matter, highly digestible, relatively rich in energy and protein, and
low in fiber. In the between are the intermediate feeder type that behaves as
browsers or grazers seasonally, according to the available vegetation species. One
of the main sources of diet variation among these Hofman’s ecophysiological
feeding types is the level of plant secondary metabolites (PSMs) (e.g. tannins)
present in diet, which require detoxification mechanisms within consumers.
Browsers are faced with diets with high levels of these compounds, followed by
intermediate feeders and ultimately by grazers. Although some authors criticized
(reviewed in Pérez-Barberia et al. 2005) some of Hofman’s assumptions, this
continues to be a widely accepted classification scheme.

Since ruminants are faced with variable levels of nutrient and PSMs in plants,
they must be able to differentiate foods with different compositions. They also
need to associate the sensory properties of foods, namely palatability, with the
metabolic consequences of eating them, in order to increase diet quality and
maintain productivity. The role of oral cavity in food perception is extremely
important in the exploratory behavior. Learned associations formed between the
sensory properties of the food perceived in the oral cavity and its post-ingestion
effects allow individuals to modify feeding behaviors (Green et al. 1984; Provenza
1995; Ralphs 1997). In fact, preferences are likely indicative of underlying
physiological adaptations promoting further behavioral, physiological, and ulti-
mately genetic differences between the species. For example, different ruminant
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species with different tolerance levels for PSMs react differently to diet sensorial
cues.

With regards to ruminant diets, the main sensorial characteristics perceived at
the mouth level and responsible for the acceptance or rejection of food items are
bitter taste and astringency. Glendinning (1994) hypothesized that mammals in
different trophic groups have evolved different strategies for coping with the
unpredictable bitterness/toxicity relationship of food items. Accordingly, bitter
taste thresholds and bitter rejection response is dependent on the relative occur-
rence of bitter and potentially toxic compounds in a species regular diet. Lower
thresholds of bitter detection would reduce drastically the chances of toxic food
ingestion. However, for species which have to deal with higher levels of PSMs,
which are regularly associated to these sensory characteristic, the presence of
much higher bitter taste sensitivity would not be advantageous at the expense of
limiting drastically the range of potential foods.

In all the physiological oral processes, saliva is central. Whole saliva constitutes
the fluid that bathes the oral cavity. It originates from major and minor salivary
glands and from gingival crevicular sulcus, the latter of which is an area located
between teeth and marginal free gingival. This fluid has the main role of protection
and maintenance of the upper part of the digestive tract, acting through lubrication,
buffering action, maintenance of tooth and mucosal integrity, antibacterial and
antiviral activity. Moreover, it can play several roles in feeding behavior, through
taste perception and assistance in the processes of food ingestion and digestion
(Mese and Matsuo 2007).

The salivary glands of ruminants, which rely on foregut fermentation for
digestion, differ from other mammalian salivary glands (Steward et al. 1996). The
amounts of saliva produced are extremely high as it is an important source of fluid
to rumen [e.g. one sheep (O. aries) producing at least 15 L/day (Kay 1960)]. The
ruminant parotid saliva, with a pH of 8.2, is unusually rich in mineral ions,
particularly sodium, phosphate, and bicarbonate (McDougall 1948), which are
involved in providing a buffered medium for ruminal fermentation. Ruminant
parotid serous glands are the main facilitator in the digestive processes during
feeding and rumination, whereas submandibular, sublingual, and other minor
mucous salivary glands are confined to lubricate the mouth and esophagus (Carr
1984).

Mouth being the first entry level for food, saliva plays an important physiological
role in protecting ruminants against external and internal milieus. Secretion and
composition of saliva is mainly under autonomic nervous system control, allowing a
rapid adjustment to changes in dietary conditions. The role of saliva in ruminant
dietary adaptation can be viewed as a consequence of two main inter-related
functions: importance of saliva in food perception and palatability, and the direct
interaction between salivary proteins and PSMs, acting as a defense mechanism
against negative effects of their ingestion.

Animals possessing different dietary habits concomitantly secrete different
saliva volumes, buffer capacity, and protein composition (Sales Baptista et al.
2009). Browsers have been referred as having a greater secretion of thin serous

2 Factors Influencing Livestock Productivity 41



saliva, followed by intermediate feeders, being grazers the ones with the lowest
volume of secretions (Hofmann 1989). Saliva protein composition varies consid-
erably among species, and also reflects their diverse diets. Animals using identical
feeding niches may exibit similarities in their saliva protein composition, whereas
the presence of particular proteins appears to be specific for particular feeding
niches. In sheep and goats we observed that salivary proteins are expressed at
different levels, between the species, what appears to be related to food con-
sumption (Lamy et al. 2009). This issue will be further developed.

Salivary proteins can interact with taste substances, modulating taste perception
and, indirectly, dietary habits. Although not present in saliva of ruminants, alpha
amylase is a salivary protein suggested to be important in food perception. This
protein initiates the digestion of starch in the mouth and this may have some
influence on taste of carbohydrates (Becerra et al. 2003). Other salivary enzyme
suggested to interact with food components, changing their original taste, is lingual
lipase, which is secreted by the von Ebner’s minor salivary glands. This protein
can break down dietary triglycerides to fatty acids and other small molecules,
which, in turn, can stimulate taste receptors and result in fat perception (Kawai and
Fushiki 2003). Moreover, its expression levels change according to the levels of
dietary fat (Armand et al. 1990). Von Ebner’s gland protein, abundantly expressed
in the small von Ebner’s salivary glands of the tongue, was known to bind to
lipophilic molecules some of which have bitter taste, influencing their perception
(Gurkan and Bradley 1988). The salivary carbonic anhydrase (CA) VI has also
been associated with taste sensitivity. One of the ways this protein contributes to
taste function seems to be by protecting taste receptor cells (Leinonen et al. 2001).
CA VI expression was recently demonstrated in both sheep and goat saliva,
although our results suggest differences between the two species in the expression
of some isoforms (Lamy et al. 2009). However, it is difficult to make conclusions
on how this relates to species different ingestive behavior without further studies.
Although not studied in ruminants, salivary cystatins are also proteins differently
expressed based on diet composition, with some researchers associating them to an
aversive oral stimuli such as pungency and astringency (Katsukawa et al. 2002;
Dinnella et al. 2010). The involvement of salivary proteins in ruminant taste
perception, however, is a very interesting subject for research that still needs to be
further investigated.

Animal species may have to deal with distinct levels of PSMs present in their
diet differently during the year, as these compounds vary among plants and are
influenced by climatic conditions. Among the PSMs, tannins have a major
importance in ruminant food choice and nutrition. Tannins are a class of PSMs
with a high capacity to bind proteins, polysaccharides, carbohydrates, and other
macromolecules. Tannins may form stable complexes that tend to precipitate
(Lu and Bennick 1998), which can result in the anti-nutritional property usually
attributed to these compounds. The levels of dietary tannins influence food
selection, and may even result in food rejection attributable to either their
astringent properties or detrimental post-ingestion effects (Iason 2005). High
tannin levels reduce acceptability of plants by cattle, sheep, and goats
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(Perevolotsky et al. 1993). There are several studies reporting salivary proteins as a
countermeasure against the potential negative effects of tannins. Such counter-
measure role is essentially due to the high affinity that some classes present for
these PSMs, resulting in the formation of complexes, which change the way
these phytochemicals are perceived in the mouth and the way they act through the
digestive tract. A large number of researchers (reviewed in Shimada 2006) link the
occurrence of such tannin-binding salivary proteins (TBSPs) to the levels of
tannins present in the individual’s regular diet: species with low tannin content in
their natural forage, such as grazers, have little or none of such salivary proteins,
whereas browsers having a diet rich in tannins throughout the year present TBSPs
constitutively. Species in which the levels of tannins in the diet change seasonally
can adapt by producing higher amounts of TBSPs only when consuming tannin-
rich diets (Austin et al. 1989; Robbins et al. 1987; Fickel et al. 1998; Lamy
et al. 2011).

The most studied TBSPs are the proline-rich proteins (PRPs). PRPs have a high
capacity to bind tannins, and the complexes formed appear to be stable across pH
ranges of the digestive tract, allowing tannins to pass intact through it and to be
excreted (Bennick 2002). It was suggested that the presence of these proteins
might override the negative effects of tannins on palatability, and consequently on
feed intake, improving the utilization of plants containing such compounds
(Glendinning 1992). Besides PRPs, other salivary proteins show affinity for tan-
nins, are salivary histatins (Wroblewski et al. 2001), and salivary amylase (Zajácz
et al. 2007; da Costa et al. 2008; Lamy et al. 2010). However, these proteins seem
to be absent from ruminant saliva, and as such they do not contribute as a defense
medium for these animals.

Until now, there has been some controversy about the presence of TBSPs in
sheep and goat saliva. Whereas some researchers suggest that sheep and goat
saliva does not have a great ability to bind tannins (Pérez-Maldonado et al. 1995),
others point to the possibility of their presence in both species (Vaithiyanathan
et al. 2001). There is more speculation about the occurrence of TBSPs in goat than
in sheep. According to the ‘‘niche theory’’ (i.e., the relative position of a species in
its ecosystem), goats produce TBSPs since their diet is based in tannin-rich browse
(Kababya et al. 1998; Landau et al. 2002). Gilboa (cited by Silanikove et al. 1996)
found that the parotid saliva of goats was relatively rich in proline (6.5%), glu-
tamine (16.5%), and glycine (6.1%). This author also observed that the concen-
tration of parotid saliva of goat fed tannin-rich diet was higher as compared to
goats maintained on diets low in these PSMs. On the other hand, other researchers
(e.g. Distel and Provenza 1991) did not detect TBSPs in the saliva of goats even
when fed a tannin-rich diet.

In the last few years, our research has focused on studies concerning the
influence of saliva in tannin-rich diet consumption by ruminants. We observed
differences between the salivary proteome of sheep and goats (Lamy et al. 2008;
Lamy et al. 2009). These two ruminant species, in Mediterranean areas, are fre-
quently found together in pastures and although sharing the same areas, they
do not compete, since they select plants and/or plant parts with different
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characteristics, namely the levels of tannins (Gong et al. 1996). Accordingly, we
suggest that the different salivary protein profile may be related to this difference
in ingestive behavior. In fact, when subjected to condensed tannin-enriched diets
changes in the expression profiles of some proteins were observed (Lamy et al.
2011). By using proteomic approaches, it was observed that the consumption of
quebracho tannins resulted in the increase in the expression of the proteins cyto-
plasmic actin 1 and annexin A1, in both species. We do not know whether these
proteins may act as TBSPs, or whether they are only the consequence of an
increased salivary gland function induced by tannins. For example the increase of
actin 1, which is a protein from the cytoskeleton, may be related to the ‘‘apocrine-
like’’ mode of salivary secretion present in ruminants (Stolte and Ito 1996) and to a
potential increased salivation rate resulting from tannin consumption. Addition-
ally, annexin A1 is a protein already shown to be increased in humans after tasting
bitter/sour substances (Neyraud et al. 2006) and a relation of this protein to sensory
properties of tanniniferous foods is not to be discarded. However, to our knowl-
edge, an association of this protein to tannin consumption has not been reported in
the literature.

A recent study (Hanovice-Ziony et al. 2010) also failed to identify potential
proteins that bind tannic acid or quebracho tannins in goat saliva. However, these
researchers observed that goat mixed saliva possesses a considerable affinity to
tannins. A possible (although less explored) explanation offered for this affinity of
goats mixed saliva to tannins is the potential role of salivary mucins. Van Soest
(1994) had reported that goats may secrete higher levels of salivary mucins than
sheep or cattle, and for that reason they could be more tolerant to high levels of
dietary tannins. However, these hypothesis need to be further explored, since the
role of salivary mucins in astringency perception is not completely clear.

In conclusion, several reasons seem to indicate that the oral cavity character-
istics, namely of saliva are important in ruminant adaptation to diet. Although in
other species saliva has drawn attention in the last years, in ruminants it has been
less studied. However, there are evidences pointing to the importance of thor-
oughly investigating ruminant saliva interaction with diet in order to better
understand ruminant food choices, which may allow improvements in nutritive
management and therefore on ruminant productivity.

2.5 Final Considerations

This chapter was an attempt to address the most significant factors affecting
livestock productivity: Climate, Health, and Nutrition. We have made an effort to
analyze the factors individually. In our opinion these are extremely complex
factors that are difficult to quantify, particularly in extensive production systems.
Nevertheless, other important factors also exist. Such factors are most of the time
human influenced and include, among other aspects, livestock selection, a tool that
has been in practise since the Neolithic period and that has achieved a high level of
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sophistication over the last 200 years. Other man-made factors include religion
and cultural beliefs that strongly influence choices in animal production species or
breeds. Finally, economical constraints, marketing choices, and access to infra-
structures such as roads, harbors, and railways are also strong factors that have
great impacts on livestock welfare and productivity. In Fig. 2.5, we present a
schematic representation of the major conditionings of farm animal productivity.

To minimize the effect of all the above-mentioned adverse factors in farm
animal productivity, it is essential to design mitigation strategies at the local,
regional, national, and transnational level. In our opinion, it is vital that such
strategies would focus on the study and use of local genetic resources showing a
high level of adaptation to the most significant issue for that specific region, either
climate, disease, or nutrition-induced. Such studies have necessarily to be directed
towards the full comprehension of the local breed’s genetic background and
production ability, as well as the search for markers of tolerance to those limiting
factors. Such markers would be of great importance and use in the definition of
selection strategies and objectives to increase livestock productivity, with special
reference to developing countries. Such a strong research input would allow
decreasing the need for costly production factors like disease or environmental
control costs, as well as feed supplementation. A similar strategy would need to be
thought at the local, regional, national, and transnational level and would require
significant cooperation between North and Southern countries, state and private
organizations, aiming to improve the productivity of the farming systems, there-
fore improving farmers’ incomes, standard of living and ultimately, the sustainable
development of whole communities. This would be an outstanding contribution to
the fulfillment of the Millennium Development Goals established by the United
Nations.
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influencing livestock
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Chapter 3
Heat Stress Impact on Livestock
Production

James Olamitibo Daramola, Monsuru Oladimeji Abioja
and Okanlawon Mohammed Onagbesan

Abstract The effects of heat stress on several aspects of animal production are well
documented. Heat stress results from the animal’s inability to dissipate sufficient heat
to maintain homeothermy. High ambient temperature, relative humidity, and radiant
energy compromise the ability of animals to dissipate heat. As a result, there is an
increase in body temperature, which in turn initiates compensatory and adaptive
mechanisms to re-establish homeothermy and homeostasis. Heat stress could affect
animal production and well-being, especially because of increase in air temperature.
Heat stress is very common and on the increase particularly in the tropics. There is
considerable research evidence that shows significant decline in animal performance
when subjected to heat stress. Heat stress inflicts heavy economic losses on livestock
production. The effects of heat stress is evident in feed consumption, production
efficiency in terms of milk yield or weight gain per unit of feed energy, growth rate,
egg production, and reproductive efficiency. The physiologic mechanisms under-
lying the action of heat stress on the decline of production performance of domestic
animals have not been fully investigated. Heat stress requires further investigation,
and the elucidation of the mechanisms may facilitate adoption of comprehensive
preventive and control measures to combat heat stress in domestic animals. This
chapter examines heat stress and its negative impacts on livestock production.
It elucidates the general negative effects of heat stress on physiologic and production
parameters of domestic livestock. The mechanisms involved when animals are
subjected to heat stress and impacts of heat stress on domestic animals are empha-
sized. An understanding of these mechanisms may result in the development of
improved techniques for enhancing livestock productivity in tropical environments.
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3.1 Introduction

Domesticated animals, contribute to agricultural and economic development
through provision of much needed protein of a nation; in particular, those countries
in which the populations are growing faster than the economy. Animal protein
requirements are met through domestic animal sources. The present supply of
protein from domestic animals is currently inadequate to meet the protein
requirement of the world’s growing population because of many factors. One
paramount and currently overriding factor is heat stress affecting the performance
of domestic animals. It has been reported that domestic animals kept and managed
in harsh environments are exposed to stress (Adeloye and Daramola 2004). Under
extreme climate conditions, reduced ability of the animal to dissipate environ-
mental heat results in significant heat stress during at least part of the year.
Animals that are managed in these states loose condition, and often fail to perform
when compared to animals not undergoing heat stress. Heat stress is one pressure
placed upon an animal resulting in an increased need for the animal to dissipate
excess body heat, requiring the animal to modify it’s behavior to reduce this added
stress. Figure 3.1 describes the details of the stress response in animals.

Physiologic changes do occur when animals are stressed but paramount and
fundamental are loss of weight, reduced production, and death (Adeloye and
Daramola 2004). Changes occurring in the animal as a result of heat stress include
elevated body temperature, respiration rates, increased maintenance energy
requirement, decreased efficiency of nutrient utilization, decreased dry matter
(DM) intake, decreased milk production, and reproductive performance. The
severity of heat stress experienced by an animal depends on actual temperature and
humidity, length of the heat stress period, degree of night cooling that occurs,
ventilation and air flow and level of production. The numerous physiologic
mechanisms for coping with heat stress have been reported (Blackshaw and
Blackshaw 1994). Sweating, elevated respiratory rates, vasodilation with increased
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blood flow to skin surface, reduced metabolic rate, decreased DM intake, and
altered water metabolism are the physiologic responses that have negative impact
on the production performance of livestock (West 1999). This review intends to
integrate information documented on impacts of heat stress on the performance of
domestic animals. The review identifies the mechanisms involved when animals
are subjected to heat stress and knowledge of animal responses to heat stress may
be used to evaluate the impacts of heat stress in animal production. Figure 3.2
describes the impact of heat stress on the productive parameters in livestock.

3.2 Feed Intake and Nutrient Utilization

Temperature levels outside the thermal comfort zone will increase body mainte-
nance requirements for animals. Thermal comfort zone is a range in ambient
temperature in which body temperature is possible and an animal need not change
the metabolic rate. Consequently, efficiency of utilization of energy for production
is decreased. Lowered efficiency occurs because animals eat less, thereby requiring
more time to achieve a given level of weight and an appreciable amount of
the energy consumed is siphoned off for the labor exerted to mitigate heat stress.
The effect of heat stress on nutrient intake and utilization are well-documented in
literature (Shanklin 1963; Attebery and Johnson 1969; Warren et al. 1974; Igono
et al. 1985; Mallonee et al. 1985; Holter et al. 1996;). Studies have found that there
is a significant negative correlation between Temperature-Humidity Index and DM
intake (Shanklin 1963). However, differences exist for heat tolerance of different

Stress Stimuli Hypothalamus

CRH

Anterior pituitary

ACTH

Adrenal cortex

Glucocorticoids (leading to lipolysis, glycolysis, decreased phagocytic 

activity, decreased antigen processing)

Fig. 3.1 Description of the stress cycle. The figure describes the stress cycle starting from the
stress stimulus on hypothalamus to release CRH. CRH acts on the anterior pituitary and release
ACTH. ACTH acts on adrenal cortex to release glucocorticoids to elicit the biologic actions to
relieve stress (Source Adeloye and Daramola 2004)
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breeds; and sweating capacity and metabolic rates are implicated in these variations
(Blackshaw and Blackshaw 1994). Holter et al. (1997) reported a reduction in DM
intake in Jersey cows when minimum Temperature-Humidity Index exceeded 56 and
further reduced until Temperature-Humidity Index reached 72. During heat stress,
DM intake is reduced to 22% for multiparous and 6% for primiparous dairy cows
because of smaller body size and lower metabolic rate in primiparous cows (Igono
et al. 1985). Although reduced DM intake and heat generated during ruminal fer-
mentation and body metabolism aid in maintaining heat balance, heat stress caused
by increased environmental temperature elevates the respiratory rate and water
intake (Mallonee et al. 1985), reduces the gut motility, rumination, ruminal con-
tractions (Attebery and Johnson 1969) and depresses appetite (Warren et al. 1974) by
directly affecting the appetite center of the hypothalamus (Baile and Forbes 1974).

Feed consumption, feed quality, nutrient composition, rates of passage of
digesta and volumes of ruminal and postruminal digestive organs are various
factors that affect digestibility (Ellis et al. 1984). At high temperature, decreased
feed intake evokes increased digestion by decreasing the passage of digesta and
increasing the ruminal volume (Lippke 1975). These physiologic alterations are
more helpful for animals consuming higher forage diets. Peripheral vasodilation

Fig. 3.2 Impact of heat stress on livestock production parameters. The figure describes the effect
of heat stress on meat production, milk yield and quality, egg production, feed intake, nutrition
utilization, fertility, semen quality, egg hatchability, immunity, mortality, and morbidity
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and central vasoconstriction cause reduced blood flow to the ruminant forestomach
(Engelhardt et al. 1977). This in turn decreases the portal vein blood flow hence,
reducing nutrient absorption (McGuire et al. 1989).

In periods of heat stress, the risks of acidosis are increased. Factors that can
contribute to rumen acidosis problems are: decreased DM intake with lower pro-
portion of forage and higher levels of fermentable carbohydrates, decreased rumi-
nation, and decreased saliva to the gut—a source of bicarbonate—with a reduction of
its buffering power due to increased carbon dioxide (CO2) expelled (Bach et al.
2007). Rumen pH also decreases which impairs fiber digestion efficiency: rumen
fibrolytic bacteria are the most affected when rumen pH drops below 6.0 (Bach et al.
2007). All of these factors contribute to decreasing feed utilization during heat stress.

In poultry, reduction in feed intake consequentially results in deficiency of
essential nutrients. Growth rate is reduced in broilers when environmental temper-
ature rises because energy obtained from the small amount of feed consumed is
expended in panting. The result is that birds have lower final body weight after
normal feeding period with higher environmental temperatures. Often, the broiler
chickens reach market weight of less than 4 kg at day 84 instead of day 42. Ain Baziz
et al. (1990) observed that in heat-stressed birds, body weight gain reduced more than
feed intake, because part of the metabolizable energy intake is used for heat dissi-
pation, resulting in impaired feed conversion ratio. Heat stress, also leads to
lower feed efficiency. More feed is required to produce a unit weight of chicken.
Consequently, longer times are required to reach market weight in broiler chickens
reared under heat stress conditions. These negative effects are found to be greater in
poultry with a high potential for growth rate (Cahaner et al. 1998; Settar et al. 1999).
High thermal loads may depress enterocyte proliferation, reduction in villus mass
and dry weight per unit length of jejunum (Sahin et al. 2001). A number of mor-
phologic and physiologic changes occur in the gastrointestinal tracts of chickens
exposed to heat stress. There is a reduction in gut mobility and depression of gas-
trointestinal blood flow (Wolfenson et al. 2000). Combinations of all these effects,
lead to reduction in digestibility of feed and nutrient absorption from the intestines.
It is not known whether high ambient temperature has impacts on the secretion and
efficiency of digestive enzymes. However, Sahin et al. (2001) showed that plasma
triiodothyronine (T3) and thyroxine (T4), which are important growth promoters in
animals, are adversely affected in heat-stressed broiler chickens. Heat stress in
domestic birds elicits secretion and increase in plasma levels of corticosteroids,
while that of plasma proteins decreases with marked increase in blood glucose
concentrations. Therefore, the inhibition of growth and production in heat-stressed
broiler birds may be engineered by stress hormones, especially corticosteroids.
As suggested by these observations, it is likely that combined effects of reduced feed
consumption, increased energy cost required for heat dissipation, altered metabolic
and gut physiologic processes cause the reduction in weight gains.

The consequences of heat exposure during rearing and during transportation to
slaughterhouses generally involve an increase in mortality, reduced meat yield,
and quality. Seasonal heat stress has been reported to accelerate postmortem
glycolytic metabolism leading to biochemical changes in muscle and the
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production of pale, soft exudative meat characteristics in chickens. These detri-
mental effects are exacerbated in older birds (Sandercock et al. 2001). Ante and
postmortem muscle metabolism is affected by stress reactions prior to slaughter.
The rate and extent of glycogen breakdown, pH decline, and drip loss are also
influenced. Terlouw (2004) stated that the effect is principally due to variations in
adenosine-triphosphatase (ATPase) activity and muscle glycogen reserve. But
acute heat stress appeared to have no effect upon breast meat color in broilers
(Sandercock et al. 2001). No change in pH of broiler meat of acutely heat-stressed
chickens was also reported. Terlouw (2004) indicated that production of meat with
normal pH does not necessarily mean that animals have not been stressed. Lu et al.
(2007) attributed high mortality and decreased growth, carcass, and breast muscle
yield during heat exposure and indicated that heat stress did indeed cause physi-
ologic stress in broilers, even though the resulting meat had normal pH.

3.3 Body Growth

Growth, the increase in live body mass, is under genetic and environmental reg-
ulation. The environmental factors that influence body growth include available
nutrients, hormones, and enzymes as well as ambient temperatures (Bar and Radde
2009). Adequate and organized interaction of vascular growth factors and their
receptors are required for placental development. When subjected to environ-
mental heat stress at early stages of placental development, impaired placental
vascular development occurs in part, due to lower levels of vascular growth factors
in the tissues. Exposure to chronic heat stress has been observed to lower the
circulating placental hormone concentrations due to impaired trophoblast cell
development (Regnault et al. 2000).

The noticeable effects of heat stress on growth performance are the results of a
decrease in anabolic activity caused by reduced voluntary feed intake, and increase
in tissue catabolism. It is well-established that heat stress negatively impacts
growth rate in swine. Although reduced feed intake undoubtedly plays a significant
role in this reduction, studies in laboratory animals and other non-swine species
indicate that muscle growth also is affected by heat stress—related alterations in
muscle physiology (Kamanga-Sollo et al. 2011). Cattle, goats, and sheep are less
sensitive to the effects of temperature than swine and poultry. Provided feeding is
adequate, growth rate is not appreciably affected until the ambient temperature
increases above the thermal comfort zone. When animal is subjected to temper-
atures outside of the comfort zone for a given animal size, the amount of feed
required per unit of gain rises markedly. From the time of hatching until about
4 weeks of age, chicks have a narrow comfort range (32–34�C), efficiency of gain
is reduced if the chicks are kept at a high temperature, growth rate will be almost
ceased by the 7 or 8th week. While cold is a limiting factor in early stages of
animal development, heat is most limiting in latter stages.
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It is well-established that heat stress negatively impacts growth rate in animals.
Although reduced feed intake undoubtedly plays a significant role in this reduc-
tion, studies in laboratory animals indicate muscle growth also is affected by heat
stress-related alterations in muscle physiology. There is now emerging evidence
that heat shock proteins (hsp), produced in response to heat stress and other types
of cellular stress, may play important roles in regulating rate and efficiency of
muscle growth. Stress, whether thermal or otherwise causes denaturing of proteins
in the cells. During heat stress, the synthesis of hsp is increased while synthesis of
other proteins is downregulated. So, the proteins that should have helped as
building blocks are denatured or not synthesized at all. Because muscle satellite
cells play crucial roles in postnatal muscle growth, the effects of heat stress on
rates of satellite cell proliferation, protein synthesis, and protein degradation play
an important role in determining the rate and extent of muscle growth.

Chronic exposure of growing pigs to a high ambient temperature is associated
with enhanced lipid metabolism in the liver and the adipose tissue (Kouba et al.
2001). As a consequence, plasma triglyceride uptake and storage is facilitated in
the adipose tissues, which results in greater fatness (Kouba et al. 2001). Increased
fatness in long-term heat-exposed pigs was accompanied by the changes in the
distribution of adipose tissues: a shift of body fat toward internal sites (Le Dividich
et al. 1998), an increased weight of flare fat, and increased ratio of flare fat:back
fat ? flare fat (Kouba et al. 2001). The change in fat distribution in these
heat-exposed pigs would appear to increase heat loss and represents an adaptation
to high ambient temperature (Le Dividich et al. 1998; Kouba et al. 2001). Heat-
exposed chickens also exhibit enhanced fat deposition (Ain Baziz et al. 1990).

Feed efficiency under hot conditions differs somewhat between mammals and
birds. Feed to weight gain ratio is enhanced in hot conditions in chickens (Ain
Baziz et al. 1990). On the other hand, an improvement in feed efficiency is often
observed in rats and pigs under heat exposure (Rinaldo and Le dividich 1991).
Stress reactions prior to slaughter may influence ante and postmortem muscle
metabolism, and consequently, the rate and extent of glycogen breakdown, pH
decline, and drip loss. Seasonal heat stress accelerates postmortem metabolism and
biochemical changes in the muscle, which produces a faster pH decline, lower
ultimate pH, and higher lightness values in turkey meat (McKee and Sams 1997).
McKee and Sams (1997) and Lu et al. (2007) showed that chronic heat stress
increased the lightness in muscle. The impact of stress response on meat quality is
not inevitable. Terlouw (2004) indicated that production of meat with normal
ultimate pH does not necessarily mean that animals have not been stressed.

3.4 Milk Production

During heat stress cows exhibit reduced feed intake, decreased activity, increased
respiratory rate, and increased peripheral blood flow in sweating. When heat stress
is experienced close to calving, an additional negative side effect is reduced cow’s
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ability to produce high quality colostrum and impaired transfer of maternal
IgG’s to colostrum (West 2003). Levels of milk yield are sensitive to
temperature conditions because temperature affects the feed intake of lactating
cow. Temperature level at which significant depressions in milk yield occur
depends on the humidity conditions, level of production, size of animal, and the
breeds involved. At higher temperature above the comfort range, milk yield is
depressed.

Heat stress is most detrimental to dairy cattle. Consequently reductions in feed
consumption, milk production, and reproductive performance have been reported
(Cavestany et al. 1985; Sharma et al. 1988; Bernabucci et al. 1999). Heat stress is a
major factor contributing to low milk production and low fertility in lactating dairy
cows. Various tissues are affected and their functions disrupted under heat stress
(Wolfenson et al. 2000). High milk production is associated with high metabolic
heat production. As a result, cows have to dissipate larger amounts of heat in order
to maintain normothermia. At air temperatures of 27�C, under humid climates, the
body temperature of lactating cows rises above normothermic values, and severe
hyperthermia develops as air temperature rises (Wolfenson et al. 2000). The
ambient temperatures rise to levels that induce hyperthermia in lactating cows
under heat stress. The impact of heat stress is compounded by relatively low
sweating rate in cattle (Berman and Wolfenson 1992).

The severity of heat stress is correlated to both ambient temperature and
humidity level (Bach et al. 2007). The animal comfort is optimal, with a body
temperature between 38.4 and 39.1�C. Above 25�C, and even 20�C for some
authors, the cow suffers from heat stress: its health status and production perfor-
mance are affected. Cows have ways to maintain thermal balance and regulate
body temperature under high heat conditions. This involves favoring heat
dispersion, in particular through evaporation, by increasing subcutaneous blood
flow, panting, drooling, etc. These activities increase the maintenance energy
needs of the animal by an estimated 20% at 35�C (Bach et al. 2007). In the case of
the dairy cow, this means that part of its production energy will be redirected to
thermal regulation. Also, rumination, which produces heat, decreases dramatically.
Cows will tend to eat less during the day, but more often and in small quantities.
They will tend to consume more feed at night when it is cooler, slug feed, sort feed
and tend to choose feeds that produce less heat during digestion, choosing grains
and proteins over forages.

3.5 Semen Production and Sperm Characteristics

Some physiologic traits that have direct bearing on quality of ejaculate are known
to be affected when male animals are stressed due to handling, methods of
ejaculation and elevated temperature during the time of semen collection (Marai
et al. 1997). Among all climatic elements, temperature is the most important
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parameter affecting spermatogenesis. Skinner and Louw (1966) reported that high
ambient temperature causes a sharp reduction in semen quality with many
abnormal sperm cells. Exposure to heat stress is registered by the temperature-
humidity index that includes both ambient temperature and relative humidity
(LPHSI 1990; Marai et al. 2000). Heat stress is known to cause temporary inter-
ruption of sperm production, sperm motility, and secondary defects (Moreira et al.
2001).

Heat stress affects all phases of semen production in breeder cocks as reported
in other species (Banks et al. 2005). Although limited high temperature stimulates
testicular growth in the early phase and promotes increased semen volume and
concentration, a subsequent rise lead to decreased semen quality and quantity with
time (Obidi et al. 2008; McDaniel et al. 1996; Edens 1983). Serum calcium and
phosphorus levels were observed to be significantly lowered in heat-stressed birds
(McDaniel et al. 1995, 1996). Transient inward calcium ion currents whose density
increased during spermatogenesis, from spermatogonia to early spermatids, have
been observed (Hagiwara and Kawa 1984). The decrease in spermatogenesis due
to inhibition of calcium and potassium ion exchange (Hagiwara and Kawa 1984;
Schreiber et al. 1998), implies that distinct expression and non-inhibition of ion
channels during spermatogenesis may enhance the excitation and differentiation of
seminiferous epithelium (Hagiwara and Kawa 1984; Schreiber et al. 1998), as is
characteristic of excitable tissues. Some of the ion channels regulating ion
exchange during the preliminary stages of germinal cell differentiation end up in
mature spermatozoa, determining their physiologic properties (Schreiber et al.
1998. The decrease in calcium ion level due to heat stress causes deleterious
multiple effects on testicular function through inhibition of intracellular ion
exchange (McDaniel et al. 1996).

In a study conducted to investigate the changes that might occur in spermio-
grams, blood and physiologic indices following successive electroejaculation (EE)
during cold and hot periods of the day, progressive sperm motility, sperm con-
centration, and mass activity followed similar trend and the values deteriorated with
respect to elevated temperatures during semen collection periods (Daramola and
Adeloye 2010). Primary abnormalities increased with respect to elevated temper-
atures during semen collection periods (Daramola and Adeloye 2010). The authors
observed that reduced ejaculate quality reflects stress stimuli arising from increase
ambient temperature and physiologic traits in West African Dwarf (WAD) goat and
reported it as the adaptive mechanism evolved to cope with stress arising from
elevated temperatures. The proportion of the sperm abnormalities increased con-
currently in response to increased ambient temperature intensity (Daramola and
Adeloye 2010). The increase in morphologic abnormalities at high ambient tem-
perature indicates that periods of collection have deleterious effect on the testes or
epididymis, such as testicular degeneration (Daramola and Adeloye 2010). Skinner
and Louw (1966) reported that high ambient temperature causes a sharp reduction in
semen quality with many abnormal sperm cells. The rise in primary abnormalities
therefore indicates that elevated ambient temperature results in the rapid release of
immature spermatozoa (Skinner and Louw 1966; Daramola and Adeloye 2010).
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The reproductive performance of the rooster is greatly depressed during envi-
ronmental stress. In a simulated study on the effects of heat stress on fertility in
broiler breeder roosters, McDaniel et al. (1996) showed that the broiler breeder
contributed more to heat-induced infertility than the female. When the male broiler
breeder was exposed to a temperature of 32�C, male fertility declined to 42% and
in vivo sperm-egg penetration declined to 52%, compared to values obtained from
males that were maintained at 21�C. This observation demonstrated a significant
inhibition of the rooster’s spermatozoa viability through qualitative and quanti-
tative depression in semen characteristics, such as spermatozoa motility.

Heat stress may be responsible for the inhibition of osmotic equilibrium and
ionic channels that are key elements in the interplay between spermatozoa, its
environment, and the egg, thus disrupting spermatozoa cellular homeostasis, dis-
torting spermatozoa behavior, and metabolic machinery (Darszon et al. 1999). In
mammals, excessive levels of reactive oxygen species have been correlated with
decreased sperm motility (Agarwal et al. 1994; Armstrong et al. 1999). The report
of McDaniel et al. (1996) showed that semen characteristics, such as consistency,
spermatozoa concentration, and seminal volume were depressed as a result of a
decrease in seminiferous epithelial cell differentiation, which is manifested by
environmental temperatures outside the zone of thermal comfort. Heat-induced
infertility is mediated through any compromise in the fluidity and integrity of
spermatozoa cell membranes as well as acrosomal and deoxyribonucleic acid
damage (Surai 2000, 2002, 2010), and the inhibition of expression of hyaluronic
acid binding sites as well as acrosomal integrity (Shamsuddin and Rodriguez-
Martinez 1994; Morrell and Rodriguez-Martinez 2011). The differences found
when breeder cocks were exposed to elevated ambient temperatures were not
evident when the female birds alone were exposed to the same high ambient
temperatures (McDaniel et al. 1996; Abd-Ellah 1995). Edens (1983) reported
significant effects of ambient temperature on male fertility, which were evident
within 12 h of challenge at a typical summer temperature of 29�C, although semen
characteristics, such as semen volume, spermatozoa concentration, and percentage
dead spermatozoa were unaffected by the heat treatment. This apparent lack of
observable depreciation in semen characteristics obtained in the study of Edens
(1983) suggests that roosters can adapt to short-term exposure to thermal stress.
Thus, physiologic changes inimical (injurious/harmful) to testicular functions may
not occur in short-term exposure to heat stress. The finding of Edens (1983)
disagreed with those of McDaniel et al. (1995, 1996), who subjected roosters to a
long-term heat exposure. The depression in in vivo sperm-egg penetration and
fertility in heat-stressed roosters reported by McDaniel et al. (1995, 1996) may be
due to a decrease in number of spermatozoa stored in the sperm host glands in the
hen’s reproductive tract (Bakst et al. 1994; Brillard 2003). In other words, a
decrease in oviductal spermatozoa storage results in fewer spermatozoa cells
available to bind, penetrate, and fertilize the egg in the infundibulum of the hen as
documented by King et al. (2002).

In mammals, spermatozoa’s binding with uterine epithelial cells is a strong
index of spermatozoa viability and fertilizing capacity, implying that spermatozoa
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attachment to uterine epithelial cells is indicative of normal ultrastructure and
mitochondrial membrane potential (Mburu et al. 1996; Taylor et al. 2008; Taylor
et al. 2009). It is known that spermatozoa that have been bound temporarily to
uterine epithelial cells can pass along the oviduct for fertilization (Taylor et al.
2008). In this context, it is reasonable to conclude that heat stress in the rooster
retards or even prevents important physiologic mechanisms, such as sperm-
uterine epithelial cells interaction, capacitation, acrosome reaction, and zonal
vesicle binding, resulting in depressed fertility. This is, apparently, due to a
depletion of endogenous antioxidant milieu in semen, leading to speedy
exhaustion of spermatozoa energy reserves. On the other hand, it is likely that
exposed spermatozoa are properly stored in the hen’s oviduct, but their release
was inhibited; thus, the spermatozoa were unable to bind and penetrate the ovum
(Abd-Ellah 1995; King et al. 2002; Brillard 2003). It is worthy to note that
roosters in pen-mated (natural mating) breeding system are known to reduce
mating activity, and sexual arousal behavior (libido) is strongly impaired during
heat stress, presumably through dehydration and alteration in secretion of sex
hormones.

3.6 Immune Response and Endocrine System

Several studies have been conducted on the effects of heat stress due to high
temperature on the immune responses of chickens, with variable results. Thaxton
et al. (1968) demonstrated that high environmental temperatures (44.4–47.8�C)
affect the development of specific immune responses in young chickens. These
effects include the suppression of circulating white blood cells (Nathan et al.
1976; Heller et al. 1979) and an increase in the heterophil/lymphocyte ratio
(H/L ratio) (Mogenet and Youbicier-Simo 1998), which are indicators of stress
(Gross and Siegel 1983). Heat stress also reportedly causes a reduction in
antibody production in young chickens (Zulkifi et al. 2000). On the other hand,
Donker et al. (1990) found that heat exposure did not reduce antibody pro-
duction, rather, significantly increased antibody titers were observed following
heat exposure (Heller et al. 1979). The difference in these findings could be
associated with age and breed. Regnier et al. (1980) suggested that heat-induced
immunosuppression may depend on breed of bird and Kelley (1983) reported
that effects on immune responses may depend on the length and intensity of the
heat exposure.

Heat stress can negatively affect an animal’s growth performance and the
immune competence to some bacterial or viral infections (Goligorsky 2001). It has
been reported that heat stress results in decrease of both primary and secondary
lymphoid organs, profiles of circulating leukocytes, T cell in the blood, and
antibody response to sheep red blood cells or against Newcastle disease (Davison
et al. 1988; Liew et al. 2003).
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The endocrine system involved in coordination of metabolism is substantially
altered because of thermal stress (Beede and Collier 1986). The hormones associated
with adaptation to heat stress are prolactin, growth hormone, thyroid hormones,
glucocorticoids, mineralocorticoids, catecholamines, and antidiuretic hormone.
Prolactin is vital for mammogenesis (Buttle et al. 1979), lactogenesis (Akers et al.
1981). Growth hormone is a calorigenic hormone produced from the anterior pitu-
itary gland and does not function through a target gland but exerts its effects on almost
all tissues of the body. Igono et al. (1988) reported that Growth hormone content in
milk of low, medium, and high production groups declined when Temperature-
Humidity Index exceeded 70. Plasma Growth hormone reductions that occurred with
heat-stressed cows did not occur in thermoneutral conditions for cows fed restricted
intakes that were similar to those consumed during heat stress (McGuire et al. 1989).

Although stress isn’t the only reason that cortisol is secreted into the bloodstream,
it has been termed ‘‘the stress hormone’’ because it’s also secreted in higher levels
during the body’s response to stress, and is responsible for several stress-related
changes in the body. Daramola and Adeloye (2010) and Daramola et al. (2011)
reported increased cortisol level with respect to the semen collection periods and
indicated that the increase observed in cortisol concentrations in the hot period of the
day reflects stress stimuli due to elevated ambient temperature (Daramola and
Adeloye 2010; Daramola et al. 2011). Apparently, the higher cortisol levels observed
was attributed to stress caused by increase in ambient temperature (Daramola
and Adeloye 2010), similar to the reports of Ortiz-de-Montellano et al. (2007) and
therefore reflects stress stimuli due to elevated ambient temperature.

3.7 Blood Parameters

There is a great variation in the hematologic and biochemical parameters as
observed between breeds of goats (Azab and Abdel-Maksoud 1999; Tambuwal
et al. 2002). Seasonal variations in hematologic parameters of domestic chickens
have also been reported (Oladele et al. 2003). Lowered packed cell volumes in
domestic chickens have been observed during the hot-dry season, a period asso-
ciated elevated ambient temperature as compared to other season (Oladele et al.
2003). Oladele et al. (2001) attributed the low values of hemoglobin and packed
cell volume during the hot-dry season to heat and nutritional stress, which impairs
the production of blood cells in birds and further observed significant correlation
between the hot-dry season meteorological elements and packed cell volume,
hemoglobin, and total protein in the chicken. Hemoglobin therefore seems to be
highly responsive to fluctuations in ambient temperature, with a significant
negative response to the deleterious effect of heat stress. Total protein values also
demonstrate a significant and negative relationship with elevated ambient
temperature (Oladele et al. 2003). These observations support the findings of Sahin
et al. (2001), who demonstrated significant negative effects of heat stress on total
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serum proteins in broiler chickens. Sahin et al. (2001) also reported significant
negative effects of heat stress (32�C) on serum concentration of some metabolites
and minerals in broilers. Serum levels of thyroxine (T4) and triiodothyronine (T3)
were significantly reduced due to high levels of adrenocorticotropic hormone in
unsupplemented (vitamins E and A) broiler chickens, when compared to values
obtained in birds that received antioxidant feed supplements (vitamins E and A).
Serum calcium and phosphorus levels were observed to be significantly lowered in
heat-stressed birds (McDaniel et al. 1995, 1996).

3.8 Egg Production

The effect of heat stress in laying birds is chronologic: laying flocks typically have
a reduction in egg size, followed by lowered egg production, and reduced egg shell
quality (Grieve 2003). Ambient temperatures influence reproductive function
through alteration of feed intake. Reduction in feed intake resulting from heat
stress is observed in layer chickens during hot-dry seasons (Simon 2003; Ayo et al.
1999) which ultimately leads to reduction in hen-day production. The observed
decreases in voluntary feed intake by birds is attributed to physiologic responses to
heat stress, aimed at reducing the excessive endogenous heat generated in the
body due to feed metabolism (Simon 2003). The depression is attributed to an
imbalance in calcium-estrogen relationship and lowered Haugh unit of the oval-
bumin (Mahmoud et al. 1996). This implies that high environmental temperature
depresses yolk size, ovalbumin consistency, and optimum calcium deposition
within the egg shell.

Various authors reported that increased environmental temperatures affect egg
production. Smith (2000) stated that the effect of ambient temperature on average
egg weight appears to be cumulative. Thus, when birds are kept at 26�C, the mean
egg weight increases by 1 g per week whereas when kept at 35�C, the average egg
weight remains constant for a period of six months. North (1984) illustrated the
effect of poultry house temperature on egg production, egg weight and feed
consumed per egg as percentage of the optimum of 16�C. The author did not
observe any change in egg production until a temperature of 24�C was reached.
However a gradual decline in egg production was recorded as the temperature
increased to 32�C.

Egg shell weight, shell thickness and specific gravity significantly declined in
laying hens heat-stressed for 5 weeks (Mashaly et al. 2004). The heat-stressed
laying flock often lays eggs with thinner shells because of acid–base disturbances
in the blood (respiratory alkalosis). The higher blood pH caused by decreases in
blood CO2 concentrations reduce the amount of ionized calcium and bicarbonate
in the blood. Ionized calcium is the form of calcium utilized by the shell gland in
producing the egg shell (Grieve 2003). Increasing the amount of calcium in the
diet does not correct this problem.
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3.9 Incubation, Embryonic Development and Hatchability

The modern incubator is a simulated artificial design that mimics the mother-hen’s
role of providing fertile eggs with optimum environmental conditions (temperature
and humidity) to stimulate embryonic development until hatching (French 1997).
Deleterious effects of heat stress on the incubation of the avian embryo, hatch-
ability, post-hatch development of chicks are well-documented (Romanoff 1972;
Deeming and Ferguson 1991; French 1997; Hill 2001; Moraes et al. 2003, 2004;
Lourens et al. 2007). Optimum environmental conditions are synonymous with
incubation temperatures, which determine the efficiency of embryonic and post-
hatch development of chicks (Lin et al. 2006; Romanoff 1972). In line with
observation of Romanoff (1972), French (1997), Hill (2001) and Lourens et al.
(2007) reported deleterious effects of heat stress on the incubation of the avian
embryo, and showed extensive influences of temperature on chicks’ embryo
development, and that environmental temperature is the most critical factor in
incubation efficiency. Wilson (1991), Lourens et al. (2005, 2007) and Moraes et al.
(2003) confirmed the adverse effects of temperature on post-hatch development of
chicks. It has been shown that a constant incubation temperature of 37.8�C,
established as thermal homeostasis in the chick embryo (Lourens 2001), gave the
best embryo development and hatchability (Lourens et al. 2007; Wilson 1991).
Any marginal deviation from this fragile balance is detrimental to the developing
embryo (Lourens et al. 2007). Thus, a constant high temperature of 38.9�C during
incubation initially accelerates embryonic growth, utilization of nutrients and
energy from the yolk and albumen reserves, but later decreases embryonic
development as a result of limited metabolic process by insufficient exchange of
oxygen (Lourens et al. 2005; Rahn et al. 1974).

Heat stress in the incubation process has been shown to have diverse detri-
mental influences on embryos. French (1994) observed deleterious effect of heat
stress on embryo survival and showed that dead embryos occurred soon after
subjecting them to heat stress, especially on days 7 and 19. This implies that
embryos at these stages of development may be very sensitive to all types of stress,
including heat stress, which could be related to the chorioallantoic membrane
susceptibility to environmental stress. Increased embryonic death is, apparently,
due to increased endogenous (metabolic) heat production (French 1994). The
observation is in line with the findings of Lourens et al. (2005), who reported
significant embryo mortality and, hence, lower hatchability in chicken eggs, when
they were subjected to a high incubation temperature of 38.9�C. Apart from
embryonic mortality, the quality of chicks from heat-stressed embryos has been
reported to be adversely affected. Lourens et al. (2005) established depressed chick
quality, lower percentage of first-grade chicks due to adverse effects of heat stress
on chick quality and production.

Temperature is the most important factor in the incubation of any avian egg.
An egg can, to a certain degree, compensate for various insults to its well-being
except for temperature extremes. A 0.5�F change in incubator temperature can
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have a profound effect in overall performance of a group of eggs that incubate
(Jeffrey et al. 2007). Extremes in temperature (high or low) can cause problems
with embryo growth, or in many cases death. Eggs that are hatching early or very
small chicks at hatch are an indication of incubator temperatures being too high
(Jeffrey et al. 2007).

As water evaporates during incubation, it is replaced by gas molecules that form
the air cell, which should occupy about 15% of the egg volume prior to hatching
(Rahn et al. 1977) Increasing shell porosity and permeability will increase the
oxygen uptake of the embryo until a maximum rate is reached, after which further
increase in shell porosity and permeability have little effect (Burton and Tullett
1982). Therefore, oxygen availability is not a limiting factor for embryos within
highly permeable, porous shells, but rather there is the danger of dehydration
caused by elevated temperature (Burton and Tullett 1984). During incubation, eggs
should ideally lose a quantity of water equal to 12% of their initial mass (Davis
and Ackerman 1987). Water loss exceeding 20% of initial egg mass causes
increased mortality and subsequent dehydration of the embryo, thus decreasing
hatching success (Davis and Ackerman 1987).

Heat-stressed embryos have been observed to exhibit shorter face length and
low lung weight, resulting in weaker chicks with high incidence of culled-out birds
due to unsteady gait (Yalcin and Siegel 2003). An increase in environmental
temperature may cause metabolizable energy to be diverted from growth and
development to functions involved in homeothermy. High environmental tem-
peratures reduce thyroid function and, consequently, metabolic rate, oxygen
consumption, and growth rate (Romanoff et al. 1938; Moraes et al. 2003).
Christensen et al. (2002) showed that the chick embryonic thyroid plays a major
role in maturation of vital tissues during the final stages of in ovo life; the authors
reiterated that the embryonic thyroid had a significant control of hatching times
and survival rates of neonates. These reports support the fact that lower egg
fertility and hatchability, retarded embryonic and post-hatch chick developments
are due to consistent heat stress (Abioja 2010).

3.10 Conclusion

Heat stress occurs at the point where the animals cannot dissipate an adequate
quantity of heat to maintain body thermal balance. High temperature, high
humidity, and radiant energy (sunlight) are the major environmental factors that
contribute to heat stress. Heat stress is very common and on the increase partic-
ularly in the tropics. There is considerable research evidence that shows significant
decline in animal performance when subjected to heat stress. It inflicts heavy
economic losses on livestock production. The effects of heat stress is evidenced in
feed consumption, gross efficiency in terms of milk yield or weight gain per unit of
feed energy, growth rate, milk production, egg production, and reproductive
efficiency. The effects should be considered in future experiments, designed to
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elucidate the mechanism of heat stress on production efficiency in the domestic
animals reared in the tropical and subtropical regions of the world. The physio-
logic mechanisms underlying the action of heat stress on the decline of production
performance of domestic animals have not been fully investigated. This requires
further investigation, and the elucidation of the mechanisms may facilitate the
adoption of comprehensive preventive and control measures of combating heat
stress in domestic animals.
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Chapter 4
Walking Stress Influence on Livestock
Production

Vijai P. Maurya, Veerasamy Sejian, Kamal Kumar,
Gyanendra Singh and S. M. K. Naqvi

Abstract The food available to grazing animals, particularly during the dry
season, in the tropics, is often of very low quality and, in addition, is frequently
available at low densities per unit area. Grazing ruminants attempt to adapt to
these adverse conditions by increasing the time for which they graze each day and
also by dispersing more widely. However, the time for which animals can graze
may be limited by solar radiation and fly irritation during the day. Depending on
management conditions, livestock are required to walk long distances. When
walking is restricted (1–3 km/day), animal performance is generally not reduced.
However, under certain conditions (scarce or hilly pasture) the distances walked
by livestock can be substantially greater. Unusual physical activity is considered a
stress factor in all species since it induces neuroendocrine and metabolic changes
which in turn alter the physiological responses, endocrine and enzymes’ release
status and productivity in animals. In addition, there are both breed and inter-
species differences in locomotory efficiency as a result of morphological, physi-
ological and behavioural adaptations in livestock. The significant changes in
physiological responses, adrenal and thyroid hormone concentrations after sub-
jecting the livestock species to walking stress shows that they are capable to adapt
to long-distance walking and adrenal and thyroid gland hormones play a signifi-
cant role in such adaptation. Though, while trying to adapt to long-distance
walking scenario in search of food, animals compromise their productive perfor-
mance. This is reflected as significant reduction in growth, milk and reproductive
performance of different livestock species. The reason for this low production
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could be a major proportion of the energy is shifted to combating the walking
stress as any counter measures need energy source for its implementation. The
repercussions of walking or work on production performances have been studied
by various researchers and reported that livestock energy requirement increases
significantly during walking exercise. Further, most of the increase in energy
expenditure of physical activity results from grazing and locomotion costs. The
energy expenditure of locomotion during grazing contributes significantly to the
energy requirement of animals in free-living conditions and must be included for
accurate evaluation of the energy needs of the grazing animal.

Keywords Adaptation � Environmental stress � Energy � Livestock � Production �
Walking
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4.1 Introduction

Walking stress of animals wholly depends upon the management system used to
maintain them. When walking is restricted, the performance of animals is generally
not affected (Lamb et al. 1979; Gustafson et al. 1993). However, under certain
conditions (scarce or hilly pasture) the distances walked by dairy animals can be
substantially greater (Berhan et al. 2006). Walking or exercise has adverse conse-
quences on animal productivity and tends to increase energy requirements of animals
(Henning 1987; Lawrence and Stibbards 1990). Semi-arid environments are one of
the major agro-ecological zones of the tropics. There is, in general, a strong
relationship between agro-climatic conditions, population density, cropping systems
and livestock production. Rangelands are the largest land use system on earth
(FAO 2001). They predominate in semi-arid tropical areas of the world. These
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pastoral systems are those in which people depend entirely on livestock for their
livelihoods. The key constraints of arid and semi-arid tropical environment are their
low biomass productivity, high climatic variability and scarcity of water (Sejian et al.
2010a; Maurya et al. 2010a). All these constraints make these regions difficult for
sustainable livestock production. Research agenda need to take into account the
trade-offs and synergies arising from these tropical environments so that the poor are
able to reap the multiple benefits provided by these ecosystems. The food available to
grazing animals in developing countries, and particularly in the dry season in the
tropics, is often very low in quality and, in addition, is available at low densities per
unit area. The long-distance walking in search of water and feed creates negative
energy balance in the animals which also affects body condition score of animals
(Maurya et al. 2010b). In general, walking stress is more pronounced in the animals
living in regions of low rain fall resulting in scarce availability of vegetation in the
pasture as compared to the pasture where the rain fall is sufficient.

Walking results in a greater demand for nutrients, to fuel the increased metabolic
rate of contracting muscle. The balance and metabolic destination of these nutrients
are determined principally by the work rate, but level of fitness, diet and genetic
potential also play a role. The major tissues which adapt to maintain nutrient balance
are the gastrointestinal tract, liver, adipose tissue and skeletal muscle. Most part of
the year under tropical environment, animals have to walk long distances in search of
water, and are usually replenished once in two to three days. Nutrients consumed by
ruminants are mostly utilised for maintenance and production. Maintenance energy
is used to maintain body temperature, is lost as heat of fermentation, or is used for
work (e.g. walking). The distance cattle walk daily varies both within days and
between days on individual farms and is generally related to pasture availability and/
or accessibility. Conversely, the duration for which animals can graze may be
restricted by solar radiation and fly irritation (Manteca and Smith 1994). In arid and
semi-arid tropical climate, depending on management conditions, livestock are
bound to walk long distances for fodder and to replenish water.

Walking stress induces neuroendocrine and metabolic changes (Bruckmaier
and Blum 1992). The neuroendocrine stress response is not only the result of
metabolic demands but is also associated to the psychological aspects of the situation
(Voigt et al. 1990). The neuroendocrine changes are characterised by the stimulation
of the hypothalamic-pituitary-adrenal (HPA) axis with an increase in the circulating
levels of adrenocorticotropic hormone (ACTH) and adrenal corticosteroids
(Mormbde 1988). This hyperactivity can be explained by metabolic demands
induced by the physical exercise and the essential role of glucocorticoids in energy
metabolism (Richard and Rivest 1988). This metabolic action is favoured by
sympathetic nervous system (SNS) activity which facilitates the necessary metabolic
and cardiovascular adjustments (Verde and Gascon 1987).

Restricted walking (1–3 km/day), usually does not affect animal performance
(Anderson et al. 1979; Lamb et al. 1979; Gustafson et al. 1993). However, certain
geographical areas (scarce or hilly pasture) require animals to cover significantly
longer distances. Studies have been conducted to explore the outcome of walking
or work, in terms of energy requirements and production performances, in sheep
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(Henning 1987; Lachica and Aguilera 2003). In scarcity offorage or when grazing on
a hilly terrain, nutritional requirements of livestock increase as walking is a major
activity (Mendez et al. 1996). During dry seasons, animals lose weight (Pagot 1993)
and reduction in milk yield is been observed (Matthewman et al. 1993) in animals
walking long distances in search of food and water. Henning (1987) reported
increased energy demand due to walking exercise in sheep. Most of the increase in
energy expenditure (EE) of physical activity results due to grazing and locomotion
(Lachica et al. 1997). The EE of locomotion contributes significantly to the energy
requirement of animals in free-living conditions and must be included for accurate
evaluation of the energy needs of the grazing animal (Berhan et al. 2006). Further,
breed differences have been defined in livestock in response to walking stress
(D’Hour et al. 1994; Coulon and Garcl 1996). In addition, published data suggest
that there are interspecies differences in locomotory efficiency as a result of
morphological, physiological and behavioral adaptations (Farley et al. 1993; Lachica
and Aguilera 2005a, b). Sheep under hot semi-arid environment is mostly reared in
extensive system. The productive potential of sheep in these areas is influenced by
the exposure to harsh climatic factors. In addition to thermal stress and feed scarcity,
the animals need to walk longer distances for grazing (Maurya et al. 2004; Naqvi
et al. 1991). These stresses lead to alteration in the process of homeostasis and
metabolism. This chapter aims to build a clear understanding about the effect of
walking stress on livestock productivity.

4.2 Significance of Livestock Walking

As is known, the food quality and densities per unit area of the food obtainable to
grazing animals, is low in developing countries, particularly in the dry season in the
tropics. To adapt to such adversities, grazing ruminants increase grazing times each
day and walk longer distances. Solar radiation and fly irritation may, limit
the duration of grazing (Manteca and Smith 1994). Depending on management
conditions, livestock are required to walk long distances. It has been established that
restricted walking (1–3 km/day), does not affect animal performance (Anderson
et al. 1979; Lamb et al. 1979; Gustafson et al. 1993). We have already discussed that
the EE due to locomotion activities is a significant contributor to the energy demand
of animals in free-living conditions and must be included for accurate evaluation of
the energy needs of the grazing animal. This is supported by the finding of Henning
(1987) reporting increased energy demands through walking exercise in sheep.
Further it was suggested that the spring like tendons of large mammals can poten-
tially store more elastic energy than those of smaller mammals because their
disproportionately stronger muscles can impose higher tendon stresses. Farley et al.
(1993) using dogs, goats, horses and red kangaroos, found that the stiffness of the leg
spring is nearly independent of speed 9 body mass. In goats and horses, the stiffness
is increased 25 and 29%, respectively.
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4.3 Effect of Walking on Energy Balance in Dairy Cow

The majority of domesticated ruminants are raised solely or partially in semi-
extensive or extensive production systems in which most nutrients are derived
from grazed forage. Grazing is associated with daily activities considerably
different than for confined animals, such as time spent eating and distances trav-
elled (Lachica and Aguilera 2003). These activities result in greater EE than in
confinement, which can limit energy available for maintenance and production.
Perhaps because of the difficulty of these studies, there is relatively little known
regarding factors influencing the grazing activity energy expense by ruminants.
(D’Hour et al. 1994). As such, there are, at present, no universally accepted
methods of prediction of EE while grazing. For available methods pertaining to
goats, NRC (1981) recommended the addition of 25% of the suggested metabo-
lizable energy (ME) requirement for maintenance (MEm) with light activity, 50%
with semi-arid rangeland and slightly hilly conditions and 75% with sparsely
vegetated rangeland or mountainous transhumance pasture. Although Coop and
Hill (1962) reported a higher grazing energy activity cost of 92% of MEm for
sheep grazing perennial ryegrass-white clover pastures. AFRC (1998) recom-
mended estimating the activity energy expense of grazing for goats from addi-
tional costs above confinement attributable to horizontal and vertical distances
travelled and number of changes in position, based on specific activity costs of
sheep and goats on a treadmill placed at different slopes (ARC 1980; Lachica et al.
1997). CSIRO (1990) presented a prediction equation for cattle, sheep and goats
with independent variables of DM digestibility, terrain score, availability of green
or total forage and BW. Because of the close relationship between grazing time
and EE, Sahlu et al. (2004) proposed prediction based primarily on time spent
grazing and walking, in addition to consider the influence of herbage digestibility,
distance travelled and terrain ruggedness or topography. One of the conditions
impacting aforementioned factors used to predict the activity energy cost of
grazing is nutrient demand of the animal, and thus, forage intake (Fierro and
Bryant 1990). Forage availability can influence both grazing time and the nutritive
value of ingested forage (Seman et al. 1991; Krysl and Hess 1993; Herselman et al.
1999). As forage availability decreases, bite size declines, which results in at least
partially compensatory changes in grazing time and rate of biting (Davies and
Southey 2001). Decreased forage quality also increases time spent in ingestive
mastication (Sahlu et al. 1989; Lachica and Aguilera 2003). Heart rate (HR) is
known to be related to oxygen consumption and heat production, and thus, has
been used as an indirect measure of EE for cattle and sheep (Brosh et al. 2002;
Barkai et al. 2002). To do so, it is necessary to determine the quantity of heat
produced or EE per heart beat, which can vary among individual animals
(Brosh et al. 1998). However, Osuji (1974) reviewed literature indicating a close
relationship between times spent grazing and the activity energy cost of grazing,
and noted physiological processes contributing to this relationship such as skeletal
muscle work for locomotion and energy use by the gastrointestinal tract and liver.
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The increasing number of steps and presumably distance travelled with increasing
Stocking Rate (SR) probably contributed to increasing EE as SR rose. In fact,
distance travelled is a primary input of some systems used to predict the grazing
activity energy cost (CSIRO 1990; AFRC 1998; NRC 2001; Animut et al. 2005).

Energy is the main limiting factor in animal production and its availability affects
the animal’s adaptation to environment, behaviour and feeding strategy. Small rumi-
nants adapt well to environmental conditions prevailing in arid lands, being able to
obtain an adequate diet even when forage is scarce and to feed over rugged and
otherwise inaccessible terrain. There is little information in the literature concerning
their energy requirements compared with bovine species, although small ruminants
provide an important source of income, particularly in countries around the Mediter-
ranean basin, and in other areas with dry climatic conditions. It is well-known that
grazing animals expend more energy than ones in confinement, basically for two
reasons. In the stall, the food is offered in a partially processed form, which makes it
easier to be ingested and, second, the animal does not have to move to search for food.
High maintenance requirements of sheep on pastures might be due to increased cost of
body movement at pasture, especially the cost of walking and harvesting the herbage.

The usual procedure for estimating the total EE of grazing animals is the factorial
method. It is based on the Hess’s Law: ‘‘The heat produced in a chemical reaction is
always the same, regardless of whether the process went directly or proceeded
through a number of intermediate steps’’. That is, the total energy expended by an
animal is equal to the partial EE of each one of the component processes or activities.
The energy cost of each activity can be quantified by calorimetry and, thereafter, the
total extra energy expended in the free-ranging animal is calculated by summation.
Most of the energy required by the grazing animal is due to increased muscular
efforts, mainly walking and eating, while the contributions of other activities are
usually considered negligible (Garcia-Belenguer et al. 1996). An accurate assess-
ment of the energy costs corresponding to such activities has a vital importance, as
well as the methods to be applied in the field to identify and record those activities and
their corresponding energy expenditure. Energy expenditure associated with basal
metabolism plus heat increment of feeding usually constitutes the greatest portion
of the daily budget of domestic animals (Gustafson et al. 1993). Lack of a general-
isation as to what component dominates is to be expected because different
environmental factors regulate the heat increment of feeding and the activity/
thermoregulatory costs. In the field these factors are poorly studied and models draw
heavily on studies with penned animals.

4.3.1 Calorimetric Methods to Estimate Energy Costs

The usual method to estimate the energy cost of locomotion has been by the
combined use of calorimetry and treadmills. The common calorimeters used have
been indirect, that is, with measurement of the gas exchange that is associated with
the oxidation of energy substrates and calculation of heat production (HP) from
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the stoichometry of substrates, oxidation. Most of them operate following the
open-circuit principle. Some of the studies have used masks or hoods made of
transparent material (normally acrylic plates) enclosing only the head of the
animal, but preferably the animal is confined in a respirometry chamber. Masks
and head hoods permit rapid response times on relatively short periods but keep
the animal under a comparatively less comfortable, ‘‘not natural’’ condition.
Respirometry chambers allow the scientist to install the treadmill inside so the
animal feels ‘‘more free’’. Nevertheless, this methodology presents some disad-
vantages, as the personnel have no close control over the animal and the time
required for the system to reach a ‘‘steady state’’ is usually much longer due to
the volume of air of the chamber that has to pass through the recording devices
before they allow an accurate measurement of the gas exchange due to the physical
activity of the confined animal. The immediate consequence is that the length of
time to reach steady state depends on the characteristics of the chamber and/or
type of experiment (flow rate, volume of the chamber versus animal size, level and
period of physical exercise, etc. Nienaber et al. (1985) reported on difficulties
encountered for accurate partitioning of EE into fasting heat production and heat
production (HP) related to physical activity in experiments on fasted calves, sheep
and pigs designed to measure the increase in HP due to physical activity by means
of open-circuit respiration chambers. Undoubtedly, the so-called ‘‘confinement
system’’ has definitive advantages, as it relies only on accurate analysis of gas
composition. It is best suited and sufficiently accurate to fast response applications
for measurement of gaseous exchange of animals confined for a short period of
time in a respiration chamber. Comparisons of day-to-day variations in HP
determined in goats showed no statistical difference between the confinement and
the open-circuit system, even though data obtained by the confinement approach
corresponded to short periods of gaseous measurement and required extrapolation
to 1 h (Lachica and Aguilera 2005b).

Once the physical exercise starts, O2 consumption (or HP) approaches a constant
value after a certain period; therefore, it is necessary for an extended period of time
to achieve a steady state. In the same way, when the work that is performed is severe
there is an oxygen debt, i.e., the animal’s O2 consumption remains elevated for a
while after the cessation of the work because of the recovery of the muscle to the
prework level of lactic acid. In other words, lactic acid is then oxidised and creatine is
phosphorylated. Consequently, the total HP attributable to the work done is the EE
during the exercise period plus the energy expended during the recovery until the
prework level is achieved. For practical purposes, it is important to have in mind that
when the exercise is severe, in the calculation of the energy cost of the physical
activity the extra HP over the preexercise period continues after work ceases. Full
adaptations of the animals to experimental conditions are vital for the success of
experiments (Green et al. 2009). For some weeks before starting the experimental
protocol, the person in charge of work at the chambers lab should also feed the
animals and spend time with them (‘‘for the animal to become accustomed to them’’).
After this stage, the training process with the treadmill in the chamber can
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be initiated, first with the animal tethered to the front area of the treadmill and, after
some days, when it walks steadily without dragging against its tether, and then with
no tether at all. Only an obstacle (a chain, plate, etc.) at the rear side of the treadmill
will be enough to keep the animal on it. Boyne et al. (1981) in experiments with sheep
and cattle observed huge variations in EE caused by the tension voluntarily exerted in
the tether between the animal and the treadmill, which varied with speed and gradient
up to a maximum value of approximately 0.04 J/m walked per gram of tension
or negative load. The overall effect is an overestimation of the energetic efficiency
of the muscular activity. The presence of another animal seen by the one on the
treadmill greatly lessens chance of bias.

4.3.2 Mathematical Method to Estimate Energy Cost

Two different procedures are used to estimate the energy cost of locomotion:
(a) By subtracting the value obtained for HP (J) or O2 consumption (mL) of the

animal while standing at rest from that measured during walking (subtraction
approach):

ECw ¼ HPw� HPst BW� Dt ð4:1Þ

where ECw is the energy cost of walking (J kg - 1BWm - 1), and HPw and
HPst are the HP (J) while walking and standing, respectively, BW the animal body
weight (kg) and Dt is distance travelled (m).

The net energy cost of vertical movement on ascent, i.e., the energy expended
in raising 1 kg BW one vertical metre (ECup, J kg - 1 BWm - 1), is calculated
as:

ECup ¼ ECsl� Ecl sin a ð4:2Þ

where ECsl and ECl are the energy cost of walking (J kg - 1 BWm - 1) on slope
and on the level, respectively, and sin a is the fraction of a metre ascended per
metre travelled.

The efficiency with which the animal performs the work of walking on positive
slopes is calculated as the ratio of 9.81 (joules potential energy per kg BW raised
1 m) to ECup and expressed as a percentage (Lachica and Aguilera 2005a, b). The
net EE of vertical movement on descent, i.e., the energy recovered upon lowering
1 kg BW1 m (ECdown, J kg - 1 BWm - 1), is estimated as:

ECdown ¼ EC1� Ecsl sin a ð4:3Þ

where ECl and ECsl have the same meaning as in (2) and sin a is the fraction of a
metre descended per metre travelled. The efficiency of the recovery of potential
energy while walking on negative slopes is calculated by dividing ECdown by
9.81, and is expressed as a percentage.
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(b) The energy cost of locomotion within slopes is estimated from the
coefficient of the linear regression of HP (J kg - 1 BWh - 1) or O2 consumption
(ml kg - 1 BWh - 1) on distance travelled (Dt, m) (regression approach). The
energy cost of vertical ascent and the energy recovered on vertical descent is
calculated by multiple regression equations of HP (J kg - 1 BWh - 1) or O2

consumption (ml kg - 1 BWh - 1) on distance travelled horizontal (Dh, m) and
vertically in ascent (Du, m) or descent (Dd, m), respectively, using the following
approach:

Du = distance upward, equals 0 otherwise;
Dd = distance downward, equals 0 otherwise (Lachica and Aguilera 2005a, b)
Estimates of the grazing activity energy cost (MEa) for goats vary tremen-

dously, ranging from 0 to 1 9 the ME requirement for maintenance (MEm) of
confined goats (Lachica and Aguilera 2003). AFRC (1998) suggested that MEa for
stall fed goats is 10% of fasting heat production [10% of 315 kJ/kg body weight
(BW)0.75], with additional costs for horizontal movement [3.5 J/(kg BW 9 m)],
vertical movement [28 J/(kg BW 9 m)], standing [0.417 kJ/(kg BW 9 h)] and
position change [0.26 kJ/(kg BW 9 number of changes)], and then application of
the efficiency of ME used for maintenance. These values were based primarily on
reports of ARC (1980) with sheep and of Lachica et al. (1997) with goats on a
treadmill placed at different slopes. Although some empirical methods to predict
MEa rely only on energy for movement, time spent grazing is quite closely related
to total heat production or EE regardless of distance travelled (Osuji 1974). How
magnitudes of effects of locomotion and physiological processes associated with
feed ingestion are compared is unknown. Such information could be of value in
developing simple means of predicting MEa based on measures such as distance
travelled, terrain, grazing and walking times, diet quality and (or) forage mass.
Heart rate holds promise as a simple and inexpensive indirect means of evaluating
EE or heat production while walking and (or) grazing. However, in order to use
HR in this manner, it is necessary to know whether the ratio of EE to HR varies
among HR in the range observed while grazing (Brosh et al. 2002) For example,
the ratio has been shown relatively constant in cattle on pasture without extreme
exercise or heat load (Aharoni et al. 2003). Use of HR to estimate EE of goats
has not been extensively studied (Berhan et al. 2006). The EE of locomotion
contributes significantly to the energy requirement of animals in free-living
conditions and must be included for accurate evaluation of the energy needs of the
grazing animal (Lachica et al. 1997). The usual and more reliable procedure for
estimating free-living EE is the factorial method, whereby EE is calculated from
calorimetric determination of the energy cost of various activities. Most of the
increase in EE of physical activity results from grazing and locomotion costs,
whereas the contribution of other activities is usually considered to be negligible.
Published data suggest that there are interspecies differences in locomotory
efficiency as a result of morphological, physiological and behavioural adaptations
(Lachica et al. 1997). The net energy cost of locomotion, on the level, of a
Granadina goat with an average body weight of 34–95 kg was 3–35 J/kg BW per
m (Lachica et al. 1997). In sheep, Clapperton (1964) and Brockway and Boyne
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(1980) reported values of 2–47, 2–83 and 2–30 J/kg BW per m, respectively;
Lawrence and Stibbards (1990) obtained, in cattle, net energy expenditures of 209,
1–54 and 1–91 J/kg BW per m, respectively.

It is well documented that the energy cost of horizontal locomotion decreases
with increasing body weight. It is generally recognised that the net energy cost of
up slope locomotion is higher than that for moving on the level due to the energy
expended to work against gravity, whereas during down slope travel potential
energy is recovered as kinetic energy, leading to a decrease in EE relative to
horizontal costs.

Energy cost of locomotion (ECW, J/kg BW per m) as a function of slope
(SI, %):

ECW ¼ 3�39 ðSE i:022Þ e0063 ðSE 00031Þ sl; r 0
� 996; residual SD 0�049; n 5: ð4:4Þ

The mean values (n 6) of the energy cost of walking, calculated for each goat by
separation of the horizontal (Dh) and vertical (Du and Dd) components by multiple
regression of HP (J/kg BW per h) v. the horizontal and vertical distances travelled
(m) in ascent or descent, were those given by the average equation:

HP ¼ 6724 ðSE 301Þ þ 3� 31 ðSE 0� 148ÞDhþ 31� 7 ðSE 1� 59ÞDu

� 13� 2 ðSE 1� 33ÞDd; ð4:5Þ

where the regression coefficents of Dh, Du and Dd indicate values for the net
energy cost (J/kg BW per m) for horizontal (ECh) and vertical locomotion on
ascent (ECU) and on descent (ECd) respectively.

4.4 Effect of Walking Stress on Growth and Feeding Behavior

Body condition scoring (BCS) is a simple, non-invasive, time-saving and beneficial
technique to rank animals according to their body reserve by sight and touch.
This technique is integrated in contemporary reproductive programmes to accelerate
productive performance in the animals. The scope of BCS continues to expand as the
management strategies are constantly modifying to affect productivity and profit-
ability. The size and frame of animals also play an important role in working ability of
animals (Kartiarso Martin and Teleni 1989). When quality of forage is low, the
animal’s body condition score decreases as the energy is diverted towards energy
required to carry out muscular exercise in the process of walking. Due to climatic and
management condition of the farmers, sometimes dairy animals are required to walk
long distances (Lachica and Aguilera 2005a, b). While walking, grazing or between
grazing paddocks and drinking water, animals expend energy (Bailey et al. 1996).
The distance cattle walk daily varies both within days and between days on
individual farms and is generally related to pasture availability and/or accessibility

84 V. P. Maurya et al.



(Garcia-Belenguer et al. 1996). Distance traveled by grazing cattle is determined
by a combination of several factors and management decisions. Grazing behaviour
under these conditions will be determined, among other factors, by pasture quality
and its availability. Sometimes there is reduction in vegetation and a cow is being
supplemented to achieve energy equilibrium and increase production and profit
(Garcia-Belenguer et al. 1996). In general, economics plays a major role in this
decision. During supplementation, the cost effectiveness of supplementation should
be considered.

Increases in energy requirements are linked with the distance of walking and
the increases in energy requirements were not compensated by increase in forage
intake. On the contrary, cows having walked, ingested less forage than cows at rest
due to the reduced access time, fatigue engendered by the walk may be responsible
for these differences Metz (1984). During the process of long-distance walking the
animal generally mobilises body energy reserves, as indicated by the increases in
plasma non esterified fatty acids (NEFA) content just after walking (Pearson and
Archibald 1989; D’Hour et al. 1994; Animut and Chandler 1996). Winugroho
(1993) indicated that during walking stress or work, the animals’ feed intake was
inconsistent depending on the supply of nutrients (feed, body reserves) and on the
intensity of work. The work or walking stress increases heat load and decreases gut
motility and rate of passage that could reduce appetite and intake. The energy cost
for a 450 kg cow fed poor quality diet is about 1.12 J/kg live weight (Matthewman
and Dijikman 1993). The energy cost of walking in cattle is widely reported
as approximately 2 J/m//kg live weight (Lawrence and Stibbards 1990). The dif-
ference in energy cost may be due to differences in muscle and skeletal arrange-
ments within the different animal breeds. Osuji (1974) indicated a close
relationship between time spent grazing and the energy cost of grazing, and noted
physiological processes contributing to this relationship such as skeletal muscle
work for locomotion and energy use by the gastrointestinal tract and liver. The
increasing number of steps and presumably distance travelled with increasing
stocking rate, probably contributes to increasing energy expenditures. Zerbini and
Asamenew (1991) in Ethopia, found that during the early lactation, work did not
affect the milk production but it has a profound effect on the body weight of
animals. They established that after three months of postpartum, a working cow
lost 26 kg of body weight as compared to nonworking cows.

In a recent study on the influence of walking stress on feed intake and body
weight in sheep, Sejian et al. (2011) reported that walking stress significantly
decreases feed intake which is reflected in lower body weight. They further
reported that average daily gain was also reduced significantly as the exposure to
walking stress is prolonged Sejian et al. (2011). In order to maintain the uniformity
of feed and water availability, Sejian et al. (2011) have used face masks for the
walking stress sheep to prevent them from grazing. Figure 4.1 describes the
walking stress sheep with their face masks. Coulon et al. (1998) also reported
significant decrease in both body weight and feed intake in cows subjected to
walking stress. In addition, Sejian et al. (2011) also reported significant increase in
water intake. The increase of water intake might have occurred to compensate for

4 Walking Stress Influence on Livestock Production 85



total body water deficits, caused by the increase of evaporation through the
respiratory tract and skin surface when these ewes were subjected to walking
stress. Further, animals under walking stress consume more water to counteract
the exercise stress. The high water intake in walking stress animals could be the
adaptive mechanism exhibited by these animals to combat walking stress. The
study establishes the importance of providing optimum nutrition to counteract
walking stress; one of the major predisposing factors for the low productivity of
animals particularly small ruminants in tropical environment. The nutritional
deficiency affects growth of sheep but when nutrition is not a limitation sheep can
counter environmental extremes effectively under semi-arid tropical environments
(Sejian et al. 2010b).

4.5 Physiological Adaptability of Livestock to Walking Stress

Generally livestock species use their physiological responses as their primary
means to adapt to a particular environment (Sejian et al. 2010d). On subjecting
livestock species to environmental stresses, their physiological responses show
significant variations as compared to that exhibited when they were at thermo-
neutral zone (Sejian et al. 2010d). During periods of increased locomotory activity,
it is essential that an adequate supply of oxygen be delivered to the working
muscles if aerobic metabolism is to be maintained. Further, respiration rates and
rectal temperatures have been shown to be good indicators of the stress condition
in farm animals (Daramola and Adeloye 2009; Sejian et al. 2010c). Sejian et al.
(2011) reported significant increases in respiration rate and rectal temperature in
ewes subjected to walking stress by allowing them to walk for 14 KM a day.
Similar exercise-induced increase in RR and RT were reported in goats and cows
(Kasa et al. 1995; Animut and Chandler 1996; Coulon and Pradel 1997). Anderson
et al. (1979) reported that if cows were allowed to walk more than 5 km, it

Fig. 4.1 Pictorial
representation of walking
stress sheep. Picture
representing the walking
stress Malpura ewes in a
controlled study. The animals
are with indigenously
developed face mask to
prevent grazing
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imposed severe stress to the animals and they established this based on the
significant changes in the physiological responses of these cows. Coulon et al.
(1998) reported significant increase in rectal temperature in cow after 5 km
walking daily for grazing. Berhan et al. (2006) demonstrated that pulse rate is an
effective means to evaluate heat production during walking in cows. However,
Sejian et al. (2011) did not find any significant influence of walking stress on pulse
rate in sheep indicating the species difference.

4.6 Blood Biochemical Responses to Walking Stress

Generally Hb and PCV are considered to be good indicators of stress in farm animals
(McManus et al. 2009). Sejian et al. (2011) reported a significant increase in both
haemoglobin (Hb) and packed cell volume (PCV) in Malpura ewes after subjecting
them to walking stress. The increased Hb and PCV in walking stress ewes could be to
increase oxygen carrying capacity of blood to support rigorous muscular activity in
these ewes. Garcia-Belenguer et al. (1996) also reported similar results of walking
stress-induced increase in Hb and PCV in cows. Further, reduced availability of
water during exercise stress may cause haemo-concentration leading to increase in
both Hb and PCV. It seems, however, that the oxygen-carrying capacity of blood and
aerobic work capacity, as reflected by the level of hemoglobin and PCV, increase
with conditioning and improved fitness levels (Jones 1989). According to this theory,
the higher levels of hematological parameters (PCV, RBC) found in the calves as
compared to the cows might be related with a better performance of these young
animals to muscular effort (Jones 1989). Garcia-Belenguer and Mormbde (1993)
reported an increase in the WBC and the cortisol level in the blood of cattle, occurring
just after initiation of walking. These changes were far larger in calves than in cows.
Snow et al. (1983) observed an increase in lymphocyte numbers associated with
splenic contraction as a normal response to the stress of exercise in horse. Three to
four hours after exercise, an increase in neutrophils occurred which was associated
with an increase in plasma cortisol levels at the end of exercise.

There are also reports indicating low blood glucose after subjecting the animals
to walking stress (Veissier et al. 2008; Sejian et al. 2011). The decrease in plasma
glucose in walking stress animals could be due to the mobilization of energy and
the exhaustion of glycogen reserves (Payne and Payne 1987; Wasserman et al.
1989). In general, at rest, skeletal muscle of sheep uses considerable amounts of
blood glucose, sufficient to account for half of the energy metabolism. As the level
of exercise increases, the liver releases additional glucose which in turn is utilized
by the exercising muscle. Importantly, the rate of glucose release by liver and the
uptake by muscle remained sustained and matched throughout the mild walking
period, resulting in no tendency for hypoglycemia (Pethick 1993). During the
walking stress, glucocorticoids are being released, which induce increases in blood
glucose levels via gluconeogenesis and glycogenolysis (Kaneko 1989), a decrease
was observed in the animals immediately after exercise, which could be due to the
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mobilization of energy and the exhaustion of the glycogen reserves (Payne and
Payne 1987; Wasserman et al. 1989). However, Gustafson et al. (1993) reported
that walking exercise did not influence plasma glucose in cow.

The plasma protein, cholesterol and urea were also not altered significantly after
walking stress. One of the principal functions of cortisol, the principal acclimation
(stress relieving) hormone in ruminants, is to stimulate hepatic gluconeogenesis
leading to conversion of noncarbohydrate substances into glucose to meet the energy
demand during stressful conditions (Sejian et al. 2010d; Sejian and Srivastava 2010).
Although the cortisol levels rose significantly, suggesting walking group ewes are
under stress, it did not cause significant alterations in serum protein, cholesterol and
urea concentrations. The higher plasma AST and ALT could serve as indicators of
muscle injury (Payne and Payne 1987; Garcia-Belenguer et al. 1996) due to walking.
However, AST and ALT are not specific for muscle in large animals.

These observations suggest that the animals were able to meet their energy
requirement during walking stress from their reserve pools. Thus walking stress
initiates a sequence of metabolic responses. First, the animal increases the level of
oxidative metabolism in the muscle and spleenic contraction increases the number
of circulating erythrocytes to provide more oxygen. Second, as exercise proceeds,
muscle metabolism changes from an aerobic to anaerobic type resulting in lactic
acid production. This alters the local environment of muscle cells, affecting cell
membrane permeability and allowing the escape of cell enzymes such as creatine
phospho kinase (CK), lactic dehydrogenase (LDH), aspartate amino transferase
(AST) and alanine amino transferase (ALT) into blood (Garcia-Belenguer et al.
1996). All these enzymes are intracellular and increase in the circulation when
muscle cell damage occurs. If the exercise continues excessively, the muscle
changes become progressive requiring longer recovery times.

4.7 Endocrine Responses of Livestock to Exercise Stress

In a study conducted to establish the effect of walking stress on Malpura ewes,
Sejian et al. (2011) reported reductions in thyroid hormones. They attributed
this reduced thyroid hormones concentrations in walking ewes to the reduced
metabolic activity of these ewes to suppress heat production. This is a common
phenomenon exhibited by livestock species to prevent increase in heat load during
stress (Sejian et al. 2010d). The significant reduction of T3 and T4 as compared to
normal range as described by Kramer (2000) in sheep shows that this could be the
adaptive mechanism of these ewes to walking stress. Depression of thyroid
function during stress is a part of the process of metabolic adaptation by which the
heat production may consequently be maintained at low level (Sano et al. 1979;
Sejian et al. 2010d). It is an established fact that energy needs increase tremen-
dously during exercise in livestock (Veissier et al. 2008). Exercise stress during
walking increases the EE thereby altering the metabolic balance. In ruminants,
release of cortisol in blood is linked to metabolic balance, with increased cortisol
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concentrations when needs exceed energy intake (Ward et al. 1992; Samuelsson
et al. 1996). The increased metabolic need during walking stimulates the release of
ACTH from anterior pituitary which inturn stimulates adrenal cortex to release
cortisol. Cortisol stimulates hepatic gluconeogenesis to meet the energy demand
(Lachica and Aguilera 2005a, b). Cortisol is the principle stress-relieving
hormones in sheep and Sejian and Srivastava (2010) reported a significant increase
in plasma cortisol level in walking stress ewes. Similar walking stress-induced
increase in plasma cortisol concentration were reported in cows and calves by
Garcia-Belenguer et al. (1996).

4.8 Effect of Walking Stress on Reproductive
Efficiency of Animals

The distance covered by pastured animals during walk depends on many factors
including size of the grazing area, the amount of grass available, the proximity of
drinking water and management strategies (Anderson et al. 1977; Arnold and
Dudzinski 1978; Anderson and Urghart 1986). When animals are required to
forage over large areas, the breed’s walking ability should be taken into account
(Bibe and Vissac 1979). The long-distance walking in the search of food and water
requires more energy which inturn affects the productive and reproductive
efficiency of animals (Osuji 1974).

Animal traction is influenced by numerous mechanical, biological, management
and socio-economic factors. Biological factors such as sex, animal condition, size,
nutrition, weight, pregnancy, lactation status, temperature and general health of the
animal are important in determining work performance (Matthewman and
Dijikman 1993; Bartholomew et al. 1994). Body weight losses greater than 15%
have been reported to impair ovarian activity in female buffaloes (Teleni et al.
1989). Work carried out in early lactation could delay return to oestrus. Zerbini
et al. (1992) found out that in working cows even after supplementation, the
conception rate delayed significantly. It is unlikely that the cessation of cyclic
activity in working cows was a result of direct competition for nutrients between
the ovary and other tissues. It is possible that the depletion of body reserve
nutrients to certain critical levels may signal metabolic controls to switch off
non-vital processes such as ovarian function. Nutritional constraints, combined
with draught work activities, could cause a loss in body condition and lead to
postpartum anestrus (Jabbar 1983). Zerbini and Asamenew (1991) reported that
crossbred cow may also be used for work but they should be provided sufficient
energy, as low energy input may lead to a low calf output and eventually in a
complete stop of reproductive functions (Zerbini et al. 1992) with loss of
production and cow value.
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4.9 Effect of Walking Stress on Milk Yield on Animals

Generally animals walk long distance in search of feed and it is presumed that at
least the animals walk twice a day to the pasture and back to the barn. This means
that the animals at distant pastures have higher energy requirement for walking. In
cows, the increased energy demand for walking 2 km/d is around 5% of mainte-
nance corresponding to approximately 0.5 kg of milk according to NRC (2001).
Sporndly and Wredle (2004) reported that with shorter walking distances cows had
a higher milking frequency and milk yields than the cows in distant pasture
because these cows got few hours to gaze per day which in turn decreased their
feed intake and milk yields as well. The reports in the literature show a variable
effect of work on milk production. Jabbar (1983) in Bangladesh suggested a fall in
the milk yield when cows are used for drought. Goe (1983) reported that on work
days cows can show a 10–20% decrease in milk yield. In such situations, lactating
cows deal with a shortage of nutrients created through exercise by restricting
secretion of protein and lactose whilst maintaining fat output. Coulon et al. (1986),
Gordon (1984) further reported that the effect of walking on milk yield persists
even during postexperiment periods in cow. Therefore, walking likely alters the
synthesising capacity of the udder in an irreversible manner.

The walking stress also affects the somatic cell count (SCC) of the mammary
gland. During the initial stage of walking the SCC increases drastically (Coulon
and Pradel 1997). The increased SCC is associated with higher pH, lower milk
lactose and elevated BSA and IgG1 concentrations. These effects reflect an
increase in capillary permeability (Poutrel et al. 1983). In fact, it has been
demonstrated that cows spend as much as 8 h per day walking, including time
walking while grazing. In addition, walking time always exceeded the time of
grazing by 10–15% (Ruckebusch and Bueno 1978). Coulon and Re’mond (1991),
Coulon and Pradel (1997) have shown that the reduction in milk yield resulting
from long walks (9–12 km) were significant, and varied according to animal type.
The prolonged walking in the cows reduces the milk yield and changes compo-
sition of milk even in low producing animals (Coulon and Pradel 1997). The effect
of walking is likely to be more marked for higher yielding cows. The reduction in
the milk yield is thought to be due to the lack of additional forage intake by cows
to compensate for the increased energy requirements induced by exercise. Stobbs
and Brett (1974) have reported that milk and protein quantity decreased but the
amount of fat produced did not vary probably because of a greater mobilization of
lipid reserves. In fact, the walking cows consume less forage than did the sedentary
cows because of restricted access time, which was not compensated by a higher
intake rate or a sufficient increase in nocturnal intake (Coulon et al. 1998). Mat-
thewman (1989) conducted experiments on 12 lactating and pregnant cows and
allowed them to walk approximately 9 km/d for 3 weeks (maximum 15–17 h per
week or 45–51 h over 3 weeks) at an average speed of 2.9 km/h. Milk yield was
decreased by 7–14%. Milk fat yield (g/d) was not affected by exercise, but lactose
and milk protein declined by the same proportion as milk yield.
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4.10 Conclusion

It can be concluded from the findings of different workers that walking stress
significantly alters the growth, physiological, haemato-biochemical responses as
well as milk yield and its composition in animals undergoing these stresses. The
significant changes in physiological responses, plasma cortisol, T3 and T4 show
that the animals like sheep, goats and cattle are capable of adapting to long-
distance walking and adrenal and thyroid hormones play a significant role in such
adaptation. However, while trying to adapt to long- distance walking scenario in
search of food, the productive performance of animals is greatly compromised
which is observed in the significant reduction in growth, milk and reproductive
performance of different livestock species. The low production could be attributed
to the fact that a major proportion of the energy gets channelised in combating the
walking stress as counter measures need energy source for its implementation.
Agriculture is a major contributor to the economies of many countries; livestock
are reared in tropical environments. In these hot environments during summer
months, the animals need to walk long distances to graze. Hence, the findings from
different studies discussed above have greater significance in terms of improving
the performance of these animals under such environmental extremes.
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Chapter 5
Environmental Stresses and Livestock
Reproduction

S. M. K. Naqvi, Davendra Kumar, Rajani. Kr. Paul
and Veerasamy Sejian

Abstract Reproductive fitness may be regarded as the most important criteria for
studying or evaluating animal adaptation. Body systems activated by stress are
considered to influence reproduction by altering the activities of the hypothalamus,
pituitary gland, or gonads. Activation of stress pathways may directly affect the
activity of Gonadotropin-releasing hormone (GnRH) neurons within the hypo-
thalamus or higher neural centers which in turn affects the synthesis or secretion of
GnRH into the hypophysial portal blood. It is also possible that stress directly
influences the responsiveness of gonadotrophin cells in the anterior pituitary gland
via the action of GnRH. A further potential action of stress is to alter the feedback
actions of sex steroids in the hypothalamus or pituitary and inhibin in the anterior
pituitary gland. Reproduction processes in animals may be impacted during heat
exposure and glucocorticoids are paramount in mediating the inhibitory effects of
stress on reproduction. Glucocorticoids are capable of enhancing the negative
feedback effects of estradiol and reducing the stimulation of GnRH receptor
expression by estrogen. Glucocorticoids may also exert direct inhibitory effects on
gonadal steroid secretion and sensitivity of target tissues to sex steroids. Heat
stress (HS) influences estrous incidences and embryo production. The birth
weights of lambs of heat stressed ewes are generally lower than the unstressed
animals. This could be attributed to the fact that HS may cause a temporal
impairment of placental size and function, resulting in a transient reduction in fetal
growth rate. Secretion of the hormones regulating reproductive tract function may
also be altered by HS. Further, HS can inhibit 3-beta-hydroxysteroid dehydroge-
nase (3b HSD) thereby minimizing progesterone secretion from luteal cells.
Aromatase is an enzyme that converts androgens into estrogens and is present in
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the granulosa cells. By inhibiting the expression of this enzyme, HS may induce
follicular atresia and consequently anestrus. Effects of steroid hormones on
reproductive tract tissue could be reduced during exposure to HS due to increased
synthesis of heat shock proteins (HSPs)—HSP 70 and HSP 90. Increased synthesis
of HSP might alter assembly, transport, or binding activities of steroid receptors.
Further, increased magnitude of these stresses will increase secretion of prosta-
glandin and reduce the secretion of interferon tau which affects the maternal
recognition of pregnancy. In male, HS adversely affects spermatogenesis by
inhibiting the proliferation of spermatocytes. This chapter will address the effect of
environmental stresses on livestock reproduction.

Keywords Conception � Embryo � Fertilization � Heat stress � Lambing rate �
Nutritional stress � Oocyte � Reproductive endocrinology
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5.1 Introduction

Environmental stress is not limited to climatic factors but extends to nutrition,
housing, and any stimuli that demand a response from the animal to adapt to new
circumstances. Low energy and low or excessive protein levels in the diet are
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detrimental to reproduction. Likewise, high ambient temperatures, radiation, and
humidity alter the intricate balance of endocrine profiles, leading to lower intensity
of estrus behavior, anestrus, poor semen quality, embryonic death, and infertility.
Various chemical substances present in the environment may lead to infertility in
animals. Polluted soil, water, and air are major sources through which animals are
exposed to xenobiotics. Substances such as pesticide, dioxins, and organic solvents
which alter hormonal balance (endocrine disruptors) cause major damage to
livestock reproduction. However, other inherent (genetic) and environmental (feed,
climate, geographical location, diseases, etc.) factors also affect the reproductive
efficiency of animals. In ruminants, for example sheep, the reproductive efficiency
is determined by factors such as age of puberty, interlambing period, ovulation
rate, estrus incidences, fertilization, embryo implantation, pregnancy, parturition,
lactation, and mothering ability (Snowder 2008). A greater variability in various
genotypes of animal has been reported for each factor (Safari et al. 2005).

Reproductive efficiency of animals generally improves the production and
economic efficiency of any farm animal production system (Dickerson 1970).
Animal farming has a great significance in human activities. Globally, livestock
account for 40% of the world’s agricultural gross domestic product (GDP) and
generating employment for more than 1.3 billion people (FAO 2008, 2009). It also
contributes significantly to the livelihood of people (about 1.0 billion) living
below poverty level worldwide. Heat stress (HS) is known to have adverse impact
on reproductive functions in animals. Disruption of follicular development, oocyte
maturation, fertilization, embryogenesis and development, placental and fetus
growth in female animals are major events caused by HS. These deleterious effects
are manifested due to rise in the body temperature that could not be mitigated by
inefficient thermolytic mechanism.

In order to maintain body function in steady state, homeotherms are required to
maintain body temperature within a narrow range. Deviation from the set level of
body temperature under stressful hot environment leads to interference with
physiological events and consequently negative impacts on animal productivity.
The maintenance of homeotherms is dependent upon the energy flow from animal
to environment and vice versa. Effective ambient temperature (EAT) is a major
environmental factor controlling the energy flow. Due to the fact that various
factors influence the EAT viz. dry bulb temperature, wet bulb temperature,
humidity, wind speed, heat radiation, contact surfaces, etc., no satisfactory mea-
sures have been developed so far to quantify EAT and hence ambient temperature
is the most commonly used indicator. Sheep possess thick insulating boundary on
the body and only about 10% of solar radiation received by fleeced sheep reaches
to the skin. The exogenous (solar) heat load of the shorn sheep standing in sun may
be about 5–6 times greater than its internal heat production (resting metabolic
heat). Consequently, adaptation and mitigation of detrimental effects of extreme
climates have played a major role in combating the climatic impact in livestock
production (Khalifa 2003). Among the environmental variables affecting animals,
HS and nutritional stress seem to be the more intriguing factors making animal
production of many world areas difficult (Shelton 2000; Koubková et al. 2002).
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Animals can adapt to the hot climate; nevertheless, the response mechanisms are
helpful for survival but are detrimental to productive and reproductive perfor-
mance. Hence, attempt will be made in this chapter to particularly address the
effect of HS and nutrition stress on reproduction in livestock.

Animals live in complex environments in which they are constantly confronted
with short- and long-term changes due to a wide range of factors such as environ-
mental temperature, photoperiod, geographical location, nutrition, and socio-sexual
signals. Environment plays an important role in influencing the reproductive
performance of farm animals. Fertility of farm animals is affected by high ambient
temperature, excess humidity, severe cold, and lesser access to drinking water. HS,
due to high ambient temperature accompanied with excess humidity during summer
months, causes infertility in most of the farm species. Dairy cattle are particularly
susceptible to HS because of higher metabolic heat produced during milk production.
Furthermore, high yielding cows are most sensitive to HS. Nutrition modulates
reproductive functions in many species including sheep (Naqvi and Rai 1991).
Failure to rebreed due to decline in average sheep flock fertility results in more serves
per successful conception, extended lambing intervals, and increased culling (Naqvi
et al. 2002). Genetics, management, and nutrition have all contributed to this decline
in fertility. Nutritional deficiencies and imbalances are frequently implicated as an
important cause of infertility in sheep (Naqvi et al. 2011).

5.2 Probable Mechanisms of Stress Affecting Reproduction

Figure 5.1 describes different possible mechanisms by which stress affects
reproduction in livestock. These possible mechanisms are outlined below:

• The principal biological mechanism by which HS impacts on livestock repro-
duction is partly explained by reduced feed intake, and also includes altered
endocrine status, reduction in rumination and nutrient absorption, and increased
maintenance requirements resulting in a net decrease in nutrient/energy avail-
ability for reproduction

• Stress (heat, nutritional, pH, immunological, physiological, etc.) prevents the basic
cell function by causing improper folding of proteins. To cope with this, expressions
of HSPs like HSP70 are stimulated/upregulated. The basic function of HSPs is to
help in ‘proper folding’ of proteins so that the three-dimensional structure of the
protein is not compromised and thus maintaining its normal function. Further, the
cell diverts its entire transcriptional and translational machinery to synthesize
proteins that are required for maintaining ‘house keeping functions’ such as
cellular respiration, ATP synthesis, excretion of protons (H+ ions) at the expense of
other functions of the cell, e.g., testosterone production. To combat stress, the
Adrenocorticotropic hormone (ACTH)–Cortisol axis is activated and cortisol and
other glucocorticoids are produced to enhance stress tolerance.
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• Glucocorticoids are anti-inflammatory. They prevent the expression of cyclo-
oxygenase-2 (cox2) and lipoxygenase which gives rise to prostaglandins and
leukotrienes, respectively. Luteinizing hormone (LH) surge induces cox2 expres-
sion and PGE2 production. PGE2 is essential for ovulation but may be inhibited by
glucocorticoids.

• The growing fetus is under stress due to space and nutrient constraint. This fetal
stress activates ACTH-Cortisol axis. The fetal cortisol enters maternal circula-
tion and activates the expression of 17 alpha-hydroxylase enzyme in the pla-
centa. This enzyme converts progesterone into estrogen. Declining progesterone
levels with concomitant increase in estrogen levels induce parturition. Injection
of glucocorticoids (dexa, beta, prednisone, triamcenalone, etc.) any time after
first month of pregnancy induces abortion in sheep and goat. Glucocorticoids
prevent the ‘maturation of placentome’. Therefore, if parturition is induced with
steroids, retained fetal membranes are common sequel.

• Cortisol ‘stabilizes’ the lysosomal membrane and thereby prevents the release of
vasoactive substances (such as histamine, serotonin, heparin, substance P,

Fig. 5.1 Different mechanisms with which stress affects reproduction in livestock. Stress
stimulus on hypothalamus produces CRH which in turn acts on anterior pituitary to release
ACTH. ACTH atimulates cortisol release from adrenal cortex. Cortisol is the principal
glucocorticoid which inhibits reproductive function by acting on animal cell, ovary, reproductive
track in female and testis in male. Corticotrophin releasing hormone (CRH); Adrenocorticotropic
hormone (ACTH), Cycloxigenase 2 (COX2); Prostaglandin E2 (PGE2)
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proteolytic enzymes) and subsequently prevents inflammatory response. Most of the
common reproductive events such as ovulation, luteolysis, implantation, parturition,
and involution of the uterus are ‘physiological inflammation’. You may expect an
adverse effect on these events. Reproduction is basically a ‘luxurious phenomenon’
and appropriate when the animal is in just perfect homeostasis. In case of severe
stress, reproduction is typically the first physiological event to let go by the body.

• In female animals, stress can inhibit 3b HSD and minimize progesterone secretion
from luteal cells. Aromatase, an enzyme present in the granulosa cells, may be
inhibited to induce follicular atresia and anestrus. In male animals, stress adversely
affects spermatogenesis perhaps by inhibiting the proliferation of spermatocytes.
At cellular level, testosterone is converted into dihydrotestosterone (bioactive
form of testosterone) by 5 alpha reductase and stress may adversely affect the
expression of this enzyme.

5.3 Environmental Stresses and Female Reproduction

5.3.1 Effect on Superovulation

The reproductive efficiency of sheep is known to be adversely affected by
hyperthermia (Thwaites 1971; Sawyer 1979). HS is also known to influence the
superovulation response in sheep (Gordon 1997) and cattle (Hansen et al. 2001;
Alfujairi et al. 1993; Gordon et al. 1987; Monty and Racowsky 1987) in a multiple
ovulation and embryo transfer programme. Ewes exposed to HS produced rela-
tively poor quality embryos when compared to ewes that were not exposed to HS.
The results indicate that HS could adversely affect the quality of the embryos in
Bharat Merino sheep reared in semi-arid tropics (Naqvi et al. 2004). The effect of
HS on superovulation has been reported to vary in cattle. Monty and Racowsky
(1987) reported no influence on superovulation response in Holstein cows, while
adverse effects were observed by other workers (Gordon et al. 1987; Alfujairi et al.
1993). Alfujairi et al. (1993) reported a negative effect of hot summer on ovulation
rate, total ova/embryos, and quality of embryos in cows. Similarly, Gordon et al.
(1987) registered a highly significant difference in values recorded for Holstein
cows treated for superovulation during midsummer and winter/spring.

5.3.2 Estrus Intensity and Duration

HS influence on estrus incidences is a well-established fact (Naqvi et al. 2004;
Tabbaa et al. 2008). In general, duration and intensity of estrus in animals are
reduced due to HS (Younas et al. 1993; Gwazdauskas et al. 1981). Exposure of
Rambouillet cross ewes to severe HS from day 12 of the estrous cycle can extend
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the length of the cycle significantly (Dutt 1963). In addition, HS can influence the
onset of estrus (Sejian et al. 2011). Exposure of ewes to high ambient temperatures
1.5–6 days prior to estrus has been reported to reduce estrus occurrence in ewes
(Sawyer 1979). An alteration in the pulsatile release of LH and decrease in
estrogen secretion is a potential reason for the delay of onset of estrus in ewes after
exposure to HS. The normal GnRH release patterns (frequency and amplitude of
LH pulses secreted from the pituitary) are reduced by exposure to HS (Dobson and
Smith 2000). This results in abnormal ovarian functions and hence causes a delay
in the LH surge. Furthermore, HS alters follicular development and dominance
which leads to a decrease in estrogen secretion. Badinga et al. (1993) found
follicular dominance to be altered in cows that were heat stressed during the first
8 days of the estrous cycle. However, Gangawar et al. (1965) also reported the
duration of estrus to average 20 h in cows housed under cool conditions, compared
to 11 and 14 h for cows reared in a hot psychrometric chamber and summer
season, respectively. The intensity of estrus was also greater under cool than hot
environmental conditions. The estrus response, fertilization rate, and neonatal
survival may also decrease with HS (Mohamed 1974). The reduced estrus per-
centage and duration in livestock during summer months could be related to the
high plasma progesterone concentration due to HS. Presumably, the longer estrus
cycles were due to a slower rate of follicular maturation after corpus luteum (CL)
regression. This statement agrees with Stewart and Oldham (1986), who reported
that nutritional effect on ovulation rate seems to be more due to mechanisms that
are confined to final stages of folliculogenesis rather than change in secretion of
GnRH, LH, and follicle-stimulating hormone (FSH).

5.3.3 Sexual Behavior

HS reduces the normal manifestation of different sexual behaviors, which leads to
decrease in productive potential of animals. The variation in sexual behavior
pattern occurs in ewes during estrus, i.e., perceptivity (active search of ram) and
receptivity (acceptance of mating attempts by ram) (Banks 1964). However, in
Merino sheep sexual behavior occurs in the form of circling, tail fanning, head
turning, standing, and approaching ram (Lynch et al. 1992).

5.3.4 Oocyte Maturation

Oocyte maturation process is a complex event and involves nuclear, cytoplasmic,
and molecular maturation (Ferreira et al. 2009). Oocyte maturation, in vivo, begins
with the resumption of meiotic process which is facilitated by cumulus cells.
Calcium ions present in cumulus of oocyte brings about this nonhormone-
mediated meiotic induction (Webb et al. 2002).
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A sizeable population of livestock species in tropical and subtropical regions
of the world are exposed to elevated ambient temperature and thus experience
hyperthermia. HS, at the time of oocyte maturation (near estrus/breeding), is
most susceptible to hyperthermic condition and lead to reduction in infertility
(Cavestany et al. 1985; Putney et al. 1989). The magnitude of the effect of HS
on fertility is dependent on the intensity and duration of HS on the animals
(Cavestany et al. 1985; Barati et al. 2008). Ozawa et al. (2005) reported that
HS in goats reduced circulating concentrations of estradiol and lowered
follicular estradiol concentration, aromatase activity and LH receptor level, and
delayed ovulation. Elevated temperature condition during in vitro culture of
follicular cells of cattle reduced the steroid production (Bridges et al. 2005).
Estradiol secretion in response to GnRH diminished in goats exposed to HS
(Kanai et al. 1995). Figure 5.2 describes the direct and indirect effects of HS
(green arrows) on ovarian follicles, oocyte, and granulosa cells.

5.3.5 Nuclear Damage

Many research findings suggested that the exposure of oocytes to elevated temper-
ature induced DNA damage in oocytes prior to fertilization. Exposure of oocytes to

Fig. 5.2 Direct (hyperthermia) and indirect (negative energy balance associated with reduced
dry matter intake) effects of HS (green arrows) on ovarian follicles, oocyte, and granulosa cells.
Insulin-like growth factor-1 (IGF1), non-esterified fatty acids (NEFA). Metabolic parameters are
altered in blood (red text) and have been reflected in the follicular fluid (white text) (Source
Shehab-El-Deen 2011)
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elevated temperature (41.8�C) for 12 h reduces their ability to complete nuclear
maturation and development after fertilization. Similarly, Roth and Hansen (2004)
and Ju and Tseng (2004) reported that elevated temperature during maturation cul-
ture of oocytes induced DNA fragmentation and cytoskeleton disruption. When
Porcine oocytes are exposed to temperatures 41.0 or 38.5�C (sham control) for 0, 0.5,
1.0, or 1.5 h, followed by culture for 44 h, meiotic competence was compromised.
However, nuclear maturation can be improved with the use of antioxidants in heat
stressed oocytes (Lawrence et al. 2004; Maya-Soriano et al. 2010).

5.3.6 Molecular Changes

Heat exposure of animals may alter the biochemical composition of follicles which
indirectly affects the developmental competence of oocyte and quality of granulosa
cells. Molecular changes occurring during oocyte meiotic maturation affect

Fig. 5.3 Effects of HS on the organization of the oocyte at the cellular level (Source: Shehab-
El-Deen 2011). Left an unstressed oocyte, right oocyte under heat stress. Heat stress leads to
damage of the cytoskeleton and as such to poor alignment of the chromosomes (brown filaments).
Organelles such as the Golgi and the endoplasmic reticulum (blue) become fragmented and
disassemble. The number and integrity of mitochondria (dark blue) decreases. The synthesis of
HSPs decreases (purple). Also, there are changes in the membrane morphology, aggregation of
membrane proteins, and an increase in membrane fluidity. Together, all these effects stop cell
growth and lead to cell-cycle arrest
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developmental competence of later stage embryos. Later stage embryos derived
from the oocytes exposed to HS do not have optimum development competence as
compared to that of non-stressed oocytes (Edwards et al. 2009). Shehab-el-Deen
(2011) has demonstrated that exposure of high yielding dairy cows to summer HS
early postpartum reduces the diameter of dominant follicle and alters its
biochemical concentrations of glucose, IGF-1, NEFA, urea, and total cholesterol in
the follicular fluid. Figure 5.3 describes the effects of HS on the organization of the
oocyte at the cellular level.

Furthermore, protein synthesis in heat stressed oocytes is compromised
(Edwards and Hansen 1996). Rodriguez and Farin (2004) have described that
mRNA and proteins get accumulated in the oocyte during maturation and these are
used during process of fertilization and early cleavage of embryos. Oocytes are
incapable of synthesizing proteins during maturation and ovulation because they
are transcriptionally inactive after reaching a diameter of about 110 lm in the
tertiary follicle (Hyttel et al. 1997) or soon after GVBD (Rodman and Bachvarova
1976). Edwards and Hansen (1997) have demonstrated that exposure of oocyte to
HS does not increase concentration of HSP 70 in cattle. As is evident, HSPs play
an important role in protection of cells against HS through refolding the damaged
proteins and stabilizing rRNA as a protection mechanism (Duncan and Hershey
1989). But the inability of maturing oocyte to respond to HS and express HSP 70
render them vulnerable except getting some protection by utilization of maternal
RNA pools previously accumulated during oocyte growth for protein synthesis
(Wassarman and Letourneau 1976). Further, HS conditions could have deleterious
effects on oocyte growth, protein synthesis, and formation of transcripts required
for subsequent embryonic development. The consequence of HS on the maturing
oocyte can ultimately lead to a reduction in the capacity of an oocyte to be
fertilized and to develop into a blastocyst.

5.3.7 Fertilization and Embryo Development

Lenz et al. (1983) and Edwards and Hansen (1996) performed in vitro maturation
(IVM) and reported reduced maturation rate when bovine oocytes are exposed to
41�C. Subsequently, they also reported reduction in fertilization rate following in
vitro fertilization (IVF) at 41�C. Rivera and Hansen (2001) showed that bovine
oocytes fertilized at 41�C for 8 h had lower cleavage rates than did oocytes
fertilized at 38.5�C in vitro. However, incubation at 40�C during IVF had no effect
on cleavage rate and tended to increase the rate of oocytes forming blastocysts
compared with oocytes fertilized at 38.5�C. This study mimicked rectal temper-
atures recorded during very hot mid-summer days in southeast Queensland,
Australia. Sugiyama et al. (2007) recorded poor fertilization rates compared to the
control group confirming that not only do high ambient temperature during IVF
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impairs fertilization, but also that on exposure to a maximum of 41�C for only 4 h
is sufficient to adversely affect the outcome of IVF. Al-Katanani et al. (2002)
collected oocytes from cows during the summer and reported that they have a
reduced ability to develop to the blastocyst stage after IVF.

Most study suggests that early cleavages of embryos are sensitive to the
exposure to elevated temperature (Putney et al. 1989). The adverse impact of HS
declines as the embryo develops from 2-cell stage to morula and/or blastocyst
(Ealy et al. 1993). The crossbred ewes (Bharat Merino) exposed to HS (40�C and
58.4% RH) of 6 h/d (10.00–16.00 h) for 4 weeks, yielded relatively poor quality
embryos (Naqvi et al. 2004). In their study, the fertilization rate of the ewes was
not affected by HS. Exposing Holstein cows to elevated ambient temperature
(42�C for 10 h) during the periovulatory period increased the incidence of retarded
and/or abnormal embryos (Putney et al. 1989). Similarly, Dutt (1963) reported that
elevated ambient temperature 24 h prior to fertilization has no effect on the
fertilization rate but increases the incidences of embryonic abnormalities. Similar
results have been found in mice by Baumangartner and Chrisman (1987), who
indicated that HS prior to ovulation did not interfere with oocyte fertilization but
resulted in extensive developmental embryonic retardation.

The mechanism through which HS exerts influence on early embryos is not fully
understood. Some evidence suggests increased production of reactive oxygen
species (ROS) during preimplantation embryos following exposure to HS. Sakatani
et al. (2004, 2008) reported increased production of ROS in cattle preimplantation
embryos in response to elevated culture temperature. With the use of antioxidant, the
negative effect of HS on the developing bovine embryos could be alleviated
(Sakatani et al. 2008), but such effect was not reported by de Castroe Paula and
Hansen (2008). Impaired function of oocytes and embryos were seen when they were
exposed to heat during different stages of oocyte maturation and early embryo
development in both in vivo and in vitro systems (Edwards et al. 2001; Naqvi et al.
2004). Naqvi et al. (2004) reported no affect on fertilization rate but found abnormal
embryos from the Bharat Merino ewes exposed to HS during follicular phase.
Further, Ealy et al. (1993) found that HS on day 1 after breeding decreased sub-
sequent embryonic development. They further reported that HS on days 3, 5, or 7
after breeding, did not affect embryonic development. Therefore, the period of
embryonic sensitivity to HS begins early during the development of the follicle and
continues until about 1 day after breeding. Other studies based on in vitro culture
system in cattle reported that the HS effect on embryo is stage dependent and zygote
being most sensitive than the morula or blastocyst to high temperatures (Ealy et al.
1993; Edwards et al. 2001).

Exposure of bovine embryos to in vitro HS induces a range of effects including
increased apoptosis (Paula-Lopes and Hansen 2002), increased expression of
HSPs by porcine embryos (Bernardini et al. 2004), disruption of microtubule, and
microfilaments (Rivera et al. 2004).
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HS at and immediately after the time of breeding results in lower conception
rates. Heat stressed dairy cows tend to have a decrease in dry matter intake thus
reducing the amount of energy in their diet. In order to maintain pregnancy, it is
critical to sustain a healthy diet (Al-Katanani et al. 2002). Further, Du Preez et al.
(1991) developed three regression models relating conception rate (CR) and mean
monthly temperature-humidity index (THI) and reported that CR decreased with
increasing THI during summer season. Chronic HS leads to delayed ovulation, low
CR, as well as to a higher rate of abortions (Ben and Bouraoui 2009). Figure 5.4
represents the schematic description of the possible mechanisms generated by HS
which may affect reproduction in the lactating dairy cow.

HS reduces the length and intensity of estrus behavior, modifies endocrine function,
alters the oviductal and uterine environments, interrupts early embryonic development,
and ultimately, lowers the conception rates of dairy cattle (Hansen 2009; Wolfenson
2009). Collier et al. (2006) reported a 10% reduction in CR when cows were mated
during summer months. Similarly, HS can cause reduction in CR in sheep and goats,
and sheep embryo is most susceptible (Thwaites 1971).

Fig. 5.4 A schematic description of the possible mechanisms with which HS may affect
reproduction in the lactating dairy cow. HS can act in more than one way to reduce fertility in
lactating dairy cows. HS can reduce dry matter intake and indirectly inhibit GnRH and LH
secretion from the hypothalamo-pituitary system (dashed red lines). It is not clear if HS can
directly affect the hypothalamo-pituitary system (dashed blue line) to reduce GnRH and LH
secretion. HS can directly compromise the uterine environment (solid lines) to cause embryo loss
and infertility (Source Shehab-El-Deen 2011)
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5.4 Mechanisms of Nutritional Stress
in Livestock Reproduction

Figure 5.5 describes the mechanism with which nutritional stress affects repro-
duction. Nutrient deficiency decreases the blood leptin concentration. This acts on
the appetite control center in the brain and increases NPY which acts on the
hypothalamus to decrease GnRH secretion. This decreased GnRH simultaneously
leads to lower LH and FSH secretion from anterior pituitary. This in turn affects all
the reproductive organs that control specific events of reproduction.

5.5 Effect of Nutritional Stress on Livestock Reproduction

Nutritional stress is an important environmental factor that influences ruminant
fertility directly because it supplies specific nutrients required for oocyte
development, ovulation, fertilization, embryo survival, and the establishment of
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Fig. 5.5 Mechanism of nutritional stress affecting livestock reproduction. Deprived nutrition
reduces blood leptin concentration. This stimulates the hypothalamus to reduce secretion of
GnRH. This leads to reduced secretion of FSH and LH in the anterior pituitary. This leads to
reduced sex steroids production in the reproductive tract and affects all the reproductive processes
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pregnancy. Impact of nutritional stress on the circulating concentrations of the
reproductive hormones and other nutrient-sensitive metabolites required for the
physiological function has been highlighted (Robinson et al. 2006). Undernutrition
delays the onset of sexual maturation and negatively affects sexual behavior. Food
availability is the most important factor that influences mammalian reproduction
because undernutrition slows down development of ovarian follicles and reduces
lifetime reproductive performance in livestock (Rae et al. 2001). Changes in
dietary intake promote variations in concentrations of metabolic [insulin, leptin,
and IGF1] and reproductive hormones and consequently affect the developing
ovarian follicle and/or the composition of reproductive tract secretions which
provides histiotrophic nutrition to early embryos.

HS and feed scarcity often occur simultaneously and are the major predisposing
factors that cause low livestock productivity in tropical environment. Undernutrition of
donor ewes results in lower body weight (BW) and body condition score (BCS) with a
negative effect on oocyte quality such as low rates of cleavage. Further, low BCS
affects hormone production, fertilization, and early embryonic development (Boland
et al. 2001; Armstrong et al. 2003; Boland and Lonergan 2005; Sejian et al. 2010).

While reviewing the relationship between nutrition and reproduction, Scaramuzzi
et al. (2006) reported that energy balance (positive or negative) is regulated by a
series of complex interaction of metabolites and hormones. Feed restriction and
negative energy balance have been shown to alter follicular growth characteristics
in cattle (Murphy et al. 1991) and sheep (Yaakub et al. 1997) and ultimately, estrus
response. Restricted feeding (30% of ad lib intake) can significantly reduce the
duration of estrus (15 vs 26 h) and increase the estrus interval (31.5 vs 18.6 days) in
Malpura sheep (Maurya et al. 2004). The underlying mechanism for suppressed
intensity of estrus and estrus duration has not been elucidated (Rhind 1992).
However, it has been postulated that ovarian responses are influenced by the
availability of nutrients, e.g., glucose and amino acids (Downing et al. 1995).

Optimal reproductive rates are essential for profitable sheep production
(Vinoles et al. 2005). It has been postulated that nutrition is one of the main factors
affecting ovulation rate and sexual activity in sheep (Forcada and Abecia 2006;
Naqvi et al. 2011). Undernutrition during late pregnancy or in early postnatal life
can irreversibly reduce the lambing rates of ewes (Gunn et al. 1995). Nutritional
status has also been correlated with embryo survival in ewes and marked as key
factor influencing efficiency in animal reproduction technology (Armstrong et al.
2003; Webb et al. 2004).

There are reports indicating the level of feeding affecting oocyte quality in ewes
(Robinson et al. 2002). Ewes fed 50% of their maintenance requirements for two
weeks had reduced expression of glucose transporter 3 (SLC2A3), sodium/glucose
co-transporter 1 (SLC5A1), and Naþ/Kþ ATPase mRNA in oocytes, while expres-
sion of PTGS2, HAS2, and the leptin receptor in granulosa cells was increased
(Pisani et al. 2008). Reduced expression of SLC2A3 is potentially relevant in the
light of its significant role in post-implantation embryonic development (Schmidt
et al. 2009).
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Inadequate nutrition prior to calving results in emaciation of cows which delays
the onset of estrual activity post calving. This delay influences the percent of cows
available for breeding during the breeding season, thus reducing overall concep-
tion rates (Robinson et al. 2006; O’Callaghan et al. 2000). Lawson and Cahill
(1983) postulated that variations in the physiological range of peripheral proges-
terone concentration due to management factors such as nutrition may induce
asynchrony between the embryo and uterus resulting in failure of establishing
pregnancy. Further, undernutrition in ewes before and after mating can increase
embryonic mortality which consequently reduces the lambing rate (Rhind et al.
1989; Abecia et al. 2006).

5.6 Effect of Heat and Nutritional Stress on the Circulating
Reproductive Hormones

Reproductive endocrinology plays a key role in livestock productivity during
extreme climatic conditions. Endocrine responses to stress work toward sup-
pressing productive functions such as growth and reproduction while favoring
maintenance and survival (Rivest and Rivier 1995; Lindsay 1996). Heat and
nutritional stress may cause infertility in farm animals. Notably, stress response
involves the release of ACTH by the posterior pituitary gland and release of
cortisol by the adrenal cortex (Minton 1994; Aoyama et al. 2003). High cortisol
concentration in the system inhibits the pituitary response to GnRH (Dobson et al.
2001). However, cortisol decreases gonadal activity by reducing pulse frequency
and amplitude of the LH released by the gonadotrophs (Dobson et al. 2001; Breen
and Karsch 2004). The reduction of LH pulses in the luteal phase may induce
follicular atresia. Suppression of LH release patterns during the follicular phase
delays or inhibits the preovulatory LH surge and consequently disrupts the oocyte
maturation and embryo quality (Mihm et al. 1994).

The association between HS and increased secretion of cortisol, the principal
glucocorticoid hormone in small ruminants, is well documented (Ali and Hayder
2008; Sejian et al. 2008). Further, it is recognized that reproduction processes
are influenced during heat exposure (Tilbrook et al. 2002; Naqvi et al. 2004;
Kornmatitsuk et al. 2008). From these studies, it is pertinent to conclude that
glucocorticoids are paramount in mediating the inhibitory effects of stress on
reproduction. In support to this notion, various studies have shown that adminis-
tration of natural or synthetic glucocorticoids can inhibit the secretion of the
gonadotrophins in sheep (Juniewicz et al. 1987; Tilbrook et al. 2000). Further,
glucocorticoids are capable of enhancing the negative feedback effects of estradiol
and reducing the stimulation of GnRH receptor expression by estrogen (Adams et al.
1999; Daley et al. 1999). Glucocorticoids may also exert direct inhibitory effects on
gonadal steroid secretion and sensitivity of target tissues to sex steroids (Magiakou
et al. 1997). Inadequate nutrition delays or prevents the onset of puberty, interferes
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with normal cyclicity in the female, and results in hypogonadism (Sejian et al. 2010).
This in turn affects all other reproductive processes.

Most reproductive responses to environmental factors are coordinated at brain
level, where all external and internal inputs ultimately converge into a final
common pathway that controls the secretion of GnRH. In turn, this hormone
controls the secretion of gonadotrophins, the pituitary hormone, that determines
the activity of reproductive axis. The effects of HS on LH concentration in
peripheral blood plasma are inconsistent. Some studies report unchanged con-
centrations (Gwazdauskas et al. 1975; Howell et al. 1994). There are several
researchers who reported increased plasma LH concentrations (Roman-Ponce et al.
1981) while others reported decreased concentrations (Gilad et al. 1993; Lee 1993)
following HS. Plasma inhibin concentrations in summer are lower in heat stressed
cows (Wolfenson et al. 1993) and in cyclic buffaloes, in India (Palta et al. 1997),
perhaps reflecting reduced folliculogenesis since a significant proportion of plasma
inhibin comes from small- and medium-sized follicles. Inhibin is an important
factor in the regulation of FSH secretion (Findlay 1993; Kaneko et al. 1993).
A clear inverse relationship between plasma FSH and immunoreactive inhibin
concentrations was found throughout the oestrous cycle (Kaneko et al. 1997).
The small amount of published information suggests that FSH is increased by HS
and this may be due to decreased plasma inhibin production by compromised
follicles.

Plasma estradiol concentrations are reduced by HS in dairy cows (Wilson et al.
1998), an effect that is consistent with decreased concentrations of LH. The mech-
anisms by which HS alters the concentrations of circulating reproductive hormones
are not known. Some effects of HS may involve ACTH. HS can cause increased
cortisol secretion (Elvinger et al. 1992; Sejian et al. 2011), and ACTH has been
reported to block estradiol-induced sexual behavior (Hein and Allrich 1992).
Decrease of estradiol concentration in the follicular fluid is more likely to occur after
exposure to long-term, chronic (summer) HS than to acute HS. The effect of HS on
plasma progesterone concentration is controversial. Wilson et al. (1998) found that
HS had no effect on the plasma progesterone concentrations but that luteolysis was
delayed. Several other studies have reported increased (Trout et al. 1998; Sejian et al.
2011), decreased (Younas et al. 1993; Ronchi et al. 2001) or unchanged (Guzeloglu
et al. 2001) blood concentrations of this hormone during summer HS in dairy cows.
These differences probably arise because of uncontrolled changes in other factors
that affect blood progesterone concentrations.

It is generally accepted that nutrition modulates reproductive endocrine function
in many species including sheep (Lindsay et al. 1993; Polkowska 1996). Kiyma
et al. (2004) reported that serum concentrations of estradiol were lower in
undernourished ewes. Similar results were reported in other species (Morin 1986;
Otukongyong et al. 2000). Decreased concentration of estrogen may result from
diminished ovarian follicular development caused by suppressed peripheral
concentration of gonadotrophins (Gougeon 1996). Adams et al. (1994) contradicted
this finding that undernourished ewes had lower plasma estradiol 17-b concentra-
tion. They established that food restriction is clearly associated with higher plasma

112 S. M. K. Naqvi et al.



concentration of estradiol 17-b concentration in ewes. Bell et al. (1989) reported
that chronic HS exposure reduced plasma progesterone concentration in ewes. But
Sejian et al. (2011) contradicted the above findings in which heat exposure
significantly increased the plasma progesterone concentration. The level of nutri-
tion and peripheral progesterone concentrations are inversely related (Parr 1992;
Lozano et al. 1998) in ewes. This inverse relationship between the level of feed
intake and plasma progesterone concentration was attributed to difference in
metabolic clearance rate of progesterone (Parr et al. 1993). This view was further
strengthened by the finding of Forcada and Albecia (2006) which states that dif-
ference in the rate of clearance rather than differences in secretion levels can
explain the apparent inverse relationship between nutrition and peripheral
progesterone concentrations in ewes. Plasma progesterone concentrations are
determined by the differences between the rate of luteal production and the rate of
hepatic metabolism. Both are affected by changes in dry matter intake. The
increased plasma progesterone concentration in undernourished animals might be
due to the limited extravascular pool in such animals with low body fat content
(Lamond et al. 1972; Sejian et al. 2011). The reduced plasma progesterone
concentration in the ad libitum fed ewes could be attributed to a consequence of
higher metabolism of steroid by the liver (Parr et al. 1982).

5.7 Environmental Stresses and Male Reproduction

5.7.1 Scrotal and Testicular Morphology

Scrotal circumference and testicular consistency, tone, size, and weight are
excellent indicators of sperm production capacity and spermatogenic functions. HS
reduces these testicular measurements due to the degeneration of the germinal
epithelium and partial atrophy in semniferous tubules. Mikelsen et al. (1981)
recorded lowest scrotal circumference values during summer and the highest in
autumn in rams. However, Hafez et al. (1955) reported that testes size of farm
animals is not affected by seasonal changes. However, exposure to cold induces
morphological, histopathological, and biochemical effects in rat testes (Blanco
et al. 2007; El-Shahat et al. 2009).

5.7.2 Spermatogenesis

The testes of most mammalian species are located extra abdominally in the scrotum
and function at a temperature that is a few degrees lower than normal body
temperature. In addition, there is an intricate thermoregulatory system in the testis
involving countercurrent exchange of heat from warm blood entering the testis and
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cool blood draining from the testis through an arterio-venous plexus called the
pampiniform plexus. The degree of cooling is further controlled by two muscles: the
tunica dartos in the scrotum that regulates scrotal surface area and the cremaster
muscle that controls the position of the scrotum relative to the body. The lower
intratesticular temperature is necessary for spermatogenesis and any disruption to
thermoregulatory system of testis may cause problems in spermatogenesis. It can be
observed when a local heat source is applied to the testis, the scrotum is insulated, the
testes are internalized (i.e., cryptorchidism induced) or body temperature is raised
because of fever or hot environment (Setchell 1998).

Exposure of testis to high temperature impairs spermatogenesis by elimination of
spermatogonial germ cells in the seminiferous tubules and degeneration of sertoli
and leydig cells. The heat damage in the testes is thought to be due to hypoxia causing
oxidative stress and consequently germ cell apoptosis and DNA strand breaks
(Perez-Crespo et al. 2008; Paul et al. 2008, 2009) mainly in pachytene spermatocytes
and round spermatids (Lue et al. 2002). Spermatogonia are relatively resistant to heat
compared to spermatocytes and spermatids, because of the fact that the number of
spermatogonia remains unchanged and the morphological characteristics are less
sensitive to heat exposure (Yin et al. 1997; Lue et al. 2000). Additionally, the testis is
able to be repopulated with germ cells following a relative brief or mild temperature
exposure (Lue et al. 1999; Yin et al. 1997).

Spermatogenic defects of HS are associated with decreased cytoplasmatic HSP60
immunoreactivity in spermatogonia (Werner et al. 1997). This decreased cytoplasmic
HSP60 may negatively affect the mitotic proliferation of spermatogonia because
of the fact that HSP60 is necessary for normal functioning of mitochondria. Normal
spermatogonia proliferation continues to be drastically reduced for weeks even after
the end of the heat treatment. The effects of heat on the spermatogonia seem to be
dependent on the method, temperature, duration of heat application, and the livestock
species. Exposure of rat testes to 43�C for 15 min causes only a slight increase
of ‘‘undetermined’’ tubules 2, 8, and 26 days after heat exposure, whereas rats
acclimatized to an environment of 35�C for 3 months showed 20% of severely affected
tubular cross- sections. In llama, 38.2% of the tubular cross-sections showed ‘‘no
stage’’ directly after the heat period, indicating that the llama is less able to stabilize an
optimal temperature within the testes in elevated ambient heat conditions compared
to the rat (Schwalm et al. 2007).

5.7.3 Seminal Attributes

Semen characteristics are not immediately affected by changes in testicular
temperature because damaged spermatogenic cells do not enter ejaculates for some
time after HS. In the bull, for example, where spermatogenesis takes about
61 days, alterations in semen occur about two weeks after HS and do not return to
normal until up to eight weeks following the end of HS.
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HS has a negative effect on semen attributes, such as sperm concentration,
sperm motility, sperm viability, sperm morphology, and acrosome integrity. The
seasonal infertility may be due, at least in part, to a combination of these
parameters. Lower semen quality has been reported in bulls exposed to ambient
temperatures over 27�C for as little as 6 h per day for several weeks. At 30�C
semen quality was affected in 5 weeks, whereas at 38�C lower quality was
observed in 2 weeks. In a study by Voglera et al. (1993) in bulls, the sperm
motility starts declining on day 12 and reach lowest on day 15 after scrotal
insulation for 48 h. Morphological changes first appear on day 12 and progress to
peak on day 18 in a chronological sequence, i.e., tailless, (Days12–15); diadem,
(Day 18); pyriform and nuclear vacuoles, (Day 21); knobbed acrosome, (Day 27);
and Dag defect, (Day 30). Spermatozoa that appeared before 12 days of insulation
were presumed to be in the epididymis or rete testes during scrotal insulation and
the spermatozoa appeared after 12 days of insulation were presumed to be in
spermatogenesis during scrotal insulation.

In rabbits, Marai et al. (2002) have reported that the HS did not have significant
effect on reaction time, semen pH, sperm motility, percentages of dead sperm,
sperm abnormalities, and acrosomal damage; however, ejaculate volume, sperm
concentration, and total sperm output were significantly lower under HS. In
seminal plasma, effects of HS were not significant on total protein, globulin, total
lipid, cholesterol, creatinine, and alkaline phosphatase, while seminal plasma
albumin, acid phosphatase were significantly lower, and GPT and GOT were
significantly higher in HS conditions.

5.7.4 Sperm Capacitation and Fertilization

A satisfactory level of rams’ fertility may be retained throughout the whole year, but in
many instances, fertility is depressed when mating occurs during the hot months of the
year (Hafez 1987). A high percentage of rams could be sterile during the summer time,
especially under conditions of high humidity. Conception failure in ewes mated to heat
stressed ram was related to a failure to fertilize than to embryonic mortality (Curtis
1983). Fertility of the rams is related to several phenomena: the ability to mate, sexual
desire, sperm production and viability, and fertilizing capacity of ejaculated sperm,
which are influenced by elevated ambient temperatures, as well as nutritional level.

The seasonal infertility may be due to early occurrence of the acrosome reaction
in response to stimulus, possibly resulting from a decrease in acrosomal stabilizing
proteins in the seminal plasma during summer (Murase et al. 2007). These changes
may be modulated by heat/humidity stress and/or photoperiod-regulated testos-
terone. The decrease in seminal plasma and intracellular ion (Ca, Na+ and Cl-)
concentrations due to high temperatures can also contribute to decreasing male
fertility (Karaca et al. 2002).

There are a number of reports in the literature that suggest males exposed to HS
can produce sperm which do not produce normal offspring in unexposed females.
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Sperm produced by mice which had been exposed to a hot environment, bind to
ova normally but are less able to fertilize in vivo and in vitro, even when motile
sperms are selected by a swim-up procedure, and many of the resultant embryos do
not develop normally.

In two different studies involving male mice exposed in a microclimate chamber to
36�C for 24 h Zhu and Setchell (2004) and Zhu et al. (2004) reported that there were no
changes in the proportion of eggs showing two polar bodies if the mice were mated after
subjecting them to HS on 7 or 35 days. However, the proportion of zygotes progressing
to 2-cell stage by 34–39 h after mating was reduced when mating occurred 21 or
35 days after subjecting them to HS. Likewise, the proportion progressing to 4-cell or
morulae by 61–65 h was reduced when mating occurred 7 or 21 days after HS. The
proportion reaching blastocyst stage by 85–90 h after mating was reduced when mating
occurred 7 or 21 days after HS, and the proportion of expanded blastocysts was reduced
by mating on day 35. The proportion of abnormal embryos at 61–65 h and 85–90 h was
increased by mating at 21 days post heat. When embryos were collected 25–28 h after
human chorionic gonadotrophin (hCG) from mated superovulated females and cultured
in vitro, development to 2-cell stage after 24 h of culture was normal with mating on day
3 or day 42, but reduced for days 7, 14, 21, 28, and 35; the 4-cell or morulae after 48 h
culture, the 8-cell or blastocysts after 72 h, and blastocysts after 96 or 120 h culture
were reduced with mating on the same days post heat. The percentage of abnormal
embryos was increased after 48, 72, or 96 h of culture with mating on days 14–35, and
the proportion of degenerating embryos after 72, 96, or 120 h culture was increased with
mating on days 7–28, 7–35, and 3–35 post heat, respectively.

In another study, involving male mice exposed to 35�C for two periods of 12 h
on consecutive days (Yaeram et al. 2006), the proportion of ova reaching 2-cell
stage by 24 h after mating with superovulated females had fallen slightly when
mating occurred 7 days post heat and appreciably with mating after 10 or 14 days.
Using IVF, it was found that the same number of motile sperm from the epidi-
dymis of males heated 7, 10, or 14 days earlier were less effective in terms of the
proportion of ova fertilized, with no effect 3 days after heating. Even when motile
sperm were separated from immotile sperm in the sample by a swim-up procedure,
a similar result was obtained. This was not due to a reduction in the number of
sperm binding to the zona pellucida, but there were reductions in the proportion of
ova with sperm in the perivitelline space and in the cytoplasm of the eggs.

In a different study, bulls were subjected to scrotal insulation for 48 h and semen
samples were collected and cryopreserved 2 or 3 weeks later. Following IVF with
swim-up sperm from these samples, there were decreased rates of sperm penetration,
pronuclear formation (Walters et al. 2006), embryo cleavage, development, and
blastocyst formation (Walters et al. 2005). The same bulls produced embryos with
increased caspase activity after 8 days in culture, but there was no effect on apop-
tosis, as judged by percentage of cells positive in the TUNEL procedure. Paul et al.
(2008) reported that IVF with sperm recovered from male mice in which the scrotum
was heated to 42�C resulted in embryos with reduced ability to complete develop-
ment. In addition, females mated to males exposed to scrotal heating had conceptuses
with smaller fetal and placental weights compared with controls.
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Data are equivocal as to whether ejaculated spermatozoa can be damaged by heat
shock when deposited in the reproductive tract of a hyperthermic female. Culture of
bull spermatozoa at 40�C did not alter fertilizing capability or the competence of the
resultant embryos to develop to the blastocyst stage (Hendricks and Hansen 2009).
In addition, they reported that ejaculated bull and stallion spermatozoa do not undergo
apoptosis when cultured at temperatures characteristic of physiological hyperthermia.
Nonetheless, there may be epigenetic changes in embryonic development associated
with damage to the sperm in the reproductive tract. Insemination of rabbit done with
sperm exposed to elevated temperature in vitro (Burfening and Ulberg 1968) or in the
female reproductive tract (Howarth et al. 1965) resulted in reduced preimplantation as
well as post-implantation survival. There is also evidence that X and Y spermatozoa
are affected differentially by elevated temperature. The sex ratio of embryos was
skewed toward female when female mice were bred to males experiencing scrotal heat
treatment on the day of mating (Perez-Crespo et al. 2008). In contrast, incubation
of sperm at 40�C for 4 h when compared with 38.5�C tended to reduce the proportion
of embryos that were female following IVF (Hendricks and Hansen 2009).

5.7.5 Testosterone Concentration

Testes testosterone content fell from 1.1 to 0.4 lg/gm and spermatic vein plasma
content from 8.2 to 1.9 lg/dl, when rams were exposed for 14 days to an average
environmental temperature of 30�C (Curtis 1983). The lowest serum testosterone level
was recorded during hot environmental conditions in Ossimi rams (El-Darawany 1999).
Exposure of the intact rat to increased environmental temperatures is accompanied
by decreased capacity of the testes to synthesize testosterone and consequently reduced
serum testosterone concentration (Chap and Bedrack 1983). However, in developing
ram lambs, direct exposure to high ambient temperature has no significant effect on
testosterone production during non-breeding season (Rasooli et al. 2010). Short day-
light stimulates the secretion of testosterone, FSH and LH in rams, while long daylight
inhibits their secretion. Rams sexual activities peak occurs during the autumn breeding
season and coincides with a sharp rise in plasma testosterone level. Then it declines
in late winter, spring, and summer (Jainuden and Hafez 1987).

5.7.6 Expression Profile of Male Reproductive Genes During
Heat Stress

It is widely accepted that changes in gene expression and in the activity of
expressed proteins are an integral part of the cellular response to HS. Although the
HSPs are perhaps the best-studied examples of genes whose expression is affected
by heat shock, it has become apparent in recent years that HS also leads to
induction of a substantial number of genes not traditionally considered to be HSPs.
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Some of these genes are affected by a wide variety of stressors and probably
represent a non-specific cellular response to stress, whereas others may eventually
be found to be specific to certain types of stress.

The cellular response to HS characteristically includes an increase in thermotoler-
ance (i.e., the ability to survive subsequent to more severe heat stresses) that is
temporarily associated with increased expression of HSPs. Heat-induced changes in
gene expression occur both during hyperthermia as well as after return to normothermia.

5.7.7 Heat Shock Protein Genes

HSPs were originally identified as proteins whose expression was markedly increased
by heat shock (Lindquist 1986). Several HSPs are expressed even in unstressed cells
and play important functions in normal cell physiology. The intensity and duration
of the heat stimulus needed for HSP expression vary considerably from tissue to tissue.
A typical in vitro exposure involves heating mammalian cells to 42–45�C for
20–60 min and then reverting to normothermic temperatures (37�C). Induction of HSP
expression typically starts within minutes after the initiation of HS, with peak
expression occurring up to several hours later. Importantly, several experiments have
found that, during the period of hyperthermia and shortly thereafter, HSPs become the
predominant proteins synthesized by cells (Lindquist 1986). Interestingly, most HSP
genes lack introns (Lindquist 1986), which may facilitate their rapid expression and
which may also help explain how they can be expressed in the presence of stressors
(such as heat) that can interfere with RNA splicing.

Heat shock factors (HSFs) are transcription factors that regulate HSP expression
through interaction with a specific DNA sequence in the promoter [the heat shock
element (HSE)]. The HSE is a stretch of DNA, located in the promoter region of
susceptible genes containing multiple sequential copies (adjacent and inverse) of the
consensus pentanucleotide sequence 50-nGAAn-30 (Morimoto 1998) and has been
found in both HSPs and in a number of other genes. Three HSFs have been identified
in mammalian systems: HSF-1, HSF-2, and HSF-4 (Morimoto 1998). HSF-1
(Morimoto 1998) and HSF-2 (Mathew et al. 2001) are involved in the acute response
to heat shock. HSF-2 also has a major function in controlling expression of genes
important for embryonic development and maintenance of sperm production (Wang
et al. 2003).

Before heat-induced activation, HSF-1 exists as a monomer localized to the
cytoplasm. The initial stimulus for activation of HSF-1 appears to take place after
exposure of hydrophobic domains of denatured proteins to HS. HSPs preferentially
bind to denatured proteins, and hence activation of HSF-1 may occur as a result of
competitive release of this transcription factor from HSPs when the concentration
of denatured cytoplasmic proteins increases as a result of heat shock (Morimoto
1998). After activation by HS, HSF-1 is found primarily in the nucleus in trimeric
form, concentrated (in human cell lines) in granules (Sarge et al. 1993). It is this
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activated, trimeric form of HSF-1 that binds to the HSE and is involved in
increased HSP gene transcription during HS (Sarge et al. 1993).

Evidence has also indicated that HS induces tagging of HSF-1 with SUMO-1,
a ubiquitin-like protein that is used by the cell to mark proteins for transport into
different cellular compartments and to alter their activities (Hong et al. 2001).
Importantly, in these experiments, HSF-1, in vitro, was incapable of binding DNA
unless it had first acquired a SUMO-1 tag at lysine 298.

In addition to positive regulation of the HSE through HSF-1, evidence also
exists for negative regulation of this promoter element in mice by means of a
constitutively expressed protein known as the HSE binding factor (HSE-BF) (Liu
et al. 1993; Kim et al. 1995). Thus, in addition to a phosphorylation state, the
ability of HSF-1 to activate transcription may also be modulated by regulatory
processes that affect the binding of HSE-BF to the HSE.

5.8 Conclusion

This chapter identifies the various reproductive responses that are sensitive to HS and
nutrition stress. Evidently, HS can have profound effects on most of the aspects of
reproductive function—male and female gamete formation and function, embryonic
development, and fetal growth and development. HS challenges the reproductive
performance of livestock through a variety of altered physiologic means including:
altered follicular development, lowered estrus activity, and impaired embryonic
development. The effect of heat environment on reproduction may take place
through a direct action of hyperthermia upon the reproductive tissues or through
an indirect manner due to lower nutrients intake, impairment of hypothalamic,
pituitary, gonadal, and endometrial secretions. HS reduces reproductive efficiency of
livestock through a variety of different mechanisms. The principal biological
mechanism by which HS impacts on livestock reproduction is partly explained
by reduced feed intake, and also includes altered endocrine status, reduction in
rumination and nutrient absorption, and increased maintenance requirements
resulting in a net decrease in nutrient/energy availability for reproduction. Food
availability is the most important factor that influences mammalian reproduction.
Adequate feeding has great influence on animal comfort and reproductive perfor-
mance. Low energy and low or excessive protein levels in the diet are detrimental to
reproduction. Undernutrition affects the development of reproductive axis, delaying
the development of ovarian follicles and reducing lifetime reproductive performance
in livestock. Undernutrition of livestock results in lower BW and BCS which has a
negative effect on oocyte quality, which results in lower rates of cleavage, and
numerous reproductive functions including hormone production, fertilization, and
early embryonic development. Elevation of ambient temperature affects male
reproductive functions deleteriously. Such phenomenon leads to testicular degen-
eration and reduces percentages of normal and fertile spermatozoa in the ejaculate
of males. The ability of the male to mate and fertilize is also affected.
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Chapter 6
Concept of Multiple Stresses
and Its Significance on Livestock
Productivity

Veerasamy Sejian, Vijai P. Maurya, Kailash C. Sharma
and S. M. K. Naqvi

Abstract Animals reared in tropical environments are generally subjected to
more than one stress at a time. This greatly influences the animal production and
reproduction under such environmental conditions. Nearly all studies on the effect
of environmental stress on farm animal productivity have generally implicated one
stress at a time since comprehensive, balanced multifactorial experiments are
technically difficult to manage, analyze, and interpret. Hence, few reports evalu-
ating effects of multiple stresses on farm animals are available in the literature.
However, researchers have described several hypothetical schemes highlighting
how two stressors can synergistically influence normal physiologic functions in
mammalian species. Thermal stress in livestock is aggravated when feed restric-
tion is involved. These effects are often manifested in changes in the blood
biochemical parameters, enzymes, and thyroid hormone levels in livestock.
Generally, when nutrition is not compromised, livestock species cope with heat
stress better. Further, several findings have shown that livestock species tolerate
and adapt to nutritional stress more than thermal stress. However, when both
stresses are present, severe impacts on all the biologic functions in the livestock
have been observed. Hence, it may be pertinent to conclude that the combined
effects of two stressors may have severe impact on biologic functions in livestock
species. Further studies involving more than one stress at a time emphasized the
importance of providing optimum nutrition to livestock for counteracting thermal
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stress during summer. These types of investigations will be instrumental in gaining
a thorough understanding of the role of nutrition in mitigating adverse effects of
environmental stress on livestock and how the knowledge garnered can be used to
develop rational managerial strategies for optimizing productivity in livestock
farms.

Keywords Combined stress � Heat stress � Multiple stress � Nutrition stress �
Walking stress � Reproduction
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6.1 Introduction

Animals live in complex environments where they are constantly confronted with
short- and long-term changes due to a wide range of environmental factors such as
temperature, photoperiod, geographic location, nutrition, and socio-sexual signals
(Kleeman and Walker 2005; Ali and Hayder 2008). Although animals live in a
complex world, yet researchers often study the influence of one stressor at a time
since comprehensive, balanced multifactorial experiments are technically intricate
to manage, analyze, and interpret (Blanc et al. 2001).

Semi-arid environments are one of the major agroecological zones of the tropics.
There is a strong relationship between agro-climatic conditions, population density,
cropping systems, and livestock production. Rangelands are the largest land use
systems on earth. They predominate in semi-arid tropical areas of the world. In these
pastoral systems people depend entirely on livestock for their livelihoods. The key
constraints of arid and semi-arid tropical environments are their low biomass pro-
ductivity, high climatic variability, and limited availability of water (Naqvi and
Sejian 2010; Sejian et al. 2011). All these constraints make these regions difficult for
sustainable livestock production. Research strategies and efforts need to take into
account the tradeoffs and synergies arising from these tropical environments so that
peasant farmers are able to obtain benefits provided by these ecosystems.

Livestock production is thought to be adversely affected by detrimental effects
of extreme climatic conditions. Consequently, adaptation and mitigation of
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detrimental effects of extreme climates have played a major role in combating the
climatic impact in livestock production (Khalifa 2003). Among the environmental
variables affecting animals, heat stress seems to be one of the intriguing factors
making animal production challenging in many geographic locations in the world
(Shelton 2000; Koubková et al. 2002). Although animals can adapt to the hot
climate, nevertheless the response mechanisms that ensures survival are also
detrimental to performance (Rivington et al. 2009).

During stress in animals, various endocrine responses are involved in maintaining
fitness. The front-line hormones to surmount stressful situations are the glucocorticoids
and catecholamines. The secretion of glucocorticoids is the principal endocrine
response to stress (Kannan et al. 2000). Currently, it appears that glucocorticosteroids
provide an initial integrating signal, which in conjunction with other hormones and
paracrine secretions, may determine specific behavioral, physiologic, and biochemical
responses to different environmental conditions (Wingfield and Kitaysky 2002). The
thyroid gland is one of the most sensitive organs to the ambient heat variation (Rasooli
et al. 2004). Appropriate thyroid gland function and activity of thyroid hormone are
considered crucial to sustain the productive performance in domestic animals (Todini
2007). When animals are exposed to heat stress, food ingestion is reduced and
metabolism slows down causing a hypo-function of the thyroid gland (McManus et al.
2009). One of the principal functions of glucocorticoid under thermal stress is to
control hepatic gluconeogenesis and insulin concentration. These endocrine changes
directly control the energy status of animals to sustain production under extreme
environmental conditions (Sejian et al. 2008a). Hence, measuring the metabolic
hormones, such as thyroid hormone and insulin, gives clues about how an animal
adapts to changing environments by altering its metabolic activity.

Sheep grazing in hot semi-arid environments face extreme fluctuations in the
availability of quantity and quality of feed throughout the year (Martin et al. 2004).
It has been postulated that nutrition is one of the main factors affecting ovulation
rate and sexual activity in sheep (Vinoles et al. 2005; Forcada and Abecia 2006)
and nutrition modulates reproductive endocrine functions in many species
including sheep (Lindsay et al. 1993; Polkowska 1996; Martin et al. 2004).
Furthermore, undernutrition affects reproductive function in ruminants at different
levels of the hypothalamus-pituitary–gonadal axis (Robinson 1996; Boland et al.
2001; Chadio et al. 2007).

Thermal stress and feed scarcity are two major predisposing factors that cause
low productivity of ewes in hot semi-arid environments (Naqvi and Hooda 1991;
Martin et al. 2004). High ambient temperature augments the effort by sheep to
dissipate body heat, resulting in increased rate of respiration, body temperature,
heart beat, and water consumption (Marai et al. 2000). Increased body temperature
and respiration rate (RR) are the most important signs of heat stress in sheep
(Al-Haidary 2004). Further increase in body temperature is associated with marked
reduction in feed intake, redistribution in blood flow, and changes in endocrine
functions that negatively affect the productive and reproductive performance
of sheep (Averos et al. 2008). In addition, exposure of sheep to elevated tem-
perature results in a decrease in body weight, growth rate, and body total solids
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(Marai et al. 2007). It has been reported that depleted body condition score during
periods of energy deficiency leads to reduced energy reserves, which in turn
reduces the heat tolerance capability of livestock (Minka and Ayo 2009).

Nurturing of animals in hot semi-arid environments exposes them to more than
one stress at a time fettering animal production and reproduction (Naqvi and
Sejian 2010). Studies investigating the effect of stress on farm animal productivity
have generally focused on single stress at a time. Limited data are available in the
literature on studies targeting the effects of multiple stresses on farm animals.
Moberg (2000) put forth a supposition design signifying how two stressors, in
conjunction, can manipulate normal body functions. He also insisted that when
two stressors occur simultaneously, the total impact might be severe on biologic
functions. However, the influence of thermal stress on biologic functions and
productive responses, when coupled with long-term nutritional stress are not
properly elucidated in livestock. In addition, despite the general awareness that
energy demands vary in different seasons, only few quantitative data exist relating
environment, nutrient need, and productive efficiency. This chapter will cover, in
detail, information about more than one stress at a time in livestock including
effects on various physiologic responses, growth parameters, blood metabolites,
and endocrine responses. The chapter will also address the effect of multiple
stresses on livestock production and the related research conducted in this area will
be highlighted.

6.2 Environmental Stresses and Its Consequences
on Livestock Economy

Global climate change is expected to alter temperature, precipitation, atmospheric
carbon dioxide levels, and water availability in ways that will affect the produc-
tivity of crop and livestock systems (Hatfield et al. 2008). For livestock systems,
climate change could affect the costs of production by altering the thermal envi-
ronment of animals thereby affecting animal health, reproduction, and the effi-
ciency by which livestock convert feed into retained products (especially meat and
milk). Climatic changes could increase thermal stress for animals and thereby
reduce animal production and profitability by lowering feed efficiency, milk pro-
duction, and reproduction rates (Fuquay 1981; Morrison 1983; St-Pierre et al.
2003).

Climate changes, in addition, could impact the economic viability of livestock
production systems worldwide. Environmental conditions directly affect mecha-
nisms and rates of heat gain or loss in animals (NRC 1981). Lack of prior
conditioning to weather events most often results in catastrophic losses in the
domestic livestock industry (Mader 2003). The vulnerability of animals to
weather is well known and their performance or even their survival is strongly
influenced by weather conditions. Weather is a constraint on efficient livestock
production systems (Hahn et al. 2001). Evaluation of the degree of constraint is a
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difficult but necessary task that must be conducted before selection of appropriate
modifications in management or environment can be made. Environmental stress
reduces the productivity and health of livestock resulting in significant economic
losses. Heat stress affects animal performance and the productivity of dairy cows
in all phases of production. Poor performance in calves and growing heifers
stemmed from heat stress is due to repartitioning of energy necessary for
maintenance of homeothermy. The outcomes include decreased growth, reduced
reproduction, increased susceptibility to diseases, and ultimately delayed initia-
tion of lactation. Dry matter intake and milk yield decrease as cows are exposed
to ambient temperatures above the upper critical temperature of their comfort
zone. Heat stress also negatively affects reproductive function (Amundson et al.
2006; Sprott et al. 2001). Normal estrus activity and fertility are disrupted in
livestock during summer months. Economic losses are incurred by the livestock
industries because farm animals are generally raised in locations and/or seasons
where temperature conditions go beyond their thermal comfort zone. Losses
considered were: (1) decreased performance (growth, lactation), (2) increased
mortality, and (3) decreased reproduction. The livelihood of locals in developing
countries depends critically on local natural resource-based activities, such as
crop and livestock production. As a result of negative weather impact on live-
stock rearing, the livelihood of shepherds/farmers whose size of income depends

Fig. 6.1 Direct and indirect effects of climate change on livestock production
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on the performance of these animals is endangered. Lack of balanced nutrition,
improper housing system, inadequate livestock health care system, and poor
management practises are factors that affect livelihood insecurities (Duff and
Gaylean 2007). Housing and management technologies which can reduce
climatic impacts on livestock are available, but the rational use of such tech-
nologies is crucial for the survival and profitability of the livestock enterprise
(Hahn 1981; Gaughan et al. 2002). Figure 6.1 describes the direct and indirect
effects of climate change on livestock production.

6.3 Significance of Multiple Stresses Experiments

Livestock raised in semi-arid environments are confronted with multiple stressors
which tend to acutely impede the reproductive and productive capabilities of these
animals (Naqvi and Sejian 2010). Often studies analyzing the effect of stress on farm
animal productivity are usually focused on one stress at a time. Information about
the effects of multiple stresses on farm animals is inadequate. As Moberg (2000)
described in his hypothetical scheme, we now know that two stressors can syner-
gistically influence normal functions in mammalian species and have greater impact
than when one stressor is present. Despite the knowledge of seasonal variation in
energy demands of thermally stressed animals, influence of thermal and nutritional
stresses on sheep has not been adequately studied (Naqvi and Hooda 1991).

6.4 Concept of Multiple Stresses and Its Mechanism

Livestock researchers aiming at improving livestock production under a changing
climatic scenario must aim at counteracting multiple stresses as these stresses are
common occurrences in most ecological zones where livestock are reared. Under
the changing climatic scenario, the concept of multiple stresses emerges as a
potential threat to livestock production and its survival. Hence, research needs to
be prioritized to tackle multiple stresses simultaneously to improve the profitability
of livestock farms.

Generally, when animals are exposed to one stress at a time, they can effec-
tively counter them based on their stored body reserves without altering the normal
body functions. However, if they are exposed to more than one stress at a time, the
summated effects of the different stressors might prove detrimental to these ani-
mals. This is because of their inability to cope with the combined effects of
different stressors simultaneously. In such a case, the animal’s body reserves are
not sufficient to effectively counter such environmental extremes. As a result,
their adaptive capability is hampered and the animals struggle to maintain normal
homeothermy. Moberg (1999) explained that when animals are exposed to only
one stress, they may not require the diversion of biologic resources needed for
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other functions. If, however, two of these stressors occur simultaneously, the total
cost may have a severe impact on other biologic functions. As a result, normal
basal functions in these animals are drastically affected leading to decline in
production. Figure 6.2 describes the schematic representation of the effect of
multiple stresses on biologic functions in animals.

6.5 Experimental Findings on Multiple Stresses in Ewe

Livestock production in areas of hot and semi-arid environment faces numerous
challenges in the form of compound/multiple stresses; decreased reproduction and
production (Naqvi and Sejian 2010; Sejian et al. 2010a). Usually, studies focusing
on the effect of stress on farm animal productivity have dealt with single stresses
and studies on exploring effects of multiple stresses on farm animals are fewer.
As a result of changing climatic conditions, multiple stresses have become a
common occurrence in semi-arid tropical environment. Hence, it is vital to test the
hypothesis that multiple stresses are more detrimental to livestock productivity
than individual stresses. Several experiments were conducted in a climatic
chamber and in a natural environment with the primary objective of establishing
effects of multiple stresses on the adaptive capability of ewes, and parameters,
such as changes in growth, physiologic response, blood biochemical response,
endocrine responses, and reproductive performance, were evaluated. These studies

Fig. 6.2 Pictorial representation of summation effect of multiple stresses. When the animals are
subjected to only one stress, they can cope easily with the reserve energy without compromising
the productive performance. However, if the animals are subjected to two or more stresses
simultaneously, the energy sources are deviated toward survival. In this case, the productive
performances are severely hampered (Source Moberg 1999). F1, F2, F3 represents productive
functions in an animal
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were conducted for a period of 35 days covering two estrous cycles. The control
group ewes were housed under a shed. The thermal stress group ewes were either
housed in a 40�C and 55% relative humidity (RH) climatic chamber or in a 42�C
natural environment during extreme summer conditions for 6 h a day, between
10:00 and 16:00 h. The animals were stall-fed with a diet consisting of 60%
roughage and 40% concentrate (barley, 650 g/kg, groundnut cake, 320 g/kg,
minerals 30 g/kg including 10 g/kg NaCl, with crude protein = 180 g/kg and total
digestible nutrients = 650 g/kg). The nutritionally stressed ewes group was
provided with restricted feed (30% of intake of adlibitum fed ewes) to induce
nutritional stress. The walking stress ewes group was made to walk 14 km in two
spans at 9:00 h and at 15:00 h. It took 1 h 30 min to complete one span (7 km) and
accordingly the first span was between 9:00 h and 10:30 h and the second span
between 15:00 and 16:30 h. The ewes subjected to walking stress were prevented
from grazing by applying a face mask made of cotton thread. Prior to start of the
experiment, the animals were acclimatized to these face masks in order to avoid
any undue restraining stress. All ewes were synchronized for estrus using indig-
enously developed intravaginal sponges (Naqvi et al. 2001) to ensure all ewes
were in estrus phase at the start of study. Blood samples were collected at weekly
intervals. Thermal stress effects aggravated in sheep when coupled with feed
restriction and exercise stress was evaluated. These series of experiments estab-
lished the severity of multiple stresses on various biologic functions involved in
adaptation in sheep. When both thermal and nutritional stresses were coupled, it
had a severe impact on the biologic functions compared to when the animal was
exposed to individual stress.

Physiologic adaptation is defined as a modification in an animal’s behavioral or
metabolic responses, which improves the ability of the animal to cope with a
particular environmental challenge. The animals usually acquire this ability by
their previous experience to such environmental extremes. Physiologic behavior of
animals during exposure to environmental stress has been measured in terms of
variations in the RR, body temperature, and heart rate. Table 6.1 depicts the
differences in physiologic responses among individual, combined, and multiple
stressed ewes. The experimental findings suggest that RR significantly increased in
both the thermal and combined stress groups. Similar thermal stress-induced
increase in RR after subjecting the sheep to climatic chamber has been reported by
Al-Haidary et al. (2004). Marai et al. (2007) also reported that heat stress during
summer is characterized by an increase in RR in sheep. The increase in the RR
observed in these ewes may have more homeostatic relevance for the dissipation of
excessive heat and the maintenance of a lower body temperature (Rahardja et al.
2011). The significant RR in the combined stress group compared to thermal stress
group might be due to less energy available in combined stressed ewes (Naqvi
1987; Hooda and Naqvi 1990). Further, McManus et al. (2009) reported that
respiratory mechanism is very important for thermolysis and maintenance of
homeothermia in animals to avoid an increase in body temperature during thermal
exposure. When walking stress was added to the combined stress, the RR was
much lower than the combined stresses. Walking stress may have imposed severe
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stress to these ewes which ultimately culminated in a severe energy loss. The
energy demand is more in these ewes as the locomotory activity requires sub-
stantial energy reserve to cope with walking as these ewes are additionally under
nutritional stress. As a result, the energy level could be low in these ewes for
higher respiratory muscular activity. The pulse rate reflects primarily the
homeostasis of circulation along with the general metabolic status (Sejian et al.
2010b). The decreased pulse rate in the combined stress group might be due to
decrease in the metabolic rate as a result of restricted feeding in this group of
animals. This view was supported by the findings of several investigators who
have reported that there is a correlation between heart rate and metabolic heat
production (Yamamoto and Ogura 1985; Barkai et al. 2002). In parallel, Aharoni
et al. (2003) have reported that heart rate decreases in livestock during thermal
stress and this occurs as a general effort by the animal to decrease heat production.
This reduction could be achieved by either reduced feed intake or metabolic
activity or both (Al-Haidary et al. 2004). The rectal temperature in combined stress
group, in the morning, is significantly lower than the control and individual stress
groups. This could be due to thermolability mechanism which leads to passive
lowering of rectal temperature (Slee et al. 1982). By this thermolability mecha-
nism these ewes were able to vary their core body temperature on a daily basis.
This could be the adaptive mechanism exhibited by these animals in order to cope
with the water and feed scarcity (Wooden and Walsberg 2002). This provides
evidence for the ability of these ewes to adjust their energy expenditure through
body temperature regulation. This finding shows that the Malpura ewes have the
capability to cope with feed and water scarcity, and daily changes in rectal tem-
perature is a mechanism ewes use to adapt to semi-arid tropical environments.

Both hemoglobin (Hb) and packed cell volume (PCV) are significantly reduced
in thermal, nutritional, and combined stress groups. But the magnitude of differ-
ence was more in combined stress groups than in individual stress groups
(Table 6.2). Generally, PCV and Hb are considered to be the indices of the organic
response to exercise stress (Garcia-Belenguer et al. 1996). Furthermore, McManus
et al. (2009) reported a strong positive correlation between PCV and Hb con-
centration, indicating the significance of these parameters for heat tolerance in
Brazilian sheep. Hb and PCV are considered to be good indicators of stress in farm
animals (McManus et al. 2009). There are reports which suggest that during
thermal stress both Hb and PCV decreased significantly (More and Sahni 1979;
Yousef 1985; Maurya et al. 2007). This could be attributed to the hemodilution
effect in which more water is transported in the circulatory system for evaporative
cooling and increase in the blood volume of these animals (Al-Haidary 2004). In
addition, Marai et al. (1991) reported that red blood cell destruction led to reduced
Hb and PCV in thermal stressed animals. Further, ad libitum water availability
could be the reason for reduced PCV due to more water intake in thermal stressed
ewes even though the evaporation of water from the body increased. This view
was supported by the findings of Sano et al. (1979). The reason for the highest
magnitude of reduction in Hb and PCV in combined stress groups could be both
reduction in synthesis of Hb due to nutritional restriction as well as hemodilution
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and red cell destruction due to heat stress. However, both Hb and PCV increased
significantly in multiple stresses groups. The reason for this could be severe
hemoconcentration due to multiple stresses. The difference between combined
stress and multiple stress groups with respect to Hb and PCV could be attributed to
the fact that in the combined stress experiment the animals were allowed to get
access to water ad libitum while in the multiple stress experiment the water
availability was restricted.

The plasma glucose showed significant reduction in all stress groups. But the
magnitude of reduction is more in both combined and multiple stress groups
(Table 6.2). Several researchers have studied the effect of thermal stress on the
blood glucose concentrations and conflicting results have been reported (More and
Sahni 1980; Habeeb 1987; Sejian and Srivastava 2009). The decrease in glucose
level during heat exposure is attributed to decrease in the concentration of insulin
and thyroxine, which are closely associated to energy metabolism during heat
exposure. Decrease in plasma glucose could also be due to the marked dilution of
blood or increase in the plasma glucose utilization to produce more energy for
greater muscular expenditure required for high muscular activity (Naqvi and
Hooda 1991; Naqvi et al. 1991; Rasooli et al. 2004). Nutrient restriction combined
with increased glucose utilization due to increased respiratory muscular activity

Table 6.2 Effect of thermal, nutritional, combined, and multiple stresses on blood biochemical
parameters of Malpura ewes

Parameters Control Thermal stress Nutritional stress Combined stress Multiple stress

Hb (g/dl) 11.91 ± 0.35a 9.48 ± 0.26c 10.75 ± 0.32b 8.59 ± 0.17d 10.91 ± 0.12b

PCV (%) 41.33 ± 1.46a 31.31 ± 1.64b 35.80 ± 1.73b 26.54 ± 2.05c 35.80 ± 0.75b

Glucose
(mg/dl)

52.08 ± 2.43a 47.80 ± 1.61a,b 44.19 ± 1.91b 42.99 ± 2.52b 39.39 ± 0.53c

Total protein
(g/dl)

8.88 ± 0.33a 7.95 ± 0.41a,b 7.91 ± 0.26a,b 7.08 ± 0.33b 6.37 ± 0.08c

Total
Cholesterol
(mg/dl)

52.31 ± 1.86a 42.96 ± 2.29b 42.65 ± 2.21b 35.62 ± 2.33c 30.58 ± 1.78d

ACP (KA units) 2.14 ± 0.12a 1.48 ± 0.14b,c 1.78 ± 0.09a,b 1.16 ± 0.18c –
ALP (KA units) 5.89 ± 0.25a 5.10 ± 0.37b 5.57 ± 0.25a,b 4.10 ± 0.33c –
T3 (nmol/L) 1.71 ± 0.01a 1.33 ± 0.00b 1.42 ± 0.00b 1.14 ± 0.01c 1.39 ± 0.05b

T4 (nmol/L) 76.24 ± 4.17a 58.90 ± 3.22b 62.97 ± 3.64b 45.94 ± 5.14c 24.41 ± 0.10d

Cortisol
(nmol/L)

18.63 ± 1.30d 76.98 ± 5.18a 8.50 ± 1.06e 46.44 ± 3.64b 31.03 ± 1.08c

Insulin
(MicroIU/
mL)

47.44 ± 2.92a 39.79 ± 3.20a,b 35.15 ± 1.39b,c 26.41 ± 2.84c –

Combined stresses—thermal and nutritional stress; multiple stresses—thermal, nutritional, and walking
stress
ACP acid phosphotase; ALP alkaline phosphatase; T3 tri-iodo-thyronine; T4 thyroxine
Means and SEM within a row having different superscripts differ significantly (P \ 0.05)
(Source Sejian et al. 2010a, b)
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after thermal exposure will further reduce glucose concentration in the combined
stress group. The reduced plasma glucose in the multiple stress group as compared
to single and two stresses could be attributed to increased utilization of glucose
during locomotory activity. The total plasma protein was significantly reduced in
individual stress groups, combined and multiple stress groups as compared to
control group (Table 6.2). A negative correlation between plasma protein and
elevated environmental temperature has been reported (Habeeb 1987; Sejian et al.
2008a). The biologic significance of thermal stress reducing protein is to support
hepatic gluconeogenesis by glucocorticoids to increase the glucose level in an
attempt to cope with thermal stress (Kamiya et al. 2006; Korde et al. 2007). The
decrease in the plasma protein may be due to dilution of plasma proteins and
decrease in protein synthesis as a result of depression of anabolic hormone
secretion (El-Masry and Habeeb 1989). There is also increase in the glucocorti-
coids concentration during thermal stress and one of the principal functions of
glucocorticoids is to favor protein catabolism to convert protein into amino acid to
support gluconeogenesis (Sejian et al. 2008b; Sejian et al. 2009). The restricted
feeding, of heat stressed animals in combined stress groups, also might have led to
a decrease in the nitrogen concentration in the body, which leads to low protein
level. The total cholesterol concentration also decreased significantly in individual,
combined, and multiple stresses groups (Table 6.2). But the magnitude of reduc-
tion is more in multiple stresses group. This might be due to increase in utilization
of fatty acids for energy production as a consequence of decrease in glucose
concentration in the thermal stressed animals (Daader et al. 1989; Rasooli et al.
2004). It is an established fact that elevated cortisol concentration during thermal
stress is to favor cholesterol catabolism to support gluconeogenesis to supply more
energy in the form of glucose to heat stressed animals (Nazifi et al. 2003). The
restricted feeding might have given additional stress load thereby limiting syn-
thesis of cholesterol in combined stress groups, and significantly lowering total
cholesterol concentration as compared to individual stress groups.

The association between thermal stress and increased secretion of cortisol, the
principal glucocorticoid hormone in small ruminants, is well documented (Ali and
Hayder 2008; Sejian et al. 2008a; Sejian and Srivastava 2009). The significant
reduction in cortisol concentration in combined and multiple stresses groups as
compared to thermal stress group indicates the difference in adaptive capability of
Malpura ewes to these stresses. This difference could be attributed to the restricted
feeding in combined and multiple stresses groups. Further, cortisol is thermogenic
in nature and its action will contribute to additional heat load (Alvarez and
Johnson 1973) and hence, the combined and multiple stressed animals showed the
capability to adjust the cortisol level to minimal increase in an attempt to elicit
heat stress relieving effects (Sejian et al. 2010b). Furthermore, when walking stress
was combined with heat and nutritional stress, the level of cortisol is much lower
than individual and combined stress groups (Table 6.2). This demonstrates that
multiple stresses had imposed a much higher detrimental effect on these ewes than
single and dual stresses.
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Both thyroxine (T4) and tri-iodo-thyronine (T3) showed similar trends when
ewes are exposed to dual and multiple stresses (Table 6.2). The level decreased
significantly in all stress groups, But the magnitude of reduction in thyroid hor-
mone levels is more in combined and multiple stresses groups than other groups.
The major exogenous regulator of thyroid gland activity is the environmental
temperature (Dickson 1993). Heat stresses associated with significant depression
in thyroid gland activity resulting in lowering of thyroid hormone level (Nazifi
et al. 2003; Rasooli et al. 2004). In addition, thyroid hormones in the blood are
considered to be good indicators of the nutritional status of an animal (Riis and
Madsen 1985). Following feed restriction or food deprivation, plasma thyroid
hormone concentrations were reduced in sheep (Naqvi and Rai 1991; Abecia et al.
2001; Rae et al. 2002). These effects suggest that energy balance could play a
major role in affecting the decrease in plasma thyroid hormone levels. Besides
endogenous and environmental climatic factors, nutrition influences thyroid gland
activity and blood thyroid hormone concentrations (Todini 2007). Hence, a
combination of heat stress and nutritional stress could have resulted in a greater
reduction in thyroid hormone concentrations in combined stress groups than in
other groups. This could be attributed to the adaptive capability of combined stress
ewes to avoid additional heat load due to metabolic activity. Furthermore, when
walking stress was combined with thermal and nutrition stress, the level of thyroid
hormone concentration was much lower.

Sheep that are exposed to high ambient temperatures reduce body heat by
increasing the RR, body temperature, consumption of water, and by reducing feed
intake (Marai et al. 2007). This finding of reduced feed intake after exposure to
thermal stress agrees with later reports from Pereira et al. (2008) in which rate of
feed intake by sheep was shown to decrease after exposure to heat stress. Padua
et al. (1997) reported that feed conversion ratio decreased significantly in animals
housed under hot conditions in a climatic chamber compared to animals housed
under shelter during the spring. Marai et al. (2007) had postulated that when an
animal is exposed to thermal stress, the peripheral thermal receptors which
transmit suppressive nerve impulses to the appetite center in the hypothalamus are
stimulated thereby causing a decrease in feed intake. This decrease in feed intake
could be an adaptive mechanism in sheep to produce less body heat. The water
intake of combined stress groups was significantly higher than ad libitum fed
groups. This shows that the high water intake which is utilized to combat heat
stress indicates that restrictedly fed animals are under more stress than unre-
strictedly fed animals (Hooda and Naqvi 1990; Minka and Ayo 2009). Further,
small ruminants that are deprived of food and minerals particularly potassium,
impedes the sodium uptake from the reticulum-rumen causing hyponatraemia and
hypo-osmolality (Dahlborn and Karlberg 1986; Holtenius and Dahlborn 1990).
The average body weight of thermal, nutritional, combined, and multiple stresses
groups was significantly lower than that of their respective control (Table 6.3).
Growth, an increase in the live body mass or cell multiplication, is controlled
genetically and environmentally (Marai et al. 2007). Elevated ambient temperature
is one of the environmental factors that influence average daily weight gain
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(Habeeb et al. 1992). Similar findings of impaired body weight and growth rate
following exposure to elevated temperatures have been reported (Marai et al.
1991; Ismail et al. 1995). Decreased growth among animals exposed to elevated
ambient temperatures has been attributed to associated adaptive mechanisms, such
as decrease in anabolic activity and increase in tissue catabolism in these animals
(Marai and Habeeb 1998; Marai et al. 1999). Increase in tissue catabolism,
however, was due to increase in catecholamines and glucocorticoids in sheep
following exposure to heat stress.

Endocrine response to stress results in suppression of productive functions, such
as growth and reproduction, but favors maintenance and survival (Rivest and
Rivier 1995; Stratakis et al. 1995; Lindsay 1996). Correlation between thermal
stress and increased secretion of cortisol, the principal glucocorticoid hormone in
small ruminants, is well documented (Ali and Hayder 2008; Sejian et al. 2008a).
Reproduction processes are impacted during exposure of sheep to thermal stress
(Tilbrook et al. 2002; Naqvi et al. 2004; Kornmatitsuk et al. 2008). Based on the
above experimental results, we may thus conclude that glucocorticoids are para-
mount in mediating negative impacts of stress on reproduction in livestock.
Supporting this notion, various studies have shown that administration of natural
or synthetic glucocorticoids can inhibit the secretion of the gonadotrophins in
sheep (Juniewicz et al. 1987; Tilbrook et al. 2000). Furthermore, glucocorticoids
are capable of aggravating feedback effects of estradiol in livestock and reducing
the stimulation of gonadotrophins releasing hormones (GnRH) receptor expression
by estrogen (Adams et al. 1999; Daley et al. 1999). Glucocorticoids may also exert
direct inhibitory effects on gonadal steroid secretion and sensitivity of target

Table 6.3 Effect of thermal, nutritional, combined, and multiple stresses on growth and repro-
ductive parameters of Malpura ewes
Parameters Control Thermal stress Nutritional

stress
Combined
stress

Multiple
stress

Initial body weight 33.75 ± 2.56a 33.52 ± 1.85a 34.68 ± 1.70a 34.87 ± 1.46a 32.63 ± 0.98a

Final body weight 39.67 ± 2.65a 35.19 ± 1.46a,b 30.39 ± 1.50b 30.04 ± 1.35b 29.55 ± 1.22b

ADG 169.14 ± 0.01a 47.71 ± 0.07b -

122.57 ± 0.06c -

138.00 ± 0.07c -88.00
Ewes in heat (%) 85.71 57.14 85.71 71.43 41.7
Estrus duration (hrs) 38.00 ± 2.41a 23.40 ± 3.34b 28.50 ± 5.68b,c 18.75 ± 3.75b,d 14.4 ± 2.78
Estrus cycle length

(days)
18.17 ± 0.31b 20.28 ± 0.74a,b 18.00 ± 0.27b 22.25 ± 1.67a 23.56 ± 1.45

Conception rate (%) 71.43a 42.86a,b 57.14a,b 28.57b –
Lambing rate (%) 71.43a 42.86a,b 57.14a,b 28.57b –
Estradiol (pg/mL) 14.58 ± 0.96a 12.06 ± 0.73b 12.80 ± 0.91b 10.04 ± 0.74c 7.19 ± 0.23d

Progesterone (ng/mL) 3.31 ± 0.56c 4.48 ± 0.32a,b 3.98 ± 0.26b,c 5.19 ± 0.27a 7.34 ± 0.28d

Combined stresses—thermal and nutritional stress; multiple stresses—thermal, nutritional, and walking stress
ADG average daily gain
Means and SEM within a row having different superscripts differ significantly (P \ 0.05)
(Source Sejian et al. 2011)
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tissues to sex steroids (Magiakou et al. 1997). Inadequate nutrition, in addition,
delays or prevents the onset of puberty, interferes with normal estrus cycles in
female, and results in hypogonadism (Dunn and Moss 1992; Sejian et al. 2008b).
This in turn affects all other reproductive processes.

Multiple stresses showed a highly significant influence on estrus cycle and
duration (Table 6.3). This could be related to the high plasma progesterone con-
centration in multiple stressed ewes. Presumably, the longer estrus cycles were due
to a slower rate of follicular maturation after corpus luteum (CL) regression. This
statement was supported by the finding of Stewart and Oldham (1986), who
reported that the nutritional effect on ovulation rate seems to be more due to
mechanisms confined to final stages of folliculogenesis rather than change in
secretion of GnRH, luteinizing hormone (LH) and follicle stimulating hormone
(FSH). Nutritional influences on reproduction may be linked to variations in the
interleukin growth factor (IGF-1) system (Roberts et al. 2001). Acute nutrient
restriction to the point of decreasing IGF-1 secretion may affect the ability of
developing follicles to respond to FSH through a reduction in FSH receptor
expression (Kiyma et al. 2004).

Combined stress had relatively more detrimental effect on the conception rate
than the individual stresses (Table 6.3). The probable reason for this could be
reduced sex steroid receptor and altered sex steroids concentration. This view is
supported by the fact that undernutrition affects a number of uterine sex steroid
receptors, which subsequently affect the conception rate (Sosa et al. 2006). Sheep
embryo is most susceptible to maternal heat stress (Thwaites 1971). In addition,
variations in the physiologic range of peripheral progesterone concentration due to
management factors such as nutrition may induce asynchrony between the embryo
and uterus resulting in failure in the establishment of pregnancy after conception
(Lawson and Cahill 1983). The probable reason for low conception rate in
combined stress groups could be insufficient progesterone concentration to
maintain pregnancy, because thermal and nutritional stress were withdrawn after
mating which coincided with the end of the experimental period. Higher level of
nutrition has been found to be associated with lower circulating progesterone
concentrations in ewes (Mc Evoy et al. 1995; O’Callaghan et al. 2000). Ample
evidence supports that undernutrition of ewes before and after mating increases
embryonic mortality which consequently reduces the lambing rate (Rhind et al.
1989; Abecia et al. 2006).

Plasma estrogen and progesterone showed a reverse trend in individual, com-
bined, and multiple stresses groups (Table 6.3). The effect of thermal stress is
more severe than nutritional stress on plasma estradiol 17-b level. Kiyma et al.
(2004) reported that serum concentrations of estradiol were lower in undernour-
ished ewes. Similar results were reported in other species such as hamster and rats
(Morin 1986; Otukonyong et al. 2000). Decreased concentration of estrogen may
result from diminished ovarian follicular development caused by suppressed
peripheral concentration of gonadotrophins (Gougeon 1996). The level of nutrition
and peripheral progesterone concentrations are inversely related (Parr 1992;
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Lozano et al. 1998) in ewes. This inverse relationship between level of feed intake
and plasma progesterone concentration was attributed to the difference in the
metabolic clearance rate of progesterone (Parr et al. 1993; Scaramuzzi et al. 2006).
This view was corroborated by Forcada and Abecia (2006), who reported that
the difference in the rate of clearance rather than differences in secretion levels
explains the apparent inverse relationship between nutrition and peripheral pro-
gesterone concentrations in ewes. The increased plasma progesterone concentra-
tion in undernourished ewes in these studies might be due to the limited
extravascular pool in such animals with low body fat content (Lamond et al. 1972).

6.6 Concluding Remarks

The series of studies conducted to establish the effect of more than one stress
simultaneously in sheep clearly establishes the severe impact of these stresses on
the biologic functions necessary to relieve stress. This is evident from the
significant difference in all parameters studied in combined and multiple stresses
groups. On an individual basis, ewes adapt better to nutritional stress than
thermal stress. However, when both these stresses were combined, it had a severe
impact on all the parameters studied in ewes. When compared to thermal stress,
nutritional stress had less significant effect on the reproductive performance in
ewes. Further, these studies reveal that ewes subjected to thermal and nutritional
stress separately had less detrimental effects on the ewe’s reproductive perfor-
mance than when both stresses were combined. Hence, a pertinent conclusion
may be drawn—when two or more stressors occur simultaneously or concur-
rently, the total impact on biologic functions in livestock may be severe.
Furthermore, these studies reveal the importance of providing optimum nutrition
to ewes to counteract thermal stress during summer. It is also evident from these
experiments that when nutrition is not a limiting factor, then ewes coped with
thermal stress better.

6.7 Future Perspective

Research in this area, in future, should address effects of multiple stresses in detail
to have a clear understanding of environmental stress on livestock at the mecha-
nistic level. This will help to fully exploit the potential of nutritionally manipu-
lated reproduction in ewes under hot semi-arid environments. In addition, such
experiments will be valuable in gaining a thorough understanding of adjusting the
nutrient requirements to deal with the existing environmental condition. These will
in turn aid in developing rational managerial decisions to optimize productivity in
livestock under changing climatic conditions.
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Part II
Management of Stresses



Chapter 7
Ameliorative Measures to Counteract
Environmental Stresses

Veerasamy Sejian, Silvia Valtorta, Miriam Gallardo
and Anoop Kumar Singh

Abstract The severity of heat stress on livestock production can be measured
using certain weather parameters, which summate the intensity of heat stress
exposure. Temperature-humidity-index (THI) is widely used to predict the severity
of heat stress in domestic livestock. Reducing heat stress in livestock requires
multidisciplinary approaches which emphasize animal nutrition, housing, and
animal health. It is important to understand the livestock responses to environment,
analyze them, in order to design modifications of nutritional and environmental
management thereby improving animal comfort and performance. Researchers can
attempt a variety of approaches to improve reproduction that involve modifying
the environment (i.e., attempting to cool cows during reproduction), modifying the
genetics of the animal (i.e., breeding of heat tolerant breeds), or intensifying
reproductive management during periods of heat stress. Management alternatives,
such as the strategic use of wind protection and bedding in the winter or sprinklers
and shade in the summer, need to be considered to help livestock cope with
adverse conditions. In addition to these changes, manipulation of diet energy
density and intake may also be beneficial for livestock challenged by environ-
mental conditions. Additionally, socio-economical status, technological tools,
and financial infrastructure have instrumental roles in modifying environment
stress. The ameliorative measures, to be incorporated, are therefore driven by
socio-economical and environmental factors. This chapter addresses divergent
sheltering methodologies that can be used to minimize the effects of multiple
stresses, such as heat, nutritional, and health stress that an animal is exposed to.
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7.1 Introduction

The world’s climate may be considered to consist of tropical, semitropical, temperate,
and arctic zones/types. Each of these climatic zones represents complexes of physical
or meteorological and biological factors, which constitute the natural environment.
Each climate complex encompasses a multitude of plant and animal species that
have evolved successfully by adaptive processes resulting from interactions with the
meteorological environment (Kumar 2010). An environmental profile includes such
factors as daily, seasonal, maximal and minimal temperatures, humidity, wind, radi-
ation, length of season, and a biological assessment such as quality and quantity of
protein and energy available. The physiological profiles are assessments of selected
physiological processes, such as thermoregulation, hormonal balance, water balance,
and energy balance. The fitting of the physiological or production profile to the
environmental profile would be one basis for a ‘bioclimatic’ index. An animal residing
in a region with a suitable bioclimatic index would be an individual with high physi-
ological predictability for production of milk, growth, and reproduction under these
environmental conditions. The application of meteorological and physiological prin-
ciples to animal selection and management practices will increase availability of
animal protein, especially in climatic-limiting zones of the world.

Heat stress is defined as the sum of forces external to a homeothermic animal
that acts to displace body temperature from the resting state (Yousef 1984). Such
stresses can disrupt the physiology and productive performance of an animal (West
2003). The increase in body temperature caused by heat stress has direct, adverse
consequences on cellular function (Hansen and Arechiga 1999). Production losses
in domestic animals are largely attributed to increases in maintenance require-
ments associated with sustaining constant body temperature, and altered feed
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intake (Mader et al. 2002; Davis et al. 2003; Mader and Davis 2004). Depending
upon the intensity and duration of environmental stress, voluntary feed intake can
average as much as 30% above normal under cold conditions, to as much as 50%
below normal under hot conditions.

Increases in air temperature reduce livestock production during the summer
seasons which may be partially offset during the winter season (Kadzere et al. 2002).
Current management systems for ruminants do not usually provide as much shelter to
buffer the effects of adverse weather conditions as for nonruminants. From that
perspective, environmental management for ruminants exposed to global warming
must consider: (1) general increases in temperature; (2) increases in night time
temperatures; and (3) increases in the occurrence of extreme events (e.g., hotter daily
maximum temperature and more/longer heat waves) (Nienaber and Hahn 2007).

Adaptation and mitigation strategies should contribute to reduced poverty and
at the same time must benefit the most vulnerable communities without harming
the environment (Das 2004). Information about climate change impacts, vulner-
ability patterns, coping, and adaptive capacity as well as facilitating location-
specific adaptation and mitigation practices are of central concern.

7.2 Measurement of Severity of Heat Stress

The severity of heat stress on livestock production can be measured using
certain weather parameters, which summate the intensity of heat stress exposure.
The most noteworthy weather parameters included in such heat stress severity
measurements are ambient temperature (including dry and wet bulb temperature)
and relative humidity (Nienaber et al. 1999). Mathematical formulae have been
developed by a variety of investigators to measure the severity of heat stress.
Table 7.1 describes the different temperature-humidity-index (THI) used for
evaluating heat stress effect on livestock.

All of these formulae calculate the heat stress severity in terms of scores on a 100
scale and compared on a standard THI chart to asses the stress imposed by
the impending climatic condition on livestock over a period of time (Berman 2005).
The THI has been used to represent thermal stress due to combined effects of air
temperature and humidity and THI is used as a weather safety index to monitor and
prevent heat stress-related losses (National Research Council 1971). Different
livestock species have different sensitivity to ambient temperature and humidity.
The capacity to tolerate heat stress is much higher in native breeds, particularly
under higher temperatures at lower humidity than crossbred animals. This is mainly
due to the fact that native breeds can dissipate excessive heat more effectively by
sweating, whereas crossbreeds have reduced ability to sweat (Nienaber and Hahn
2007). The THI is used as a guide to measure heat stress by combining the effects of
temperature and humidity into one value (Marai et al. 2001). There are three stress
categories (temperatures given in Fahrenheit): Livestock alert is 75–78 degrees,
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Livestock danger is 79–83 degrees, and Livestock emergency is 84+ degrees.
Table 7.2 describes the different THI categories in Bos taurus cattle.

The higher the humidity the lower is the temperature for livestock alerts; for
danger and emergency levels to occur. The two limitations in THI index are that it
does not take into account the wind velocity and solar radiation. These two factors
are vital meteorological variables that influence animal performance under semi-
arid tropical environmental conditions. However, THI can be a reliable indicator
for measurement of quanta of stress in livestock. Modifications to the THI have

Table 7.1 Commonly used indices for evaluating heat stress effect on domestic animals

S.No. THI indices References

1 tdb ? 0.36tdp ? 41.5 Thom (1958)
2 (0.8 9 Amb tem) ? {[(RH/100) 9 (Amb tem -

14.4)} ? 46.4
Thom (1959)

3 [0.4 9 (Tdb ? Twb)] 9 1.8 ? 32 ? 15 Thom (1959)
4 (0.15 9 Tdb ? 0.85 9 Twb) 9 1.8 ? 32 Bianca (1962)
5 (0.35 9 Tdb ? 0.65 9 Twb) 9 1.8 ? 3.2 Bianca (1962)
8 0.55DB ? 0.2DP ? 17.5 Johnson (1965)
9 (Tdb ? Twb) 9 0.72 ? 40.6 National Research Council

(1971)
10 (0.55 9 Tdb ? 0.2 9 Tdp) 9 1.8 ? 32 ? 17.5 National Research Council

(1971)
11 0.72(Td ? Tdp) ? 40.6 McDowell (1972)
13 Tdb ? (0.36xTdp) ? 41.2 Yousef (1985)
14 0.72(Td ? Tw) ? 40.6 World Mateorological

Organization (1989)
15 db�F - {(0.55 - 0.55RH) (db�F - 58)} LPHSI (1990)
16 (9/5 Temp�C ? 32) - (11/2 - 11/2 9 Humidity)

9 (9/5 Temp�C - 26)
Ravagnolo and Misztal

(2000)
17 db�C - {(0.31 - 0.31RH) (db�C - 14.4)} Marai et al. (2001)
18 t - {(0.31 - 0.31RH) (t - 14.4)} Marai et al. (2002)
19 (0.85 9 DBT ? 0.15 9 WBT) 9 V-0.058 Tao and Xin (2003)
20 t air - [0.55 - (0.55 9 RH/100)] 9 (t air - 58.8) Oklahoma State University

(2003)
21 Temp - (0.55 - (0.55 9 (RH/100) 9 (Temp - 58) Amundson et al. (2005)
22 BGHI = tbg ? 0.36 tdp ? 41.5 Buffington et al. (1981)
23 THVI = (0.85 9 DBT ? 0.15 9 WBT) 9 V-0.058 Tao and Xin (2003)
24 WBGTI = (0.7Twb) ? (0.2Tbg) ? (0.1Tdb) Al-Tamimi (2005)
25 HLIBG [ 25 = 8.62 ? (0.38 9 RH) ? (1.55 9 BG

temp) - (0.5 9 wind speed) ? (e2.4 - wind speed)
Gaughan et al. (2008)

26 HLIBG \ 25 = 10.66 ? (0.28 9 RH) ? (1.3 9 BG)
- wind speed

Gaughan et al. (2008)

Abbreviations: THI Temperature-humidity-index; tdp Dry bulb temperature; twb Wet bulb
temperature; tbg Black globe temperature; Tdp Dew point temperature; Tw Wet bulb tempera-
ture; Td Dry bulb temperature; RH Relative humidity; T air Air temperature; HLI Heat Load
index; BG temp Black globe temperature; WBGTI Wind black globe temperature index;
THVI Temperature humidity and velocity index; DBT Dry bulb temperature; WBT Wet bulb
temperature; BGHI Black globe humidity index
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been proposed to overcome shortcomings related to airflow and radiation heat
loads. Based on recent research, Mader et al. (2006) and Eigenberg et al. (2005)
have proposed corrections to the THI for use with feedlot cattle, based on mea-
sures of wind speed and solar radiation. While differences in the proposed
adjustment factors are substantial, there are marked differences in the types and
number of animals used in these two studies. Nevertheless, these approaches
appear to merit further research to establish acceptable THI corrections, perhaps
for a variety of animal parameters. Gaughan et al. (2002) developed a heat load
index (HLI) as a guide to management of unshaded Bos taurus feedlot cattle
during hot weather ([28�C). The HLI was developed following observation of
behavioral responses (respiration rate and panting score) and changes in dry matter
intake (DMI) during prevailing thermal conditions (Mader et al. 2006). The HLI is
based on humidity, wind speed, and predicted black globe temperatures.

As a result of its broadly demonstrated success, the THI is currently the most
widely accepted thermal index used for guidance of strategic and tactical decisions
in animal management from moderate to hot conditions. Developing climatic
indices of summer weather extremes (in particular, heat waves) for specific
locations also provide livestock managers with information about how often those
extremes (with possible associated death losses) might occur (Hahn et al. 2001).
Panting score is one observation method used to monitor heat stress in cattle

Table 7.2 Different THI categories in Bos taurus cattle

THI category Descriptive characteristics

Duration THIa - h
C 79 (day)

THIa - h
C 84

Nighttime recovery
(h # 72 THIa)

1. Slight Limited:
3–4 days

10–25 None Good: 5–10
h/night

2. Mild Limited:
3–4 days

18–40 #5/day Some: 3–8
h/night

3. Moderate More
persistent
(4–6 days usually)

25–50 #6/day Reduced: 1–6
h/night

4. Strong Increased
Persistence
(5–7 days)

33–65 #6/day Limited: 0–4
h/night

5. Severe Very Persistent
(usually
6–8 days)

40–80 3–15/day on
3 or more
successive
days

Very limited:
0–2 h/night

6. Extreme Very Persistent
(usually 6–10 ?

days)

50–100 15–30/day
on 3 or more
successive days

Nil: #1 for 3 or
more successive
days

a Temperature-Humidity-Index (THI). Daily THI - h are the summation of the differences
between the THI and the base level at each hr of the day. For example, if the THI value at 1,300 is
86.5 and the base level selected is 84, THI - h = 2.5. The accumu-lation for the day is obtained
by summing all THI - h C 84, and can exceed 24
Source Hahn et al. (1999)
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(Mader et al. 2006). As temperature increases, cattle pant more to increase
evaporative cooling. Respiratory dynamics change as ambient conditions change,
and surrounding surfaces warm. This is a relatively easy method for assessing
genotype differences and determining breed acclimatization rates to higher
temperatures. In addition, shivering score or indices also have potential for use as
thermal indicators of cold stress.

7.3 Measurement of Thermal Adaptability

The evaluation of adaptation to heat stress, based upon the lowest rectal temper-
ature, respiratory frequency, and physiological variables as the main parameters
under high temperatures, was found to be insufficient. The average relative
deviations (ARD) from normal (regardless either positive or negative), due to
exposure to hot climates, in thermal, water, and/or nitrogen balances of the animals
(or in all traits measured), could be used in the estimation of parameters for
detection of adaptability to hot climates (Habeeb et al. 1997; Marai and Habeeb
1998) as follows:

Adaptability ð%Þ ¼ ½100� ARD� � 100

In males, El-Darawany (1999) and Marai et al. (2006) used tunica dartos indices
(TDI) to measure the ability of the male to tolerate increased ambient tempera-
tures. The scrotum actively controls its own temperature through the function of
the tunica dartos muscle which is interpreted as the distance between the testes and
the abdominal wall. This muscle thus defines the magnitude of vascular heat
exchange and is performed by the contraction of the tunica dartos muscle of
the scrotum pulling the testes toward the body to increase its warmth, when the
environmental temperature is low. During high ambient temperatures, the reverse
process occurs in dissipating of the excess heat as much as possible from the testes
(Taylor and Bogart 1988). The TDI can be used as an index to measure the ability
of male to tolerate increased ambient temperatures, as it reflects the magnitude of
vascular heat exchange.

7.4 Approaches for Alleviating Thermal Stress

Reducing heat stress on livestock requires multidisciplinary approaches which
emphasize animal nutrition, housing, and animal health (Collier et al. 2003). Some
of the biotechnological options may also be used to reduce thermal stress. It is
important to understand the livestock responses to environment, analyze them, in
order to design modifications of nutritional and environmental management
thereby improving animal comfort and performance.
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So a range of technologies are needed, to match the different economic and
other needs of small holders. Figure 7.1 describes the various approaches for
ameliorating adverse effects of thermal stress on livestock.

7.4.1 Importance of Livestock Housing

Animal housing has been a matter of concern since livestock were domesticated. Its
basic aim is to moderate the range of animal’s microclimate and to optimize their
production by protecting them from climate extremes. Consequently, animal
housing should provide the 5 Freedoms (eating, resting, moving, voiding and
respiring, and also comfort) to all types of stresses (climate, social, nutritional, and
disease). House cannot be constructed frequently according to climatic needs.
Hence, serious consideration of site selection, housing design, and future require-
ments for the livestock species to be reared at a particular locality are necessary
(Sharma and Singh 2008). Loose housing with the provision of easy movement to
and from sun in comparison to tie stall barn systems have been found appropriate to
specific livestock species. Ambient temperature is the most important climatic
variable affecting the design of the housing (Collier et al. 2006). The effects of

Approaches to alleviate thermal Stress

Animal Housing 
Management

Nutritional 
Modifications

Biotechnology 
Options

Improved Health 
Service

Animal shelter design

Animal shade

Cooling system

Sprinkle system

Forced ventilation 

Seasonal specific
feeding

Fiber feeding

Feeding Fats and 
Concentrates

Vitamin and Mineral 
Supplementation

Water Requirement

Livestock Diversity

Genetic Selection

Genomics/proteomics

Embryo Transfer

Stress Resistant
Species 

Monitoring and control

Epidemiological 
surveillance

Rapid investigation of 
outbreaks

Geographic information 
system

Laboratory and Field 
Research

Fig. 7.1 Different approaches for alleviating thermal stress in livestock. The figure describes the
various mitigation strategies to reduce the impact of heat stress in livestock. The strategies
comprises of animal housing management, nutritional modifications, biotechnology options, and
improved health services
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temperature are observed in the form of radiation and photoperiods. About 50% of
radiant energy is obtained by the animal from the sun, sky, and the rest from the
earth and surrounding. Their effects are ameliorated by providing shade, shelters,
and planting trees for shade. Roofing materials and their painting (outside or inside
with black/white) can help in providing desired effects within the house. Roof and
walls made of wood, thatch, bamboo, and mud radiate least heat in comparison to
stone, concrete, asbestos, tin, and steel (Sharma and Singh 2008). In colder areas,
animal houses should be of low height with wide overhanging and roof painted
black. An overhanging of sufficient size is helpful in cutting down the effects of
strong wind, chill, and rain into the house. Photoperiod directly and indirectly
influences well-being of the animal and man. Orientation of the long axis of animal
enclosures and paddocks as well as direction and size of main entry (gate) and
windows decide the availability of photoperiod to animals. South facing houses
receive more sunlight than north facing ones.

Air movement accelerates heat loss from animal’s body, especially from the bare
skin. Wind is harmful to unsheltered animals at low temperature, particularly when
skin is wet. However, it is beneficial to nonsweating animal during hot weather.
Serious health problems and production inefficiencies can arise at 30 km/h wind
speeds (Sharma and Singh 2008). Therefore, protective measures in the form of
shelter in hot, dry hot, and in temperate areas are required (Collier et al. 2006). Wind
velocity is affected by local topography. In hill areas, the contours opposed to
directional flow provides upward currents on the windward side. On steep slopes,
reversed eddy currents over the crest and calm at the base are observed. An area on
the base of leeward side is always better in areas of high wind velocity. In valley’s,
the forces of air are increased in core areas while on ridges the force is more at the
peak. Therefore, selection of sites away from the core area and in depressions are
useful in valley and ridge areas respectively (Sharma and Singh 2008).

The effects of humidity, both low (rapid evaporation, skin irritation, and general
dehydration) and high (heat stagnation in confinement) are harmful to animals.
In humid areas, animal housing should be open, having high roofs (spacious), airy
and well-ventilated (von Borell 2001). Rainfall has direct and indirect effects on
livestock production. Heavy rains increase humidity, reduces forage quality,
grazing, and feed intake. Heavy rainfall areas are less suitable for animals pos-
sessing heavy coats. In such areas, the stilted, loose, airy, and ventilated and
protective (from ecto-parasites) housing should be constructed as raised platforms.

7.4.2 Animal Shelter Design for Comfort

Physical modifications of the environment are based upon two basic concepts-
protection of livestock from the factors contributing to heat stress, and enhancing
evaporative heat loss by animals.

Differing environmental modification systems are classified according to their
impacts on animal production and performance (Hahn 1981). One type are those
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systems that mitigate heat gain by radiation interception. Among the latter there is
a range from forced air ventilation systems and those sprinkling or misting water,
each separately, or some combination of these two systems, including evaporative
cooling, and air conditioning.The various options are classified as follows:

1. Protective Methods

• Natural shades
• Artificial shade

2. Cooling methods

2.1 Direct (cooling of the animal)

• Wetting the animal
• Forced ventilation
• Combination of ventilation and wetting

2.2 Indirect (air cooling)

• Nebulizers
• Cross ventilation
• Wind tunnel
• Air conditioning

7.4.2.1 Protective Methods: Using Shades

The most obvious environmental modification to reduce the thermal stress
of livestock during hot climate condition is the use of shade (Blackshaw and
Blackshaw 1994). Shelter management is one of the key techniques for reduction of
heat stress. Shade against direct solar radiation can be provided by trees like the
banyan (Ficus benghalensis) or shelters made of straw and other locally available
materials. Animals kept in or outside during summer are comfortable under tree
shades that protect them from direct sunlight during peak hours of the day (Buffington
et al. 1983). Tree shades provide an effective shelter to animals and moreover,
plantation and forestation are beneficial to animals, humans, and the environment.

However, under grazing conditions the use of natural shades is not always appro-
priate, and is the reason that the use of artificial shades has come into use. Table 7.3
outlines comparative characteristics of natural and artificial shade systems.

Under grazing conditions, the artificial shades have proven effective in
improving animal comfort and improving milk production (Valtorta et al. 1996,
1997). In this regard, at INTA Rafaela, Brondino et al. (2008) published a series of
recommendations concerning design and construction of temporary housing
facilities for animals, which are applicable to the conditions of the central dairy
area of Argentina. In the case of permanent confinement systems, such as drylot or
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free stall, earth movement to generate slopes is particularly important because of
the volume of effluent to be handled routinely (Cook and Nordlund 2004).

Regardless of the management system, an appropriate measure to improve cow
comfort is shades for holding pens. It should also be noted that milk production is a
crucial period, during which there are a series of hormonal changes that lead to the
ejection of milk. Any stressors during this period may alter this process. In the context
of providing shade for holding pens, the results of the studies conducted in Argentina
demonstrated (1) increased comfort as evidenced by the technical guidance note,
which, at the time of maximum air temperature, reached 44�C in sunlight and under
nets; (2) lower temperature of concrete floors, which at 1,500 h, reached an average of
52�C without shading and 27�C under shades. Shade is also important during evening
milking due to marked increases in solar radiation, in addition to heat emitted by
extremely hot floors and crowding of animals in confined areas (Schütz et al. 2010).

Properly designed shade structures provide adequate protection to livestock in the
heat of summer and in winter (Armstrong 1994). For tropical climatic conditions,
loose housing systems are considered most appropriate (Hahn 1981). The longer
sides of the shelter should have an east–west orientation (Schütz et al. 2010). This
orientation, reduces encroachment of direct sunlight shining on the side walls or
when entering the shelter (Ugurlu and Uzal 2010). However, if mud is an issue, then
north to south orientation will increase drying as shade moves across the ground
during the day. In such situations animal shelters should be shielded from direct
sunlight as much as possible by means of side covers of gunny bags or thatch
(Schütz et al. 2010). In addition, the roof can be extended with additional shade
material, and vertical shades moved to the outsides of the roof. Such devices result
in improved protection from direct solar radiation and sun. The west side of the shed
can also be protected similarly and fitted with side covers of gunny bags or curtains.
The height of the shed structure should be greater than 2.4 m tall to allow sufficient
air movement underneath the shade (Schütz et al. 2010). However, tall structures
(more than 30.5 m high) are not economically viable.

Other ways to remove hot air trapped under the roof, inside the shed include
outer coverings and shading, perhaps combined with a roof spray, are popular
greenhouse technologies which can be applied in the structural design of shed to
reduce the height of the shed. There are also a variety of roof systems giving
improved natural ventilation by means of roof openings, enhanced solar chimney
effect, etc. (Schütz et al. 2010). In addition, painting the roof white increases

Table 7.3 Some comparative differences between tree and artificial shade (Adapted from
Valtorta and Gallardo 2004)

Characteristic Tree shade Artificial shadea

Shadow uniformity Variable High
Flooring Natural soil Consolidated
Resistance to ponding Variable according to soil type Good
Management of availability per animal Complex Simple
Availability after planning Far Immediate
a Considering a structure built following the proper design recommendations
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reflection of sunlight thus reducing the amount of solar energy absorbed.
Increasing air flow is another important component for effective ventilation in
animal shelters. In an animal shed air movement should be free in all areas of the
shed (Bryant et al. 2007). To increase air flow, two main approaches may be used.
One is the installation of fans so that air movement is increased, and the second is
to provide open sides of the shed. In many cases walls of the shed may be made
partially of concrete. In such situation, opening the lower level of the barn to
increase air flow is not an option, so the addition of fans is essential to increase air
circulation (Bryant et al. 2007). In sheds where sheet metal is used for walls, it
may be practical to remove the side and install netting over these areas. The
netting can be raised to increase air flow during the summer and lowered during
the winter. Increasing the roof venting is yet another option that may be used for
animal sheds. Another approach which can be used, similar to housing used for
human, is the double wall approach. In this strategy, extra wall layers at either end
of shed is constructed and the outer layer is kept 10 cm away from the inside wall,
with vertical openings at both ends. The bottom opening allows cold air to enter,
and the upper opening allows hot air to exit. The 10 cm of air between the two
walls provides a thermal barrier to prevent conductive thermal energy from
entering the animal house (Bryant et al. 2007). The double wall approach is an
effective and proven technology in structural design for increasing or reducing
ambient temperatures.

7.4.2.2 Cooling Methods

In addition to providing adequate shade, use of water as a cooling agent is an
effective method for reducing heat stress of livestock particularly under dry heat/
lower humidity and to keep their body temperature as cool as possible. Evapo-
rative cooling can be accomplished by two approaches: (1) direct evaporation from
the skin surface of the animal and (2) indirect evaporation involving cooling the
microenvironment of the animals with cooling pads and fans in an enclosed shed.

Direct Methods

Wetting the Animal
Some studies report beneficial effects of wetting or misting animals through

sprinklers during periods of high temperature. In Mexico, a region of sub-humid
tropical climate, there was a 7% increase in milk production in cows sprinkled
between 12:00 and 13:00 h under the shade. Also, positive results were reported in
few studies conducted in Missouri when animals were sprinkled between 11:00
and 17:30 during moderate summer. In Israel, when cows were sprinkled for 1 h,
four times a day, it relieved heat stress as evident from the increased milk pro-
duction. In Australia when the cows were watered every time the temperature
exceeded 26�C, similar effects were observed (Davison et al. 1996).
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Sprinkling maximizes the amount of heat removed from the animal through
evaporative cooling at reduced water costs (Gaughan et al. 2008). In addition,
the ambient air temperature is lowered in the area immediately surrounding the
animal, increasing the heat gradient and increasing the effectiveness of non-
evaporative cooling mechanism (Morrison et al. 1981). To achieve adequate heat
loss when sprinkling, droplets must wet the hides of the animal as accumulation of
water in the hair may increase the humidity around the animal and reduce effective
heat loss (Means et al. 1992). High pressure irrigation-type sprinklers can improve
inexpensive wetting of animals, especially when coupled with fans, to increase air
movement (Nienaber and Hahn 2007). However, cooled animals have limited
ability to adapt to warm condition and may become reliant on sprinkling to keep
cool even in milder conditions (Gaughan et al. 2008). Cessation of sprinkling
during the day on hot days may increase the heat load in cattle, even though
ambient temperature and humidity may decrease (Gaughan et al. 2008). Altering
the microclimate of the sprinkled area helps in improving the well-being of feedlot
cattle under extreme environment condition by reducing body temperature.
Therefore, one point which should be kept in mind while using evaporative
cooling system in hot and humid subtropical region is that cooling requires the use
of forced ventilation.

Forced Ventilation
When there is no sufficient natural ventilation, the layer of air closest to the

animal, warms. This reduces the rate of heat dissipation from the surface of the
animal to the environment. The role of fans is to increase heat loss by convection.
Therefore, ventilation is effective when the air temperature is lower than body
temperature.

Fans should be located mainly in:

• The holding pen
• The milking parlor
• The resting pen (if any)
• The feeding area, the flow being directed toward the back of the animals.

Fans can reduce the body temperature by 0.3–0.4�C, provided that the tem-
perature of the provided air is lower than the surface temperature of the animal.
However, fans are not sufficient to reduce conditions of heat stress in high pro-
ducing dairy cows in hot weather (Mader et al. 2007).

However, when working in high humidity environments, consideration should
be given to any system introducing water into the environment as it may produce
negative effects because water will evaporate, further increasing the humidity and
saturating the air. It is for this reason that evaporative systems are designed to
combine forced ventilation with wetting.

Combination of Forced Ventilation and Wetting
This system is based on the most important route of heat loss, which is evap-

oration from the surface of the skin under high temperature conditions.
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It is important to consider how heat loss is enhanced on combining sprinkling
and forced ventilation. Each gram of water evaporated from the skin of the animal
represents a loss of 56 calories. However, there are large differences in the amount
of water that evaporates through differing mechanisms:

• Passive diffusion, or perspiration, evaporating about 30 g/h, representing
16.8 kcal/h

• Active transpiration evaporates 170 g/h, equivalent to 95.2 kcal/h
• Wetting ? forced ventilation evaporates 1,000 g/h, which means a loss of

560 kcal/h

This system is effective in all types of weather (dry and humid), since the forced
high speed of the air allows drying of cows and prevents air saturation.

The combination of sprinklers and fans are suitable for both confined and
grazing animals. In the latter case it can be implemented in holding pens.

Indirect Cooling Methods

Nebulizers
Nebulizers are a low-cost evaporative cooling system, characteristic of poultry
houses. This process is based upon producing mists of fine droplets that must
evaporate before reaching the ground, so as to cool the air in contact with animals.
Some of these droplets may be deposited on the surface of the animal coat, which
could alter insulative properties (Hahn 1985). However, if nebulization ensures
substantial air movement, the system could lead to improvements in the envi-
ronment for milk production in cows (Armstrong 1994).

Cross Ventilation

In this system, one of the side walls of the barn consists of a large refrigerated
water panel, while on the opposite wall there are large pumps, as those used in
poultry barns. These pumps expel the stale indoor air and force it to enter through
the chilled panel, thus air-conditioning the barn.

Wind Tunnel

Wind tunnels are characterized by air inlets in one end of the barn and exhaust at
the other end (Smith et al. 2006). This technology is based on the principle of
increasing evaporative heat loss by removing excess heat and humidity of the air
directly in contact with animals. It can provide adequate cooling in temperate
climates (Stowell et al. 2001), but should be combined with other methods of
cooling in warmer environments. Significant effects of the combination of evap-
orative cooling through the wind tunnel effect in swine and poultry facilities
have been reported. Brouk et al. (2003) used the combination of wind tunnel
with evaporative cells to cool dairy cows and reported significant reductions
in rectal temperature and breathing rates during the afternoon and evening.
Smith et al. (2006) also observed an increase of 2.4 kg milk/cow/day with this
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cooling system in the southeastern United States, where both temperature and
humidity are high.

Air Conditioning

The use of this cooling system, for 24 h, produced a 10% increase in milk pro-
duction in subtropical environments (Collier et al. 2006; West 2003). However, the
costs associated with air-conditioning, together with the facilities necessary to
provide a closed environment, or the conditioning ducts for zonal cooling, have
made this technology a failure.

Order of Priorities for the Cooling of Cows

According to Catalá (2010), when different categories of animals are handled
separately, the order of priority for cooling is the following:

1. Fresh cows (first 3 weeks postpartum)
2. Close pre-partum cows (3 weeks prepartum)
3. High producing cows (first 100 days)
4. Cows in mid lactation (100–200 days)
5. Dry cows (from dry to 3 weeks before delivery)
6. Late lactation cows (over 200 days)

An important aspect to consider is how long it takes to amortize the investment
made in cooling systems. In intensive systems (free-stalls or dry-lot) this aspect
has been very well-studied. In the U.S. and Israel, they believe that if the annual
production increases 5–10%, the return on investment is between 2 and 3 years.
If the increase is 20% the return on investment is 1 year (Catalá 2010). In pastoral
or mixed systems, the analysis must consider that the cooling systems will not
have permanent use. In many cases, this makes it difficult to determine the inci-
dence of the costs involved in the cooling system.

A majority of livestock are kept by the smallholder farmers. Hence the above-
mentioned protective measures may be unaffordable under most of the small and
marginal farming conditions. Then alternative cost-effective systems can also be
used like water application or sprinkling before milking, wallowing in case of
buffaloes and low cost, renewable energy operated evaporative cooling systems can
be used. So combinations of fans, wetting, shed, and well-designed housing can help
alleviate the negative impact of high temperatures on animals in the tropics.

7.4.3 Nutritional Modification to Combat Heat Stress

7.4.3.1 Feed Requirement

During hot dry summer there is decrease in dietary feed intake which is respon-
sible for reduced productivity. In these situations, the efficient practical approaches
like frequent feeding, improved forage quality, use of palatable feeds, good
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nutritient balance, and greater nutrient density are required (Beede and Shearer.
1996). However, feeding excessive quantities of nutrients, like crude protein, can
contribute to reduced efficiency of energy utilization, potentially adding to stress
levels. Likewise if less forage is consumed, and the forage is high in quality, the
cows’ rumination activity may decrease. So, a through understating of dietary
modification to minimize heat stress is necessary (NRC 2001).

Heat production from feed intake peaks 4–6 h after feeding. Therefore heat
production in animal feed in the morning will peak in the middle of the day when
environmental temperature is also elevated (Brosh et al. 1998). Consequently, it
has been suggested that feeding animals later in the day prevents the coincidence
of peak metabolic and environmental heat loads (Reinhardt and Brandt 1994;
Brosh et al. 1998). Furthermore, limiting energy intake can effectively decrease
basal metabolic heat production (Carstens et al. 1989) and therefore decrease total
metabolic heat load of animals subjected to high environmental temperature.

7.4.3.2 Concept of Cold Diets

A cold diet is one that generates a high proportion of net nutrients for the synthesis
and decreases heat generated during fermentation and metabolism. The salient
features of a cold diet are:

1. Higher energy content per unit volume
2. More digestible fiber
3. Effective fiber (NDFef)
4. Lower protein degradability
5. More bypass nutrients.

In contrast, hot diets are characterized by marked imbalances between the basic
nutrients: energy and protein. In general terms, hot diets may have a high proportion
of undigestible fiber, accompanied in some cases with low protein concentration
and/or energy. Also, they may be characterized by low NDFef with highly
degradable protein, in relation to the amount of carbohydrates available in rumen.

In other cases, there are hot diets with a high proportion of rapidly degradable
carbohydrates (starch and soluble sugars) in relation to the available nitrogen in
rumen. These diets, in which lack of synchronization between nutrients, lead
inevitably to lower conversion efficiency. Table 7.4 describes the differences
between the two types of diet discussed.

During hot weather, declining DMI and high locational demand requires
increased dietary mineral concentrations and further minerals are more easily
depleted during hot summer months (Collier and Beede 1985). The increase in
respiration will cause excessive water losses, thereby reducing mineral concen-
trations. As a result, mineral should be made available, 24 h a day during the
summer. Potassium, sodium, magnesium, copper, selenium, zinc, and phosphorus
levels should be supplied in the feed. Nutritional tools, such as antioxidant feeding
(Vit-A, selenium, zinc etc.) and ruminant specific live yeast cultures can help in
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protecting the animals against heat stress (Nayyar and Jindal 2010). Studies
showing the addition of antioxidants in the diets of cows are able to reduce heat
stress apart from limiting mastitis, optimizing feed intake, and reducing the negative
impact of heat stress on milk production. Moreover, the use of antioxidants, such as
Vit-E, Vit-A, selenium, and selenium enriched yeast help reduce the impact of heat
stress on the redox balance, resulting in improved milk quality and cow health.
A recent study in cattle showed that the supplementation of Vit-E helps in reducing
the heat stress and improves the antioxidant status and lowers the incidence of
mastitis, metritis, and retention of placenta (Sathya et al. 2007). During periods of
heat stress, the incidence of rumen acidosis is increased particularly in high
producing cows maintained on high concentrate diets (West 2003). Factors
contributing to rumen acidosis problems in cow are related to DMI decreases,
particularly lower forage intake and higher levels of fermentable carbohydrates
(Patra 2007). Decreased rumination and decreased salivary activity reduces the
buffering capacity of the rumen. Lowered rumen pH associated with subacute neous
rumen acidosis (SARA) impairs fiber digestion efficiency due to pH effects on
rumen fibrolytic bacteria (Krause et al. 2009). Table 7.5 describes the general
feeding management practices to be followed for ruminants in hot climate.

7.4.3.3 Fiber Feeding

Because there is greater heat production associated with metabolism of acetate
compared with propionate, there is a logical rationale for the practice of feeding
low fiber rations during hot weather. Feeding more concentrate at the expense of
fibrous ingredients increases ration energy density and reduces heat increment
(Magdub et al. 1982). Altered proportions of ruminal volatile fatty acids (VFA)
may explain a part of the differences in heat increment with fiber feeding during
heat stress (Beatty 2005). VFA constitute a large proportion of the energy avail-
able to the cow, and declining intakes during heat stress reduces the quantity of
VFA in the rumen because fermentable carbohydrate is reduced. Increased feeding
of concentrates is a common practice during conditions conducive to heat stress,
but maximal benefit from concentrates appears to be approximately 60–65% of the
diet (Coppock 1985). Excessive concentrate feeding leads to acidosis and the

Table 7.4 Characteristics of cold and hot diets

Diet
characteristics

Cold Hot

Digestibility High Low
Fiber Low High
Proteins Low degradability High Degradability
Minerals High Na+ and K+ Low Na+ and K+

Examples Tender pastures, high grain silages,
high fat concentrates

Mature Pasture, Fibrous hays and silages,
High fiber concentrates
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associated production, health, and metabolic difficulties. The large amount of
highly fermentable carbohydrate fed in typical high-concentrate diets should
minimize the heat production observed in the very high fiber diets, which were
used in research settings (Mader et al. 2002). Although high fiber diets contribute
to heat stress, the level of intake is far more critical to the total amount of met-
abolic heat produced. Growing heifers fed pelleted rations containing 75% alfalfa
or 25% alfalfa produced 48.8 and 45.5 MJ/d of heat (Reynolds et al. 1991).
However, when the low and high intake (4.2 and 7.1 kg/d DMI) heifers were
compared, heat production was 38.2 and 56.1 MJ/d. Therefore, intake effects have
a substantial effect on heat production and must be considered in designing an
effective nutritional and environmental management program. Research suggests
that lower fiber, high grain diets may indeed reduce metabolic heat production and
contribute to lower heat load in the animal (Holt et al. 2004). Further, low fiber,
high grain diets provide more efficiently used end products, which contribute to
lower dietary heat increments (Mader et al. 2002). However, low fiber, high grain
diets must be balanced with the need for adequate fiber to promote chewing and
rumination to maintain ruminal pH and cow health (Beatty 2005).

7.4.3.4 The Role of Effective Fiber

One of the main components of the dairy cow diet is fiber. The importance of fiber
is that it is necessary for:

1. Adequate rumination activity (through the flow of adequate saliva)
2. Appropriate relationships between the main products of rumen fermentation,

volatile fatty acids
3. Regulatory capacity of the ruminal acidity (ability to buffer or buffer capacity)
4. Modulation of the rate of passage and digestion of small particles in the ration.

The fiber in forage represents the plant cell wall and is determined in the labo-
ratory as the component called neutral detergent fiber (NDF) (Holt et al. 2004).

Table 7.5 General feeding management of ruminants in hot climate

Increase number of feeding
Feed will be fresh
Stimulate cows to come to manger
Select suitable time of feeding
Having fresh feed after milking
Feeding more feed during night time
Feeding a total maintenance ration (TMR)
Well-balanced combination for heat stress cows
Fiber is limited
Only good quality roughage is used
Provide good condition for fermentation
Under shade managers are preferable
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Research pertaining to fiber requirement for animals must take into account not only
its chemical function, such as nutrient precursor of VFA, but also its mechanical
action (Mader et al. 2002). The NDFef is the fraction of NDF that affects chewing,
rumination, insalivation, rumen pH, and movements (mixing cycle) (Holt et al.
2004). Because of the important functions of the effective fiber and the negative
effects of heat on rumen function, cows are more likely to have subclinical ruminal
acidosis during summer, especially when receiving rations with low forage: con-
centrate ratio. With less NDFef in the diet, reduced rumination activity and reduced
saliva buffer capacity lead to lower rumen pH and often decrease the concentration of
milk fat (West et al. 1999). Although forages are the main source of fiber, when they
are ground and/or pelletized, NDFef can be seriously limiting, due to the small size of
the particles (Beatty 2005). Furthermore, ground and pelletized feeds stimulate less
salivation and cud chewing (Patra 2007).

On the other hand, if dietary fiber exceeds 40% NDF, consumption and rates
of passage and digestion will be altered, because of the rumen fill effect, thus
depressing appetite. This effect also depends on the nature of the fiber, being
higher for those from mature forages or megatherm grasses (van Soest 1994).
Exceptions are maize and sorghum due to their high grain content.

The NDFef can be measured indirectly by measuring the size and homogeneity
of the particles. For the TMR diets, methods to make these measurements have
been developed in the United States. One is the Penn State particles separation
system, a shaker box, which has set of four screens, three of which have holes of
different sizes and fourth collector or bottom pan (Heinrichs and Kononoff 2002).

When operating the system, the particles of the TMR are separated into four
groups:

1. Top screen: retains particles larger than 2 cm
2. Screen 2: retains particles between 0.8 and 2 cm
3. Screen 3: retains particles between 0.2 and 0.8 cm
4. Bottom pan: retains particles smaller than 0.2 cm

The proportions of particles that are retained in each screen indirectly represent
the mechanism of ruminal digestion. The particles retained in the top plate identify
the coarse particles floating in the rumen, which contribute to chewing and
insalivation. Middle screens include moderately digestible particles and the bottom
pan collects the particles that are easily digestible or removable from the rumen.

According to the Penn State separation system guide (Heinrichs and Kononoff
2002), if a sample of an adequate corn silage-based TMR was separated, the
proportion of the particles, on a moist basis, retained in each plate would be: upper
screen 7–10%; second screen 40–50%; third screen less than 35% and bottom pan
less than 20%. However, these recommendations are only guides and, these
recommendations should be determined for different agro-ecological regions since
the characteristics of the components of the diets vary from region to region.

Under grazing conditions, it is a common practice to provide small quantities
(1.5–2 kg/cow/day) hay along with silage and concentrate mixes for high
producing cows to substantially improve their performance. In summer, this
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management is particularly recommended because the pattern of grazing imposes
a strong selectivity of the animal to consumption of leaves, which do not represent
a source of NDFef (Heinrichs and Kononoff 2002).

7.4.3.5 Feeding Fats and Concentrates

The addition of fat to the diet of lactating dairy cows is common practice, and the
higher energy density and the potential to reduce heat increment of high-fat diets
may be particularly beneficial during hot weather (Beatty 2005). There are studies
demonstrating that dietary fat can be added to the ration at up to 3–5% without any
adverse effects to ruminal microflora (Collier et al. 2005). Improved efficiency and
lower heat increments should make fat especially beneficial during hot weather.
Ruminally protected fats allow the inclusion of a substantial quantity of fat in the
diet, which could lower heat increment significantly.

7.4.4 Water Balance and Water Requirements

Water is the most essential element for the survival of animals. Water require-
ments for livestock can be met in three ways:

1. Metabolic water, derived from the oxidation of organic substrates and tissue
2. Water contained in food
3. Drinking water.

In any event the first route is the most important in quantitative terms and in
summer it is by far the largest source. During the summer, any factor that limits
access to water, directly affects the production of milk, which will fall sharply,
mainly in high producing cows. Cows with water restrictions manifest higher body
temperature, with a degree of heat stress higher than normal. Furthermore, water
consumption and dry matter intake are closely related (NRC 2001). Under intense
heat, ingestion of large volumes of water provides comfort to the animals by
reducing the temperature of the rumen reticulum.

Dairy cows normally drink large amounts of water, but with intense heat they
could take more than 120 L/day (NRC 2001). In a landmark study conducted in
climatic chambers, it was recorded that water consumption of lactating cows
increased by 29% when the temperature rose from 18 to 30�C. Concomitantly,
fecal water loss decreased 33%, but losses via urine, skin, and respiratory tract
increased by 15, 59, and 50%, respectively.

Regarding minerals, heat-stressed cows increase their need for Na+ and K+, due to
the electrolyte imbalance generated at the cellular level. The higher needs of Na+ are
attributed to increased production of urine that, as explained above, reduces the
plasma concentration of aldosterone (Sanchez et al. 1994). Instead, the increased
demands for K+ are attributable to an increased removal of this element with sweat.
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In lactating cows fed a diet based on corn silage, hay, and concentrates, typical
of many production models, it was found that the main factors that determined
water intake were: dry matter consumed; the level of milk production, temperature
and Na+ intake. The following equation (NRC 2001) shows these relationships:

WI ¼ 16þ 1:58� 0:271ð Þ � DMIð Þ½ � þ 0:9� 0:157ð Þ � MPð Þ½ �
þ 0:05 � 0:023ð Þ � Naþð Þ½ �þ 1:20 � 0:106ð Þ � Tmdð Þ½ �;

where
WI Water intake (kg/day)
DMI Dry matter intake (kg/day)
MP Milk production (kg/day)
Na+ sodium (g/day)
Tmd daily minimum temperature (�C)

The quality of drinking water is often one of the causes limiting its intake.
Water quality is measured in chemical, bacteriological, and physical terms,
through laboratory tests. To avoid significant production losses, each of these
aspects must be carefully and regularly evaluated. Regarding chemical compo-
sition, the concentration of total dissolved solids (TDS) and the prevalent salts
represent the quality factors that can seriously limit milk production in many
regions. Ingestion of water with high levels of TDS is bad for dairy cattle, with
a pronounced effect during hot weather (THI [ 72); (NRC 2001). There is a
controversy regarding the maximum levels of salts that affect the performance of
dairy cows. For high producing cows ([35 l/day) water with TDS [ 7,000 mg/l
would not be suitable, but would have little effect on low producing animals
(\25 l/day) (Bahman et al. 1993; NRC 2001). Experiments conducted in Israel
(Solomon et al. 1998) showed that water with TDS above 4,000 mg/l produced
negative effects on cows producing an average 35 l/day, when temperature was
above 30�C.

The information available in Argentina (Taverna et al. 2001) indicates that
under grazing conditions, water with 7,000–10,000 mg/l TDS, with 20–30% of
sulfate, had little effect on productivity, for cows producing below 30 l/d.

All sulfate salts (Ca++, Na+, Mg++), when exceeding 1,500 mg/l, can decrease
productivity because they have a laxative effect, the most potent being sodium
sulfate. However, livestock, drinking water high in sulfates, (1,000–2,500 mg/l)
initially suffer diarrhea, but then a process of habituation begins.

Moreover, ingestion of ‘‘light’’ water, i.e., very low in TDS, is also detrimental
to productivity, especially when levels of sodium chloride are very low.

The temperature of drinking water could be another factor limiting intake. For
example, in an experiment conducted in Texas, (Wilks et al. 1990) it was observed
that cows drinking water cooled to 10�C presented lower respiration rates (70 vs.
81 rpm), lower rectal temperatures in the afternoon (39,8 vs. 40.2�C), and higher
milk production (26.0 vs. 24.7 l/cow/day), as compared to animals drinking water
at 27�C.
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7.4.5 Biotechnology Options

The adverse effect of heat stress on livestock production had further increased in
the recent years due to global warming. The desirable proposition in the present
scenario is thus to develop thermotolerant animal breeds utilizing recent tech-
nology advances.

7.4.5.1 Livestock Diversity

In spite of livestock being reared in tropical environment, there are local indige-
nous breeds of livestock which can effectively perform countering environmental
extremes. These local breeds can perform well in adverse climatic condition like
high temperature, drought, and feed scarcity. Therefore, even under the changed
climate scenario, the rich animal germplasm available may help to sustain the
livestock productivity. In addition, there is a need to take up breeding programmes
to develop climate change ready breed which performs better under stress caused
due to climatic variability by using available rich germplasm.

7.4.5.2 Embryo Transfer

The reproductive efficiency of livestock is negatively influenced by high ambient
temperatures resulting into silent; short estrus and hence low conception rate
(Rutledge 2001). In this situation, we can use the embryo transfer technology in
which in vitro produced embryo or embryo derived from donors, not exposed to
high ambient temperature was used. With this technology, encouraging results
have been obtained as a means to reduce adverse effect of heat stress on fertility
(Al-Katanani et al. 2002). Caution should however be exercised as transfer of an
embryo with non-compromised quality to a recipient subjected to the effects of the
heat stress does not eliminate negative effect on endocrine axis and uterine
environment. Moreover, embryo transfer is often not an economically or techni-
cally viable option for many countries in high temperature zones.

7.4.5.3 Genomics/Proteomics

Genomic and proteomic study play an important role to understand mechanism of
thermoregulation and delineation of genes conferring superior thermotolerant
capability in different livestock species. Earlier, attempts were made to evaluate
histological response of skin to heat stress, association analysis of hair length and
heat stress, embryonic resistance to heat stock, identification and characterization
of heat stress response-related genes in cattle. Among the various proteins, the
expression of heat shock protein (HSP) 70 is strictly stress inducible and can only
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be detected following a significant stress upon the cell and organisms (Satio et al.
2004; Khoei et al. 2004). The HSP70 helps in conferring the thermo adaptability
and high level of thermotolerance. A recent study has shown that intracellular
HSP70 expression in buffaloes is similar to the other livestock species. Higher
intensity and duration of thermal exposure cause the higher HSP70 induction in
buffalo lymphocytes to maintain cellular homeostasis with a threshold of thermal
dose for maximum HSP70 expression (Patir and Upadhyay 2010). A few isolated
studies have been carried out on heat stress-associated genes/transcripts (Lacetera
et al. 2006; Moran et al. 2006; Collier et al. 2008).

The recent advancement in global expression technologies (whole genome
arrays, RNA sequencing) is poised to be effectively utilized to identify those genes
that are involved in key regulatory/metabolic pathway for thermal resistance and
thermal sensitivity. Gene knockout technology will also allow better delineation of
cellular metabolic mechanism required for acclimatization to thermal stress in
dairy animals. By knowing the various genes responsible for thermotolerance we
can change the genetic structure of animal and drift toward superior thermotolerant
ability.

7.4.6 Improved Health Service

Increase in temperature and humidity due to climate change is strongly associated
with emerging and re-emerging animal diseases by (1) increasing the numbers and
geographic movement of insects (Culicoides imicola) that are major vectors of
several arboviruses (e.g., bluetongue and African sickness); (2) increasing the
survival of viruses from one year to the next; (3) improving conditions for new
insect vectors that are now limited by colder temperatures (Mellor and Wittmann
2002; Colebrook and Wall 2004; Gould et al. 2006). These factors lead to
production losses. Thus, improved disease control strategies and health services at
larger scale are required.

As human, animal, and environmental health is interrelated therefore,
strengthened communication and cooperation among professionals in these areas
would be particularly valuable as we seek to predict, recognize, and mitigate the
impact of global climate change on infectious diseases. For prevention, monitor-
ing, and control of livestock diseases good data exchange mechanism are required
at both state and national level. These should cover the distribution of animal
diseases, ecological conditions including climate, and associated drugs and
chemotherapeutants. In this contest, epidemiological surveillance is a critical
component and it not only involves the early identification of emerging diseases
and trends but also for resource planning and measuring the impact of control
strategies. A global approach to epidemiological surveillance should be taken and
should involve collaboration between professionals involved in human, animal,
and environmental health. Of particular importance is the rapid investigation of
unusual outbreaks. Such surveillance programmes are essential in allowing us to

174 V. Sejian et al.



recognize and respond to emerging risk to climate change. It allows us to know
what to expect and to be prepared with the right strategy in place and this might be
a case of isolating the diseases and enforcing restriction zones.

We can also use the geographic information system (GIS) by which we can
both monitor the level of stress and how our climate is changing and monitor the
spread of diseases. We can use it to look for periods of heavy rainfall using a
spatial analyst and illustrate it using GIS. This system tells us which pathogens
will flourish, under their preferred condition. This tool can also help to pinpoint
period of continually high minimum temperature. For example, in Israel 2000, the
minimum temperatures were a key factor in the west Nile Virus outbreak and high
night time temperatures were a feature of the 2003 heat wave in Europe. Likewise
predictive modeling system can also be used to predict the probability of an
outcome. It has potential to predict the probability of global climate change on
ecological system and emerging hazards. Furthermore, laboratory and field
research will also help in illuminating how climate changes influence pathogen
characteristics, and models will help researchers and producers predict and plan
for pathogen threats.

7.5 Conclusions

This chapter elaborates on ameliorative strategies that should be given consid-
eration to prevent economic losses incurred due to environmental stresses on
livestock productivity. Further, this chapter details the issues of imperfect
information about the impact of climate and vulnerabilities, and the need for
informed decisions on ‘‘resilient adaptation’’ by merging adaptation, mitigation,
and prevention strategies. It offers new perspectives for policy-makers, institu-
tions, societies, and individuals on improved ways of identifying most at risk
communities and ‘‘best practices’’ of coping with current climate variability and
extreme climate events.

References

Al-Katanani YM, Drost M, Monson RL, Rutledge JJ, Krininger CE III, Block J, Thatcher WW,
Hansen PJ (2002) Pregnancy rates following timed embryo transfer with fresh or vitrified in
vitro produced embryos in lactating dairy cows under heat stress conditions. Theriogenol
58:171–182

Al-Tamimi HJ (2005) Effect of solar radiation on thermophysiological and growth parameters of
indigenous black bedwin goat kids in Southern Jordan. J Biol Sci 5(6):724–728

Amundson J, Rasby RJ, Mader TL, Hu QT (2005) The effects of temperature and temperature-
humidity index on pregnancy rate in beef cows. Nebrasca Beef Cattle Report: 10–12

Armstrong DV (1994) Heat stress interaction with shade and cooling. J Dairy Sci 77:2044–2050
Bahman AM, Rooke JA, Topps JH (1993) The performance of dairy cows offered drinking water

of low or high salinity in a hot arid climate. Anim Prod 57:23–28

7 Ameliorative Measures to Counteract Environmental Stresses 175



Beatty DT (2005) Prolonged and continuous heat stress in cattle Physiology welfare and
electrolyte and nutritional interventions. Murdoch Univ, Western Australia

Beede DK, Shearer JK (1996) Nutritional management of dairy cattle during hot weather
Professional Dairy Management Seminar Dubuque IA, IA State University, p 15

Berman A (2005) Estimates of heat stress relief needs for Holstein dairy cows. J Anim Sci
83:1377–1384

Bianca W (1962) Relative importance of dry and wet bulb temperatures in causing heat stress in
cattle. Nature 195:251–252

Blackshaw JK, Blackshaw AW (1994) Heat stress in cattle and the effect of shade on production
and affects a review. Aust J Exp Agric 34:285–295

Brondino L, García K, Gastaldi L, Bulacio N, Ferreira M, Domínguez J, Sosa N, Massoni F,
Walter E, Taverna M (2008) Instalaciones tipo ‘‘corral seco’’ para suministro de alimentos
Ficha técnica n� 4. INTA, Proyecto Lechero

Brosh A, Aharoni Y, Degen AA, Wright D, Young BA (1998) Effects of solar radiation, dietary
energy, and time of feeding on thermoregulatory responses and energy balance in cattle in a
hot environment. J Anim Sci 76:2671–2677

Brouk MJ, Smith JF, Harner JP III (2003) Effect of utilizing evaporative cooling in tie-stall dairy
barns equipped with tunnel ventilation on respiration rates and body temperatures of lactating
dairy cattle. 5th International Dairy Housing Conference Am Soc Agric Eng Fort Worth TX,
pp 312–318

Bryant JR, Lo0 pez-Villalobos N, Pryce JE, Holmes CW, Johnson DL, Garrick DJ (2007)
Environmental sensitivity in New Zealand dairy cattle. J Dairy Sci 90:1538–1547

Buffington DE, Colazon-Arocho A, Canton GH, Pitt D (1981) Black globe humidity index
(BGHI) as comfort equation for dairy cows. Trans Am Soc Agri Engi 24:711–714

Buffington DE, Collier RJ, Canton GH (1983) Shade management systems to reduce heat stress
for dairy cows in hot, humid climates. Trans ASAE 26:1798–1802

Carstens GE, Johnson DE, Ellenberger MA (1989) Energy metabolism and composition of gain
in beef steers exhibiting normal and compensatory growth, energy metabolism of farm
animals. Eur Assoc Anim Prod Publ 43:131

Catalá M (2010) Instalaciones para el bienestar animal. 1er Simposio Regional Proleche de
Bienestar Animal, 15–17de Sept Punta del Este, Uruguay

Colebrook E, Wall R (2004) Ectoparasites of livestock in Europe and Mediterranean region. Vet
Parasitol 120:251–274

Collier RJ, Dahl GE, Van Baale MJ (2006) Major advances associated with environmental effects
on dairy cattle. J Dairy Sci 89:1244–1253

Collier RJ, Beede DK (1985) Thermal stress as a factor associated with nutrient requirements and
interrelationships, In: McDowell L (ed) Nutrition of Grazing Ruminants. Academic Press,
New York, pp 59–71

Collier RJ, Collier JL, Rhoads RP, Baumgard LH (2008) Genes involved in the bovine heat stress
response a invited review. J Dairy Sci 91:445–454

Collier RJ, Coppola C, Wolfgram A (2003) Novel approaches for the alleviation of climatic stress
in farm animals, Interactions between climate and animal production. EAAP Tech Ser No7,
Wageningen Academic Publ, Wageningen, pp 61–71

Collier RJ, Baumgard LH, Lock AL, Bauman DE (2005) Physiological limitations nutrient
partitioning, Chapter 16, In: Wiseman J, Bradley R (eds) Yields of farmed Species constraints
and opportunities in the 21st Century, Proceedings, 61st Easter School Nottingham, England.
Nottingham Univ Press, Nottingham, pp 351–377

Cook NB, Nordlund K (2004) An update on dairy cow freestall design, Precconvention Seminar
7, Dairy herd problem investigation strategies. American Association of Biovine Practicioners
37th Annual Convention, Fort Worth, Texas, 20–22 Sept 2004

Coppock CE (1985) Energy nutrition and metabolism of the lactating dairy cow. J Dairy Sci
68:3403–3410

DAS HP (2004) Adaptation strategies required to reduce vulnerability in agriculture and forestry
to climate change, climate variation and climate extremes. In: Management strategies in

176 V. Sejian et al.



agriculture and forestry for mitigation of greenhouse gas emissions and adaptation to climate
variability and climate change. Tech No 202, WMO-No 969, pp 41–92

Davis MS, Mader TL, Holt SM, Parkhurst AM (2003) Strategies to reduce feedlot cattle heat
stress effects on tympanic temperature. J Anim Sci 81:649–661

Davison T, McGowan M, Mayer D, Young B, Jonsson N, Hall A, Matschoss A, Goodwin P,
Gaughan J, Lake M (1996) Managing hot cows in Australia. Queensland Department of
Primary Industry Brisbane, Australia

Eigenberg RA, Brown-Brandl TM, Nienaber JA, Hahn GL (2005) Dynamic response indicators
of heat stress in shaded and non-shaded feedlot cattle, Part 2 Predictive relationships. Biosys
Eng 91:111–118

El-Darawany AA (1999) Tunica dartos thermoregulatory index in bull and ram in Egypt. Ind J
Anim Sci 69(8):560–563

Gaughan JB, Mader TL, Holt SM, Hahn GL, Young BA (2002) Review of current assessment of
cattle and microclimate during periods of high heat load. Anim Prod Aus 24:77–80

Gaughan JB, Holt SM, Mader TL, Lisle A (2008) A new heat load index for feedlot cattle. J Anim
Sci 86:226–234

Gould TW, Buss RR, Vinsant S, Prevette D, Sun W, Knudson CM, Milligan CE, Oppenheim RW
(2006) Complete dissociation of motor neuron death from motor dysfunction by bax deletion
in a mouse model of ALS. J Neurosci 26:8774–8786

Habeeb AA, Marai IFM, Kamal TH, Owen JB (1997) Genetic improvement of livestock for heat
adaptation in hot climates. In: Proceedings of international conference on animal, poultry and
rabbit production and health, dokki, Cairo, pp 11–16

Hahn GL (1985) Management and housing of farm animals in hot environments. In: Yousef M
(ed) Stress physiology in livestock, vol 2 CRC Boca Raton Florida, pp 151–174

Hahn GL, Mader TL, Spiers D, Gaughan J, Nienaber JA, Eigenberg R, Brown-Brandl TM, Hu Q,
Griffin D, Hungerford L, Parkhurst A, Leonard M, Adams W, Adams L (2001) Heat wave
impacts on feedlot cattle, Considerations for improved environmental management. In: 6th
International livestock. environment symposium, American Society of Agricultural Engineers
St Joseph, MI, pp 129–130

Hahn GL (1981) Housing and management to reduce climatic impacts on livestock. J Anim Sci
52(1):175–186

Hahn GL, Mader TL, Gaughan JB, Hu Q, Nienaber JA (1999) Heat waves and their impacts on
feedlot cattle. In: Proceedings, 15th Int Soci Biometeor Con, (ICB Paper No 11.1), Sydney,
Sept 1999, pp 353–357

Hansen PJ, Arechiga CF (1999) Strategies for managing reproduction in the heat-stressed dairy
Cow. J Anim Sci 77:36–50

Heinrichs J, Kononoff P (2002) Evaluating particle size of forages and TMRs using the New Penn
State forage particle separator, DAS 02-42. Department of Dairy and Animal Science The
Pennsylvania State University, http://www.das.psu.edu/teamdairy/

Holt SM, Gaughan JB, Mader TL (2004) Feeding strategies for grain-fed cattle in a hot
environment. Aus Agri Res 55(7):719–725

Johnson HD (1965) Response of animals to heat. Agri Meteorol 28:109–114
Kadzere CT, Murphy MR, Silanikove N, Maltz E (2002) Heat stress in lactating cows, a review.

Livest Prod Sci 77:59–91
Khoei S, Goliaei B, Neshasteh-Riz A, Deizadji A (2004) The role of heat shock protein 70 in the

thermoresistance of prostate cancer cell line spheroids. FEBS Lett 561:144–148
Krause KM, Dhuyvetter DV, Oetzel GR (2009) Effect of a low-moisture buffer block on

ruminal pH in lactating dairy cattle induced with subacute ruminal acidosis. J Dairy Sci
92:352–364

Kumar P (2010) Physiological adaptation of goats to climate change. In: Karim SA, Joshi A,
Sankhyan SK, Shinde AK, Shakyawar DB, Naqvi SMK, Tripathi BN (eds) Climate change
and management, Sheep and goat production, Satish serial publishing house, Azadpur, Delhi,
pp 311–351

7 Ameliorative Measures to Counteract Environmental Stresses 177

http://www.das.psu.edu/teamdairy/


Lacetera N, Bernabucci U, Scalia D, Basirico L, Morera P, Nardone A (2006) Heat stress elicits
different responses in peripheral blood mononuclear cells from Brown Swiss and Holstein
Cows. J Dairy Sci 89:4606–4612

LPHSI (1990) Livestock and poultry indices, Agriculture engineering guide, Clemenson
University Clemenson SC 29634, USA

Mader TL, Davis MS, Brown-Brandl T (2006) Environmental factors influencing heat stress in
feedlot cattle. J Anim Sci 84:712–719

Mader TL, Holt SM, Hahn GL, Davis MS, Spiers DE (2002) Feeding strategies for managing heat
load in feedlot cattle. J Anim Sci 80:2373–2382

Mader TL, Davis MS (2004) Effect of management strategies on reducing heat stress of feedlot
cattle, feed and water intake. J Anim Sci 82:3077–3087

Magdub A, Johnson HD, Belyea RL (1982) Effect of environmental heat and dietary fiber on
thyroid physiology of lactating Cows. J Dairy Sci 65(12):2323–2331

Marai IFM, Ayyat MS, Abd El-Monum UM (2001) Growth performance and reproductive traits
at first parity of New Zealand white female rabbits as affected by heat stress and its alleviatin
under Egyptian condition. Trop Anim Health Prod 33:457–462

Marai IFM, El-Darawany AA, Abou-Fandoud EI, Abdel-Hafez MAM (2006) Tonica dartos index
as a parameter of adaptability of rams in sub-tropical conditions of Egypt. Anim Sci (Japan)
77:487–494

Marai IFM, Habeeb AAM, Gad AE (2002) Rabbits productive, reproductive and physiological
performance traits as affected by heat stress a review. Livest Prod Sci 78:71–90

Marai IFM, Habeeb AAM (1998) Adaptation of Bos taurus cattle under hot climate conditions.
Ann Arid Zone 37(3):253–281

McDowell RE (1972) Improvement of livestock production in warm climates. Freeman WH, Co,
San Francisco

Means SL, Bucklin RA, Nordstedt RA, Beede DK, Bray DR, Wilcox CJ, Sanchez WK (1992)
Water application rates for a sprinkler and fan dairy cooling system in hot humid climates.
Appl Eng Agri 8(3):375–379

Mellor PS, Wittmann EJ (2002) Bluetongue virus in the Mediterranean Basin 1998–2001. Vet J
164:20–37

Moran DS, Eli-Berchoer L, Heled Y, Mendel L, Schocina M, Horowitz M (2006) Heat
intolerance, does gene transcription contribute? J Appl Phy 100:1370–1376

Morrison SR, Prokop M, Lofgreen GP (1981) Sprinkling cattle for relief activation temperature,
duration of sprinkling and pen area sprinkled. Trans ASAE 24:1299–1300

NRC (1971) A guide to environmental research on animals. National Acad Sci DC, Washington
Nayyar S, Jindal R (2010) Essentiality of antioxidant vitamins for ruminants in relation to stress

and reproduction. Ira J Vet Res 11(1):1–9
Nienaber JA, Hahn GL, Eigenberg RA (1999) Quantifying livestock responses for heat stress

management, a review. Int J Biomet 42:183–188
Nienaber JA, Hahn GL (2007) Livestock production systemmanagement responses to thermal

challenges. Int J Biomet 52:149–157
NRC (2001) in Nutrient Requirements of Dairy Cattle, 7th edn National Acad Sci DC,

Washington, pp 318–319
Oklahoma State University (2003) Livestock, Managing heat stress returns dividends. Extension

Service-West Virginia University, pp 1–3
Patra AK (2007) Nutritional management in organic livestock farming for improved ruminant

health and production, an overview. Livest Res Rural Dev 19(3), http://www.lrrd.org/lrrd19/
3/patr19041.htm

Patir H, Upadhyay RC (2010) Purification, characterization and expression kinetics of heat shock
protein 70 from Bubalus bubalis. Res Vet Sci 88(2):258–262

Ravagnolo O, Misztal I (2000) Genetic component of heat stress in dairy cattle, parameter
estimation. J Dairy Sci 83:2126–2130

178 V. Sejian et al.

http://www.lrrd.org/lrrd19/3/patr19041.htm
http://www.lrrd.org/lrrd19/3/patr19041.htm


Reinhardt CD, Brandt RT (1994) Effect of morning vs evening feeding of limited-fed Holsteins
during summer months. In: Proceedings Kansas State Univ Cattleman’s Day Kansas State
University, Manhattan, pp 38–39

Reynolds CK, Tyrrell HF, Reynolds PJ (1991) Effects of diet forage-to-concentrate ratio and
intake on energy metabolism in growing beef heifers Whole body energy and nitrogen balance
and visceral heat production. J Nutr 121:994–1003

Rutledge JJ (2001) Use of embryo transfer and IVF to bypass effects of heat stress.
Theriogenology 55:106–111

Saito M, Tominaga L, Nanba E, Miyagawa I (2004) Expression of heat shock protein 70 and its
mRNAs during ischemia-reperfusion in the rat prostate. Eur J Pharm 487:199–203

Sanchez WK, McGuire MA, Beede DK (1994) Macromineral nutrition by heat stress interactions
in dairy cattle, review and original research. J Dairy Sci 77:2051–2079

Sathya A, Prabhakar S, Sangha SP, Ghuman SP (2007) Vitamin E and selenium supplementation
reduces plasma cortisol and oxidative stress in dystocia-affected buffaloes. Vet Res Comm
31:809–818

Schütz KE, Rogers AR, Poulouin YA, Cox NR, Tucker CB (2010) The amount of shade
influences the behavior and physiology of dairy cattle. J Dairy Sci 93(1):125–133

Sharma RJ, Singh DV (2008) Climate stress and its amelioration for improved production in dairy
animals. In: 17th annual conference of society of animal physiologist of India and national
symposium on current concepts in productivity management in livestock and poultry
environment, nutrition and stress. College of Veterinary and animal Sciences, GB Pant
University Agriculture and Techehnology Pantnagar Uttarakhand, pp 137–148

Smith TR, Chapa A, Willard S, Williams RJ, Crouch R, Riley T, Pogue D (2006) Evaporative
tunnel cooling of dairy cows in the Southeast. In: Effect on body temperatures and respiration
rates. J Dairy Sci 89:3904–3914

Solomon R, Miron J, Ben-Ghedalia D, Zomberg Z (1998) Performance of high producing dairy
cows offered drinking water of high and low salinity in the Arava desert. J Dairy Sci (1995)
78: 620–624

Stowell RR, Gooch CA, Inglis S (2001) Performance of tunnel ventilation for freestall dairy
facilities as compared to natural ventilation with supplemental cooling fans. 6th Int Symp Am
Soc Agric Eng Louisville, KY pp 29–40

Tao X, Xin H (2003) Temperature-humidity-velocity index for market size broilers. Pro PAPER
N 034037 Nevada

Taverna MA, Etcheverry F, Chávez MS, Quaino O (2001) Efecto de distintos tratamientos del
agua de bebida de vacas sobre la producción y composición química de la leche abstract. Rev
Arg Prod Anim 21(1):15–16

Taylor RE, Bogart R (1988) Scientific farm animal production. Macmillan Publishing Company,
New York

Thom EC (1958) Cooling degree days. Air conditioning, heating and ventilating 55:65–69
Thom EC (1959) The discomfort index. Weatherwise 12:57–59
Ugurlu N, Uzal S (2010) The effect of new designed micro animal housing on the air speed

distribution in the barn for providing of climatic comfort to the cattles. J Anim Vet Adv
9(1):169–172

Valtorta SE, Gallardo MR, Castro HC, Castelli ME (1996) Artficial shade and supplementation
effects on grazing dairy cows in Argentina. Trans ASAE 39:233–237

Valtorta SE, Leva PE, Gallardo MR (1997) Evaluation of different shades to improve dairy cattle
well-being in Argentina. Int J Biomet 41:65–67

Valtorta SE, Gallardo MR (2004) Evaporative cooling for Holstein dairy cows under grazing
conditions. Int J Biomet 48:213–217

van Soest PJ (1994) Funtion of the ruminant forestomach. In: Nutritional ecology of the ruminant,
2nd edn. Cornell Univ Press, Ithaca and London

von Borell EH (2001) The biology of stress and its application to livestock housing and
transportation assessment. J Anim Sci 79(E Suppl): E260–E267

7 Ameliorative Measures to Counteract Environmental Stresses 179



West JW (1999) Nutritional strategies for managing the heat-stressed dairy cows. J Anim Sci
77:21–35

West JW (2003) Effects of heat stress on production in cattle. J Dairy Sci 86:2131–2144
Wilks DL, Coppock CE, Lanham JK, Brooks KN, Baker CC, Bryson WL (1990) Responses of

lactating Holstein cows to chilled drinking water in high ambient temperatures. J Dairy Sci
73:1091–1099

WMO (1989) Animal health and production in extreme environments. WMO Tech Note 119:181
Yousef MK (1984) Stress physiology, definition and terminology. In: Yousef MK (ed) Stress

physiology in livestock. CRC Press, Boca Raton, pp 3–7
Yousef MK (1985) Stress physiology in livestock. CRC press, Boca Raton

180 V. Sejian et al.



Chapter 8
Nutritional Manipulations to Optimize
Productivity During Environmental
Stresses in Livestock

Nira Manik Soren

Abstract Environmental stresses have huge impact on the production performance
of livestock. Stress can be biotic or abiotic in nature. All animals perform better at
thermoneutral zone, which are conducive for health and optimum performance. The
upper and lower critical temperature is the point at which heat and cold stress begin
to affect the animal, respectively. Apart from thermal stress, farm animals are also
subjected to other types of stresses such as nutritional, walking, and transportation
stress. The severity of the stress becomes pronounced when they occur simulta-
neously (multiple stresses), resulting in lowered performance and huge production
losses. Farm animals try to cope up with stress to some extent by undergoing
physiological and behavioral adjustment. Under these conditions livestock needs to
be insulated against environmental stresses by providing optimum nutrition, proper
managemental practices, and health care. Adverse environments can increase the
nutritional requirements of animals directly, or they may reduce the supply of
quality feed. Under these circumstances concerted effort must be taken to harmo-
nize the welfare of animals by reducing environmental stress of food animals by
nutritional manipulation and managemental practices. Further studies are required
to have a clear understanding of these associations at a mechanistic level to fully
exploit the potential of nutritionally manipulated production and reproduction in
livestock. It is hoped that this approach will be valuable in gaining a thorough
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understanding of adjusting the nutrient requirement to deal with existing
environments and will therefore aid in developing rational managerial decisions to
optimize productivity in livestock.

Keywords Environmental stress � Livestock production � Nutritional
management
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8.1 Introduction

Livestock plays a pivotal role in the agricultural and rural economies of developing
countries such as India. Optimized livestock production depends on many factors
such as genetic potentiality of the animals, environmental and climatic factors,
health status, nutrients’ availability, and other factors. Livestock production, under
both intensive and extensive systems, is subjected to so many stresses, wherein
livestock undergoes different types of physiological adjustments to cope with
stressful conditions. Production is drastically reduced in the periods of stress and
requires managemental interventions both in terms of optimum nutrition and health
care. Stress can be defined as the cumulative detrimental effect of a variety of
factors on the health and performance of animals. The stress in animals can be of
abiotic and biotic origin. Abiotic stress is defined as the negative impact of non-
living factors on the living organisms in a specific environment. The non-living
variable must influence the environment beyond its normal range of variation to
adversely affect the population performance or individual physiology of the
organism in a significant way. Biotic stresses include living disturbances such as
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pathogenic microorganism, whereas abiotic stress factors, or stressors, are naturally
occurring, often intangible, factors such as intense sunlight or wind that may cause
harm to the plants and animals in the affected area. Abiotic stress is essentially
unavoidable and affects both animals and plants. Abiotic stressors are most harmful
when they occur together in combinations with other abiotic stress factors. Direct
stresses result from temperature, solar radiation, humidity, rainfall, and wind
velocity whereas indirect stresses comprise of those which affects the supply and
availability of feed, and are determined by climatic and other factors which affect
the growth of the plants that animals eat.

For livestock, the most stressful of all the abiotic stressors is heat, followed by
cold. Many species are unable to regulate their internal body temperature. Even in
those species that are able to regulate their own temperature, it is not always a
completely accurate system. Temperature determines metabolic rates, heart rates,
and other very important factors within the bodies of animals, so an extreme tem-
perature change can easily distress the animal. Homeothermic animals are able to
maintain a relatively constant core temperature by balancing the heat gained from
metabolism against that gained from or given to the environment. This heat balance is
achieved through the concerted effects of physiological, morphological, and
behavioral thermoregulatory mechanisms. When the rate of heat loss from the body
surface is very high it may lead to hypothermia and when it is very slow it leads to
hyperthermia. These two conditions are not well tolerated by the body for an
extended period. Under most conditions, there is a continual net loss of sensible heat
from the body surface by conduction, convection, and radiation, and under all con-
ditions there is a continual loss of insensible (evaporative) heat from the respiratory
tract and skin surface. Thus homeostasis is maintained by the body.

High environmental temperature reduces productive and reproductive
efficiency of livestock to a significant extent. There are reports which suggest
that when thermal stress is coupled with nutritional stresses, it had severe impact
on the productive and reproductive functions in contrast to subjecting to either
thermal or nutritional stress separately (Sejian et al. 2010a, b). Most of the
studies carried out in controlled condition (controlled-environmental chambers)
have established upper critical temperatures for a number of production traits,
which fall between 24 and 27�C for most traits and species of livestock. Upper
critical temperatures in general will vary depending on several factors such as
degree of acclimatization, rate of production (growth or lactation), pregnancy
status, air movement around the animals, and relative humidity. Research con-
ducted in controlled environment chambers has been valuable in establishing the
basic parameters of stress. However, application of such information to field
conditions is often difficult because of wide diurnal variations in ambient
temperature and relative humidity, at one hand, and other aspect of the animals’
environmental intrinsic compensatory mechanisms on the other hand. Under
these conditions livestock needs to be protected against environmental stresses by
providing optimum nutrition, proper managemental practices, and health care.
Adverse environments can increase the nutritional requirements of animals
directly, or they may reduce the supply and quality of the feed. Livestock
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production in adverse environments can be limited far more by these indirect
effects than by an inability of the stock to maintain homeostatic equilibrium.
Under these circumstances concerted effort must be taken to harmonize the
welfare of animals by reducing environmental stress of food on animals through
nutritional manipulation and managemental practices. A brief discussion of
various stresses that are encountered in farm animals, their effect in production,
and ameliorative measure are elaborated in this chapter.

8.2 Basic Concept of Thermoneutral Zone
and Thermoregulation of Livestock

To have a better understanding of the different stressors that livestock species
encounter during the course of production, it is imperative to become acquainted
with the processes pertaining to the utilization of dietary energy, since the ambient
temperature has a major impact on the energy metabolism of food producing farm
animals. Some of the energy terminologies such as gross or intake energy,
digestible energy, metabolizable energy, and net energy are commonly used when
energy metabolism of farm animals is discussed (Fig. 8.1). Intake energy/gross

Fig. 8.1 Schematic representation of energy utilization by farm animals. This figure represents
the pathways by which the gross energy or feed intake is converted to both maintenance energy
and productive energy
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energy is the combustible energy ingested per day and is determined from
the combustible energy density of the feed, its opportunity for ingestion, and the
appetite of the animal. Feed is not completely digested or absorbed; therefore, the
gross energy (GE) of a food or other material provides no clue about the amount of
energy available for livestock production. The amount of digestible energy is more
useful for this purpose and can be defined as that portion of feed energy consumed
which is not excreted in the feces. Similarly, metabolizable energy (ME) can be
calculated by subtracting from the intake energy loss occurring in feces, urine, and
gaseous product of digestion. Therefore, ME intake is that which is available to an
animal for maintenance and productive function (Net energy). Further, the
maintenance function involves the utilization and oxidation of ME for basal
metabolism, voluntary activity, and for combating external stressors. The pro-
ductive function is involved for growth, milk production, fattening, hair and wool
production, reproduction, and storage.

Physiological processes in the body are associated with heat production, which
is the sum total of non-productive energy utilized by the animal and of the energy
‘‘lost’’ in the course of converting the dietary nutrients. The non-productive energy
is used for maintenance of essential physiological processes such as maintenance
of the body temperature, the nervous system, organ functions, ion pumping, energy
requirement for minimal activity, etc. The total amount of heat produced in the
course of digestion, excretion, and metabolism of nutrients is called heat incre-
ment. Within a certain range of ambient temperature and besides unvarying feed
and nutrient intake, the total heat production of the animal remains constant. This
temperature range is called the thermoneutral zone (TNZ) and can be defined as
the range of effective ambient temperature (Ames and Ray 1983) within which the
heat from normal maintenance and productive functions of the animal in non-stress
situations offsets the heat loss to the environment without requiring an increase in
rate of metabolic heat production. In a thermoneutral environment, the heat pro-
duction of the animal is at the minimum, and thus the dietary energy can be used
for production (growth, egg and milk production) purpose efficiently (Johnson
1987). The lower critical ambient temperature range point and the upper critical
ambient temperature range point define the limits of the TNZ (Robertshaw 1981).
Generally, the TNZ ranges from lower critical temperature (LCT) to upper critical
temperature (UCT) and depends on age, species, feed intake, diet composition,
previous state of temperature acclimation or acclimatization, production, specific
housing and pen conditions, tissue insulation (fat, skin), external insulation (coat),
and behavior of an animal (Yousef 1985).

Unfavorable temperature (extreme cold or hot) often leads to an increased rate
of heat production by the animal (more loss of energy), thereby less energy is
available for production at the same level of energy intake, and the efficiency of
energy utilization decreases. The upper and lower critical temperatures for
different animal species and age groups are presented in Tables 8.1 and 8.2. The
species, age, and body condition of the animals all have a significant influence on
the critical temperature (Yousef 1985), but other environmental factors affecting
their thermal sensation and heat dissipation, such as air velocity and air humidity,
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are also crucial. Increasing the airflow improves the efficiency of evaporative
cooling, but higher humidity has the opposite effect. In cold and humid conditions,
the heat conductivity of wet hair increases thus making the animal more sensitive
to the lower ambient temperature.

Thermoregulation is the ability of the animals to maintain their body temperature
in cold or hot environments, consisting of behavioral, physiological, and anatomical
responses that affect energy metabolism. Moreover, in homoeotherms it is achieved
by physiological and behavioral adjustments which involve the musculature, skin,
sensory capacities, hypothalamus, and endocrine glands. Under thermal stress,
animals exhibit anorexia, body extension, gasping, languor, lethargy, excessive
drinking, bathing, decreased locomotor activities, group dispersion, and shade
seeking (Hafez 1964). When animals are exposed to cold they show body flexure,
huddling, hyperphagia, extra locomotor activities, depressed respiration, and nest
building. Species and breed differences in the behavioral adjustments to unfavorable
climates are related to habitat, morphological characteristics of body covering,

Table 8.2 Upper critical
temperature for different farm
animals (FASS 2010)

Species Body weight
(kg)

Upper critical
temperature (�C)

Dairy cow – 24
Newborn dairy calf – -4
Lactating sow with piglets – 26 for Sow
Prenursery 3–15 32
Nursery 15–35 26
Growing pigs 35–75 25
Finishing pigs 70–100 25
Sow, boar [100 25
1-day old chicken – 35
Finishing broiler – 26
Laying hen – 27–29

Table 8.1 Lower critical temperature for different farm animals

Species Body weight (kg) Lower critical
temperature (�C)

References

Dairy cows 600 -22 Charles (1994)
Beef cattle 400 -4 Charles (1994)
Veal calf 100 -14 Webster (1981)
Pig, fattening 20 21 Bruce (1981)

40 19 Bruce (1981)
60 17 Bruce (1981)
80 16 Bruce (1981)

100 16 Bruce (1981)
Sow 200 18 CIGR (1984)
Laying hen 2 12 CIGR (1984)
Broiler chicken 1 18 CIGR (1984)
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degree of physiological adaptability, degree of physiological immaturity at birth or
hatching, and the number of young. In a cold environment, the rate of oxidation
increases, in other words, the body ‘‘burns’’ more nutrients, thus boosting its heat
production, in order to compensate for the higher heat loss caused by the lower
ambient temperature. Shivering is a tool aiding this process; since the energetic
efficiency of muscle work is low, the resulting heat production is quite significant
(Young et al. 1989). If heat loss exceeds heat production, the result will be hypo-
thermia and ultimately death will occur. The thermoregulatory mechanisms of
newborn and young animals (swine and poultry species) are poorly developed;
therefore, in the cold environment there is every chance of increases in the number of
mortalities (Mitchell and Kettlewell 1998).

The maintenance energy requirement of animals increases in a cold environment,
which reduces the amount of energy available for production (Mader 2003). For
example, a thin cow requires more energy for maintenance than fat cows. The more
subcutaneous fat a cow has, the greater the ability to withstand colder temperatures.
Cows that lose weight prior to calving can end up with weaker calves and poorer
rebreeding rates. However, higher use of non-productive energy is not the only
factor reducing the amount of energy available for production. Another contributing
factor is the poorer digestibility of nutrients caused by the low ambient temperature
(Kennedy et al. 1982). This means that in cold temperatures higher energy con-
sumption is associated with a relatively lower energy supply. Higher feed or energy
intake can help the animals to compensate for this lower energy supply to a certain
extent (Galyean and Defoor 2003). From a practical perspective higher temperatures
are much more hazardous for growing/finishing and breeding animals than a cold
environment. Temperatures exceeding the higher critical level compromise animal
performance not only by changing the energy and nutrient metabolism, but also by
upsetting the body homeostasis, with detrimental consequences both for immune
competence and for product quality. In general, livestock with high production
potential are at greatest risk of heat stress, thereby requiring the most attention
(Niaber and Hahn 2007). Temperature-humidity index (THI) could be used as an
indicator of thermal climatic conditions. THI is determined by equation from the
relative humidity and the air temperature and is calculated for a particular day
according to the following formula (Kadzere et al. 2002):

THI ¼ 0:72 Wþ Dð Þ þ 40:6

where

W—wet bulb temperature �C
D—dry bulb temperature �C

The principle of THI is that as the relative humidity at any temperature increases,
it becomes progressively more difficult for the animal to cool itself. THI values of
70 or less are considered comfortable, 75–78 stressful, values greater than 78 cause
extreme stress.
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8.3 Different Stresses Encountered in Livestock Production

8.3.1 Cold Stress

Cold stress affects productivity of livestock to a significant extent. When animals are
exposed to extreme cold stress, a number of biological processes are initiated to
maintain body homeostasis. During extreme cold, the outside temperature falls
rapidly and substantial amount of dietary energy may be diverted from productive
functions to the generation of body heat. Failure to produce sufficient heat can result
in death. A number of factors (environmental and animals) determine the severity of
cold stress in animals. Both environmental and animal factors contribute to differ-
ences in heat loss from the animal to the environment. Environmental factors include
air movement, precipitation, humidity, contact surfaces, and thermal radiation.
Factors contributing to differences in animal heat loss from conduction, convection,
and radiation are surface area (SA), which include surface or external insulation (EI),
and internal or tissue insulation (TI). Evaporative losses are affected by respiration
volume as well as SA, EI, and TI.

More often, cold stress leads to the development of secondary changes and
possibly disease. With prolonged exposure to even mildly cold conditions,
physiological adaptation occurs in animals resulting in an increase in thermal
insulation, appetite, and basal metabolic intensity, as well as alterations in
digestive functions. Much of the reduced productivity, and in particular the
reduced nutritional efficiency, observed in ruminant production systems during the
colder part of the year, can be accounted for by these adaptive changes.

Several experiments have demonstrated that during cold stress the ruminant
appears to oxidize fat for heat production. The availability of such substrate
(acetate, butyrate, and long-chain fatty acids) for oxidation to meet energy
requirements for product synthesis and maintenance can, therefore, be influenced
by the requirements for heat generation to maintain body temperature. Cold
stressed animal will oxidize acetogenic substrate for heat production until ‘surplus’
acetogenic substrate is totally utilized, after which fat mobilization provides an
extra source of metabolic fuel (Graham et al. 1959). Thus, the preferential
oxidation of circulating acetate leaves a higher ratio of amino acids (and glucose)
in the nutrients available for production than would be available to an animal in its
zone of thermoneutrality.

Conversely, an animal that is not required to produce heat, above basal
metabolism, will have more acetogenic substrates available for anabolic purposes.
The environment can, thus, alter the partitioning of nutrients into productive
functions and affect the efficiencies of feed utilization. The design of supplements,
to balance diets for ruminants, needs to account for the varying demands for
nutrients brought about by the thermal environment of the animal. It is recognized
that cold stress in animals often increases voluntary feed intake and rumen
turnover rate. In this way, it increases microbial cells moving to the lower tract,
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thus increasing the P:E ratio in the nutrients available for maintenance or pro-
duction (Kennedy et al. 1986). The effects of cold stress on performance of
livestock are summarized as under.

8.3.1.1 Feed Intake

The dry matter intake of the animals in general is increased during very cold
weather. Experiment in sheep that was exposed to cold stress during grazing
increased feed intake by 20–40% to compensate for heat loss (Graham et al. 1982).
Baile and Forbes (1974) reported increased voluntary feed intake in cold stressed
animals which was attributed to the activity of the thyroid gland (Gale 1973). The
elevation of thyroid activity resulted in increased ruminoreticulum motility and
higher rate of passage of digesta (Gonyou et al. 1979). In contrast to the above,
cows consuming only range forage ate less at lower temperature when compared to
those kept at warmer winter temperature (Adams et al. 1986). Kartchner (1996)
also found that the intake of cows grazing on winter forage was below mainte-
nance during harsh than during mild weather. If energy requirements for grazing
and cold environment are considered simultaneously, the relationship between
intake and requirement would be less favorable (Adams 1987). Decreased intake
of forage results in lesser production of thermoneutral heat which in turn mobilize
body fat to bridge energy gap to maintain body temperature (Webster 1974).
During cold exposure elevated concentration of glucose and free fatty acids are
found in the blood (Young 1975) and these elevated levels of free fatty acids are
associated with reduced feed intake (Baile and Della-Fera 1993).

Effect of cold stress on voluntary feed intake (VFI) has also been reported from
monogastric animals such as pigs, poultry, etc. When heavy pigs are exposed for
an extended period of time to extremely low ambient temperatures (cold stress),
feed intake can increase substantially, although feed conversion efficiency (FCE)
and average daily gain (ADG) are reduced (Maenz et al. 1994). Cold temperatures
also increase the pig’s energy requirement, which means additional feed is
required to maintain body temperature. Therefore, cold stress usually results in an
increase in feed intake. In extreme conditions, feed intake can increase as much as
25%. Pigs exposed to cold stress have a higher metabolic rate (Dauncey and
Ingram 1979; Herpin et al. 1987a, b; Herpin and Lefaucheur 1992) and therefore
tend to eat more feed to supply the extra energy required for the increased
metabolic heat production (Verstegen et al. 1982, 1984). The extra feed consumed
for each �C below the lower critical temperature has been estimated at 25 and
39 g/d for growing and finishing pigs, respectively, while ADG is reduced by
10–22 g/d (Verstegen et al. 1982, 1984). It is important to note that these estimates
are likely to be lower for pigs housed in larger groups, because of opportunities to
huddle and thereby reduce cutaneous heat loss (NRC 1981). However, the extent
to which these parameters are affected may depend on the genotype and the
severity of cold stress. Younger pigs may be limited in their ability to increase feed
intake to meet their nutrient intake requirements because of their limited gut size
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(Quiniou et al. 2000). Addition of fibrous ingredients in the diet can also reduce the
effects of cold temperatures. Oat and barley contain 7–12% fiber. Dietary fiber will
increase the amount of heat produced by the pig and dilute the energy content of
the feed. The result is more efficient use of the energy in the feed.

8.3.1.2 Digestibility of Nutrients

Cold stress also appears to affect feed efficiency by both reducing dry matter
digestibility and diverting nutrients to heat generation. It has been reported that
cold stress reduces dry matter digestibility by 1.8% for each 10�C reduction in
temperature below 20�C. In cold stress, much of the reduction in digestibility is
attributed to increased passage rate of feed through the digestive tract. An increase
in ruminoreticulum motility during cold exposure enhances the rate of passage of
small feed particles from the rumen by promoting their mixing, sorting, and fluid
propulsion (Gonyou et al. 1979). The digestibility of long, chopped, and ground-
pelleted form of hay was significantly reduced in sheep which might be due to
increased rate of passage by cold exposure (Nicholson et al. 1980). Graham et al.
(1980) indicated that cold temperature increased both fecal and urinary energy
losses, resulting in decreased metabolizable energy availability. It is generally
accepted that exposure of animals to severe cold decrease digestibility of feeds in
confined ruminants (Kennedy et al. 1982) and lower forage digestibility during the
periods of cold weather affects the performance of animals due to limited nutrients
supply (Adams 1987). Bailey (1964) reported no decrease in digestibility during
cold (-10�C) exposure of sheep but there was a slight increase after the animals
were returned to a warm (20�C) environment. Horton (1978) did not observe
a change in digestibility in sheep with exposure to temperatures of -12 to +l0�C.

The average digestibilities of dry matter, energy, and crude protein was
significantly lower in pigs when they were exposed to cold stress (6�C) than pigs
exposed to 22�C (Phillips et al. 1982). The effect of ambient temperature on
digestion of feedstuffs by growing hogs has also indicated a decrease in energy and
nitrogen digestibility when the animals are exposed to cold (Fuller 1965).

8.3.1.3 Milk Production

Severe cold stress affects milk production in dairy cows. If cows are not fed addi-
tional feed or the quality does not allow them to eat enough to meet their additional
energy requirements, body mass will be ‘‘burned’’ to produce metabolic heat. These
cows lose weight as both feed energy and stored fat are diverted to maintain body
temperature and vital functions. In this condition cows have lower milk production,
increased neonatal mortality, and reduced growth rate in surviving calves. These
cows usually have delayed return to estrus and poorer reproductive success. Cold
exposure may directly limit the synthetic capacity of the mammary gland by reducing
mammary gland temperature (Johnson 1976), or may act indirectly, by affecting the
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udder’s blood supply (Thompson and Thomson 1977). The above adjustments along
with changes in endocrine balance induced by cold exposure might significantly alter
the metabolism of the mammary gland (Robertshaw l981) thereby affecting milk
production as a whole in cold-stressed ewe. Milk consists of about 90% water and
flow of water from blood to milk is probably by osmosis. Lactose is the main osmolar
component of milk, rate of milk secretion depends on lactose secretion. As blood
glucose is the precursor of milk lactose, glucose uptake by the udder is important for
milk secretion (Hardwick et al. 1963). Cold stress alters glucose metabolism in non-
lactating animals, and blood glucose concentration, total turnover and oxidation of
glucose are increased by cold exposure, thus output of glucose from liver increases
(Depocas and Masironi 1960).

8.3.1.4 Body Condition

Dietary energy requirements of beef cattle are influenced by its size and breed,
environment, and body condition (Avendaño-Reyes et al. 2010). Because of the
insulation value of fat and its low maintenance requirements, fat cows may have
lower winter energy requirements than thin cows (Pullar and Webster 1977).
Hence, manipulation of body condition may be important economically to
cow-calf producers and the ability to deposit external fat may be an important
component of an animals’ adaptability to cold climate.

If the winter is severe, the pregnant animals may spend whole of the winter
using energy to generate heat. If nutrients are shunted to heat production, cattle
begin to lose body condition. Cows, and particularly heifers, in poor body con-
dition are at risk for calving-related problems. Therefore, it is imperative to
monitor body condition scores (BCS) throughout the winter and to prepare
supplements with increased energy, protein, vitamins, and minerals for cold
stressed cattle. Cold stressed livestock need more feed just for maintenance than
their unstressed counterparts.

8.3.2 Heat Stress

Heat stress can be defined as a group of conditions due to over exposure to or over
exertion in excess environmental temperature. The condition includes heat cramp,
heat exhaustion, and heat stroke. It is now widely accepted that heat stress is the
major cause of lower production and economic loss in sheep and goat, poultry,
swine, beef cattle, and dairy cattle. The thermal comfort zone for most animals is
between 4 and 25�C. When temperature exceeds 25�C, animals suffer heat stress.
In severe cases of heat stress, the deep body temperature (core temperature) rises,
animal cells are affected, and production performance is reduced. The effect is
more pronounced when the relative humidity is greater than 50%. Thresholds for
animal heat stress are important for distinguishing between thermoneutral and
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thermally challenging environmental conditions. It is a well-recognized biomete-
orological problem that heat stress has a negative impact on productive perfor-
mance and ultimately survival of livestock. Accurate estimates of heat stress
thresholds are useful for evaluating heat dissipation capabilities, growth rate, feed
conversion efficiency, and for comparing management techniques for overcoming
the adverse effects of heat stress. For individual animals, the heat stress threshold
can be used to characterize sensitivity to hot conditions and possibly identify
sentinel animals to represent a group of animals. The current definition of the heat
stress threshold emphasizes on the relationship between body and air temperature
and the duration of exposure.

The biological mechanism by which heat stress affects production and repro-
duction in ruminants is partly explained by reduced feed intake, and also includes
altered endocrine status, reduction in rumination and nutrient absorption, and
increased maintenance requirements (Collier and Beede 1985; Collier et al. 2005)
resulting in a net decrease in nutrient/energy availability for production. This
decrease in energy results in a reduction in energy balance (EB), and partially
explains why cows lose significant amounts of body weight when subjected to heat
stress. A reduction in energy intake in lactating cows during heat stress result in a
negative energy balance (NEB). Essentially, because of reduced feed and energy
intake the dairy cow enters in a bioenergetic state, similar to the NEB observed in
early lactation. The NEB associated with the early postpartum period is coupled
with increased risk of metabolic disorders and health problems (Goff and Horst
1997; Drackley 1999), decreased milk yield and reduced reproductive performance
(Lucy et al. 1992; Beam and Butler 1999; Baumgard et al. 2002, 2006). It is likely
that many of the negative effects of heat stress on production, animal health, and
reproduction indices are mediated by the reduction in energy balance. However, it
is not clear how much of the reduction in performance (yield and reproduction)
can be attributed or accounted for by the biological parameters effected by heat
stress (i.e., reduced feed intake vs. increased maintenance costs).

Heat stress is one of the major concerns in pork production during summer
because pigs do not have functional sweat glands like other livestock species to
assist them in efficiently removing body heat. In swine, heat stress causes
increased respiration rate leading to increased losses of carbon dioxide from the
lungs, resulting in the reduction of partial pressure of carbon dioxide, and
consequently the concentration of bicarbonate in the blood. The ensuing lowered
concentration of hydrogen ions causes a rise in plasma pH, a condition widely
known as alkalosis. Blood alkalosis is considered partially responsible for
depressed feed intake and the consequent impaired performance in heat stressed
animals. Animals respond to elevated temperature by reducing feed intake,
increasing respiratory rate and water consumption, and decreasing activity in an
attempt to improve heat loss and minimize the heat generation in the body. As a
result of this compensatory mechanism, pigs exhibit poor growth rate and feed
conversion, reduced milk production during lactation, impaired fertility, and
increased mortality rates. Effects of heat stress in different farm animals are
summarized as under.
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8.3.2.1 Feed Intake

When cattle were exposed to heat stress a decrease in feed intake and reduction in
metabolic rate was observed (Baccari et al. 1983). These responses help the
animals in maintaining heat balance (Beede et al. 1983). However, in most
temperate breeds of cattle, intake of good quality forages resulted in enhanced
metabolic rate and increased requirements for water consumption for intermediary
metabolism and thermoregulation (Springell 1968). Voluntary feed intake is
affected in feedlot cattle exposed to temperature outside their thermoneutral zone.
The reduction in dry matter intake from roughages-based diets becomes pro-
nounced when environmental temperature increase is accompanied with high
humidity (Warren et al. 1974; Bhattacharya and Hussain 1993). The feed intake in
intensively managed livestock is less affected by heat stress, compared to grazing
animals, wherein, during the period of heat stress grazing activity is significantly
reduced to maintain thermal balance (Beede et al. 1983).

Moderate heat stress reduces feed intake and growth in young sheep consuming
medium quality roughage diets (Dixon et al. 1999). However, exposure to high
ambient temperature augments the body mechanism to dissipate body heat, in this
situation an increase of respiration rate, body temperature, and enhanced water
consumption and a decline in feed intake are evident (Marai et al. 2007). A higher
heat increment is caused by the specific dynamic action that accompanies the
metabolism of feed which is highest in the case of poor quality, fibrous feedstuffs
(Marai et al. 2001). Factors such as water deprivation, nutritional imbalance and
nutritional deficiency may exacerbate the impact of heat stress. Sheep, however,
are less sensitive to heat stress, when compared to cattle, at a maintenance level of
feeding. Research by different workers have reported that dry matter (DM) intake
decrease significantly following exposure to heat stress in different breeds of sheep
like Croix, Karakul, Rambouillet (Monty et al. 1991), Sardinian and Comisana
(Nardone et al. 1991). Similarly, DM intake per kg body weight was reported to be
lower and the maintenance requirements were higher at high ambient tempera-
tures. The decrease in concentrate intake by rams was estimated to be approxi-
mately 13%, without altering the roughage consumption, when kept at 35�C in a
climatic chamber (Nardone et al. 1991). In a recent study, Sejian et al. (2010a)
subjected Malpura ewes (a native sheep breed of Rajasthan, India) to either heat
stress (40�C; 55% RH) or nutritional stress (restricted feeding) or both in climatic
chamber and reported significantly lower feed intake and higher water intake in
both heat stress and combined stress group. The intensity of the above effect was
very prominent when both the stressors were combined together.

Heat stress affects performance and pork production in swine especially during
the summer months because pigs do not have functional sweat glands like
other livestock species to assist them in efficiently dissipating body heat.
Animals respond to elevated temperature by reducing feed intake, increasing
respiratory rate and water consumption, and by decreasing activity in an attempt to
improve heat loss and minimize the heat generation in the body. Environmental
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temperature has a marked effect on both VFI and feeding patterns (Quiniou et al.
2000). In growing pigs, VFI is reported to decrease curvilinearly with increasing
environmental temperature while the size of meals is reduced (Collin et al. 2001).
For each degree increase in temperature, a reduction in daily feed intake (462 g/d)
was observed in multiparous sows that were reared in warm (23�C; RH: 93.8%)
and hot (26.1�C; RH: 93.7%) seasons (Silva et al. 2009). The reduction in feed
intake in hot seasons was attributed to increased relative humidity (RH). Between
25 and 27�C with a 50–60% RH, Quiniou and Noblet (1999) reported a reduction
in feed intake equivalent to 254 g/d/�C. The greater daily feed intake reduction per
degree Celsius found in their study (462 g/d�C) was related to the effect of the
increased humidity observed during their study (85–98%). These results suggest
that the negative effect of elevated ambient temperature may be accentuated by the
increased RH in a tropical climate.

Marked changes are observed in poultry birds when subjected to heat stress.
In poultry production, heat stress can be either acute or chronic. Acute heat stress
refers to short and sudden periods of extremely high temperature, whereas chronic
heat stress refers to extended periods of elevated temperature. Chronic stress has
deleterious effects on birds that are reared on open-sided houses and causes a
reduction in feed consumption and increasing water intake. Most of the reduction
in feed consumption is due to reduced maintenance requirement. For every
increase (1�C) in environmental temperature from 22 to 32�C, feed intake in
broiler chicken was reduced by 3.6% (Ain Baziz et al. 1996). This reduction in
intake was aimed to avoid increase of endogenous heat production since heat
production is high when feed intake increases (Koh and Macleod 1999a, b).

8.3.2.2 Digestibility

Exposure of ruminants to heat stress in some studies has shown to increase
digestibilities of dry matter, crude protein, cell solubles, and various fiber fractions,
as a result of reduced rate of passage through the gastrointestinal tract and increased
mean retention time (Lippke 1975; Warren et al. 1974). The increase in digestibility
of feed associated with higher temperatures is probably due to depressed intake,
which results in slower rate of passage (Davis and Merilan 1960). Weniger and
Stein (1992) also reported significantly higher digestibility and nutrient degradation
in the rumen at a high ambient temperature and low relative humidity (35�C and
50% humidity), than at a lower ambient temperature–high relative humidity (30�C
and 60% humidity) in adult Merino rams.

While in some experiments the digestibility of DM, CP, ether extract, energy,
and metabolizable energy of diets are reported to be depressed when the animals
are exposed to high temperatures (Marai et al. 2001). The digestibility was lower
when the proportion of roughage was 75% of the total diet in Awassi breed of
sheep (Marai et al. 2007). In summer months, the nutrients content of the pasture
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declines with concomitant increase in higher fiber and lignin and there will be fall
in the digestibility of nutrients because of an increase in the lignin or ‘‘wood’’ fiber
content in the grasses. Other studies have shown the ability of ruminants to digest
roughage-based diet increases in warmer temperatures while it decreases in colder
environments (Conrad 1985).

Consistent decrease of protein and amino acid digestibilities of complete diets
were observed in monogastrics animals like poultry subjected to heat stress (Wallis
and Balnave 1984) and individual feed ingredients (Zuprizal et al. 1993). High
ambient temperatures are associated with suppressed nutrient digestibility in
poultry (Wallis and Balnave 1984; Sahin and Kucuk 2003). Larbier et al. (1993)
observed that heat stress decreased protein digestibility. Bonnet et al. (1997)
reported that the digestibility of proteins, fats, and starch decreased with exposure
of broiler chickens to high temperatures. In addition, activities of trypsin,
chymotrypsin, and amylase decrease significantly at a temperature of 32�C
(Hai et al. 2000). The amylase and maltase activities in laying hens and broilers
were reported to change under acute heat stress conditions, but not under chronic
exposure to heat (Osman and Tanios 1983).

8.3.2.3 Growth Rate

Heat stress has appreciable effect on the growth performance of farm animals.
Prolonged exposure of livestock to high temperatures negatively affects growth of
livestock. For instance, in finisher pigs the optimum temperature range lies
between 10 and 23.9�C (Myer and Bucklin 2001), and temperatures above 23.9�C
decrease voluntary feed intake and pig growth (Kouba et al. 2001). Changes in
growth performance with heat stress appear to be related to lower feed intake
rather than changes in nutrient metabolism. Pigs exposed to heat stress (37�C) had
lower (31%) ADG, lower (23%) feed intake, and 34% higher average daily water
intake, compared with those in the non-heat stress conditions (Song et al. 2011).
The ADG of crossbred wether lambs were significantly reduced when they were
exposed to high temperature of 35�C. Reduced ADG during thermal stress occurs
because maintenance requirement for energy increases during both cold and heat
stress while energy intake declines during heat and does not increase as rapidly as
maintenance costs during cold (Ames and Brink 1977).

Growth in animals is defined as increase in live body mass or cell multiplication
and is controlled both genetically and environmentally. The available nutrients,
hormones, and enzymes, as well as, elevated ambient temperatures are considered
as some of the environmental factors that can influence ADG (Hafez 1987; Habeeb
et al. 1992). The birth weight of lamb (temperate sheep breeds) showed a linear
decrease when their dams were maintained for generations together in hot,
semi-arid locations. Such a decline was shown from the sixth to the eleventh
generation in Rambouillet lambs, while the reduction was apparent from the
second generation in Suffolk lambs. In Merino and Dorset Horn, lamb birth
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weights showed no such a decline up to the sixth and third generations, respec-
tively (Singh and Karim 1995).

The average daily gain of lambs are lower in summer than in winter, as well as
in a psychrometric chamber (30–40�C) compared to a shelter (20–30�C), for
Suffolk sheep (Marai et al. 1997; Padua et al. 1997). The effects of higher ambient
temperature on growth performance can be explained in terms of a decrease in
anabolic activity and the increase in tissue catabolism. This decrease in anabolism
is essentially caused by a decrease in voluntary feed intake of essential nutrients.
The decrease, especially ME for both body maintenance and weight gain, causes a
loss in the production per unit of feed (Marai et al. 2007).

8.3.2.4 Milk Yield

High environmental temperature (heat stress) reduces milk yield in dairy cows
especially in animals of high genetic merit. Johnson et al. (1962) demonstrated a
linear reduction of dry matter intake (DMI) and milk yield when THI exceeded 70.
The reductions were -0.23 and -0.26 kg/day per unit of THI for DMI and milk
yield, respectively. Nardone et al. (1992) induced heat stress in climatic chambers
and observed a decrease in milk yield to the tune of 35% in mid-lactating dairy
cows and of 14% in early lactating dairy cows (Lacetera et al. 1996) kept under heat
stress conditions. The optimal ambient temperature of dairy cows falls between 5
and 15�C. Over 15�C the animals start to sweat, although they are still able to
maintain the equilibrium between heat production and heat dissipation. Heat
dissipation by sweating gradually increases and although it becomes quite intense
above the upper critical temperature (25�C) the cow is no more able to maintain the
heat balance at such high temperatures. Kadzere et al. (2002) reported that on days
of heat stress the amount of water lost through evaporation in dairy cows may be up
to or even exceed the amount of water excreted in the milk. The high rate of water
loss stresses the importance of water supply for dairy cows at high temperatures.

Milk production traits in ewes seem to have a higher negative correlation with
the direct values of temperature or relative humidity than THI. The values of THI,
above which ewes start to suffer from heat stress, seem to be quite different among
breeds of sheep (Finocchiaro et al. 2005). Solar radiation seems to have a lesser
effect on milk yield, but a greater effect on yield of casein, fat, and clot firmness in
the milk of Comisana ewes (Sevi et al. 2001).

8.3.2.5 Egg Production and Meat Quality

During the period of extreme environmental temperature the production and
quality of egg is affected in poultry. It has been observed that temperature and
moisture of air are two major environmental factors controlling the heat stress of
livestock (Bouraoui et al. 2002; St-Pierre et al. 2003). Heat loss in poultry is
limited due to feathering and the absence of sweat glands. When the temperature
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and RH exceed the comfort level of a bird, it loses the ability to efficiently
dissipate heat. This leads to physiological changes that are accompanied by a
change in hormonal status and a reduction in feed intake to reduce metabolic heat
production (Teeter et al. 1985) and lower growth rate as well as reduce feed
efficiency (Geraert et al. 1996). Heat stress to different extents adversely affects
egg size, laying percentage, mortality, body weight gain, and egg shell durability
(Sterling et al. 2003; Lin et al. 2004; Franco-Jimenez and Beck 2007) in laying
birds. The combination of high atmospheric temperature and relative humidity
increase the severity of heat stress and results in the excessive generation of
reactive oxygen species or free radicals due to increased metabolism in birds
(Ramnath et al. 2008).

Heat stress has long been recognized as one of the major environmental factor
influencing meat quality (Mckee and Sams 1997). Kadim et al. (2004) found
strong negative effects of the hot season (34.3�C and 48.8% relative humidity) on
the quality characteristics of beef meat, wherein, these authors reported higher pH,
lower shear force value, and darker meat of longissimus thoracis muscle in heat
stressed beef cattle when compared with muscle samples collected during the cool
season. Sayre et al. (1963) reported stress-susceptible pigs that were subjected to
heat stress (42–45�C for 20–60 min) prior to slaughter-developed pale, soft, and
exudative (PSE) meat characteristics. Birds become vulnerable to heat stress at
temperature above 30�C (Ensminger et al. 1990). Especially in the hot regions,
heat stress is of major concern for the poultry industry because of the resulting in
poor growth performances (lower body weight gain and carcass yield) and high
mortality rates (Nardone et al. 2010). Selection of broiler chicken for rapid growth
rate has been associated with increased susceptibility to heat stress (Berong and
Washburn 1998; Cahaner et al. 1995). Northcutt et al. (1994) found that chickens
that were subjected to heat (40–41�C for 1 h) and preconditioned (3 d at 35–36�C
for 3 h) exhibited PSE meat characteristics. Environmental temperatures above
30�C can cause a reduction in feed intake, body weight, carcass weight, carcass
protein, and muscle calorie content in broiler (Tankson et al. 2001). Feng et al.
(2008) observed significant decrease of initial pH, drip loss, and shear force of
breast muscle in heat stressed broilers. However, Northcutt et al. (1994) found that
turkeys subjected to 30�C for 1 h had lower initial pH after slaughter than controls,
but they did not differ in lightness or water-holding capacity from the controls. In
addition, Froning et al. (1978) found that turkeys exposed to immediate pre-
slaughter heat stress did not exhibit PSE meat characteristics. Stress is the factor
which accelerates metabolism and quick exhaustion of muscle glycogen supplies.

8.3.2.6 Metabolism

During the heat stress a significant alteration in the metabolic activity takes place
in the body of heat stressed animals. Vasodilatation of the blood vessels occurs,
facilitating increased blood flow and thereby, helping in dissipation of excessive
heat load from the body (Thatcher and Collier 1982). These changes cause
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reduction of blood supply to the internal organs, including the ruminant fore-
stomach (von Engelhardt and Hales 1977), as the blood flow to the digestive
system is greatly influenced by the level of feed intake (Lomax and Baird 1982), a
factor which is influenced by heat stress (Attebery and Johnson 1969).

Another significant change encountered during high environmental temperature is
the release of stress hormones. Glucocorticoids level increase many fold during the heat
stress (Collier et al. 1995). Association between circulatory glucocorticoids and
proteolytic activity in the digestive tract of animal results in increased urinary nitrogen
and creatinine excretion (Tepperman 1980), which is indicative of greater protein
catabolism and lower nitrogen retention in cattle that were maintained at high
temperature of 48�C (Colditz 1972). Bhattacharya and Hussain (1993) concluded that
heat stress resulted in a reduced metabolizable energy and nitrogen retention.
A reduction in the level of plasma triiodothyronine, decrease in body weight gain, and
poor feed conversion efficiency was reported in heat stress animals (Baccari et al. 1983).

Heat stress also results in the loss of large proportion of minerals such as sodium,
potassium, magnesium, and chloride ions from the body (Jekinson and Mabon 1973).
At high environmental temperature (40�C), Collier et al. (1995) reported a 28-fold
increase in the urinary excretion of potassium in heat stressed cows compared to
cows that were maintained at 15�C. Addition of dietary potassium (Mallonee et al.
1993) and sodium salts (Schneider et al. 1986) in the diet of heat stressed animals
showed increase dry matter intake and milk production in the heat stressed cows.

8.3.3 Nutritional Stress

Nutrition plays an important role in the production performance of farm animals.
Superior genetic potentiality of livestock is often veiled due to inadequate nutrition
resulting in lower growth rate, milk yield, meat production, and other perfor-
mances. Nutritional factors such as excessive or insufficient nutrition adversely
affect the entire body function. Grazing animals in arid and semi-arid regions are
generally subjected to periods of undernutrition during extreme hot environment
due to nonavailability of feed and poor pasture conditions caused by lower
availability of nutrients, which in turn results in low productivity. The animals
suffer severe nutritional stress in the dry-season when the natural pasture is of low
nutritional value and usually in scarce supply. During this time of the year, animals
also waste a lot of energy, as they have to walk long distances in search of food and
water. As a result of these dry season and adverse conditions, animals lose weight,
body condition and have low milk yields, low conception rates, and increased calf
mortalities, all of which culminate into heavy economic loses to the small holder
farmers.

Sheep and goats due to their inherent grazing habit are often susceptible to
nutritional stress. Extensive rearing of sheep and goats in most of the arid and semi-
arid regions is characterized by grazing during day hours and housing of the animals
during night time, with possible supplementation of concentrate mixtures and of
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straw or hay. In extensive production systems, the animals are free to move within a
habitat that allows them to best perform their physiological and behavioral func-
tions. However, grazing can sometimes also adversely affect the well-being of
animal due to seasonal fluctuations of herbage quantity and quality, thus the grazing
animals are usually subjected to a temporary nutritional stress. If the nutritional
stress occurs during mating season, it can reduce sheep fertility (Rassu et al. 2004).

In the areas where sheep and goat breeding is more diffused, late spring and
summer are characterized not only by poor grass availability and palatability but
also by a marked reduction of its protein content (Negrave 1996). Therefore,
grazing animals in extensive rearing can face nutritional imbalance/nutritional
stress during this period of the year, with the alteration of rumen fermentation and
protein synthesis, which affects their well-being and negatively influences milk,
fat, and protein content. When goats graze in poor meadows with excessively
fibrous vegetation, under bad weather conditions, and with limited time for
herbage ingestion, they may show decreased milk production (Fedele et al. 1993).
Pulina et al. (2006) found that short-term feed restriction strongly reduced milk
yield and increased milk fat content in Sarda dairy ewes. Undernutrition signifi-
cantly affected the milk fatty acid profile, as a consequence of body fat mobili-
zation. Underfed ewes showed higher milk somatic cell count, indicating a
metabolic stress of the animal and its mammary gland. Nutritional stress induced
by restricted feeding (30% lower than control) and high environmental tempera-
ture (40�C) resulted in lower body weight gain and body condition score in
Malpura ewes (Sejian et al. 2010a).

Young pigs can be susceptible to nutritional stress especially when they are
weaned. This nutritional change is involuntarily added to the pig’s sociological,
environmental, and immunological stresses at weaning. In rapidly growing pigs,
the rate of weight gain can exceed the development of the control and adaptation
systems of the body. As a result, the body resistance to disease is decreased while
the susceptibility of the animal to infection increases. Young animals are more
sensitive to nutritional stress because their adaptive mechanisms are poorly
developed. Over feeding and changing feeding patterns can cause stress and result
in ulcers in pigs. Poor quality drinking water containing high levels of dissolved
minerals, including sulfates, increases the incidence of diarrhea and worsens post-
weaning growth in piglets.

8.3.4 Walking Stress

Livestock in tropical regions are subjected to walking stress, wherein, these animals
have to travel long distances in search of grazing pasture. Small ruminants like
sheep and goat spend a sizeable amount of energy in the walking activity, especially
in hot summer. In contrast, temperate zone sheep do not suffer from heat stress,
which is the main worry in the humid tropics; consequently, at least climatically,
sheep adjust satisfactorily. Domestic livestock commonly spend around 7–12 h/day
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in grazing, which include time spent for searching as well as for consuming forages
(Burns and Sollenberger 2002). As the grazing time increases, more energy is used
for activity and less for production purpose, thus, the minimum time that results in
adequate dry matter intake is considered optimum. Grazing time of livestock in
pasture depends on the ease of ingesting, which varies with accessibility of plant
parts, availability of total forages, and quality of the consumed diet (Burns and
Sollenberger 2002). Grazing time is generally lowest when forage is abundant and
of good quality and highest when forage is of low quality or availability is limited.
Grazing time may fall when grazing animals are in a severe caloric deficit and
forage availability is severely limited, thus contributing even further to decline in
forage intake (Hodgson 1986).

The energy expenditure of locomotion contributes significantly to the energy
requirement of animals in free-living conditions and must be included for accurate
evaluation of the energy needs of the grazing animal. Most of the increase in
energy expenditure of physical activity results from grazing and locomotion costs,
whereas the contribution of other activities is usually considered to be negligible.
Grazing animals have an extra daily maintenance requirement due to the demand
of energy for the physical activities of forage intake and walking. However, when
numbers of stressors such as heat stress, nutritional stress, and walking stress occur
simultaneously, then the severity of the stress is increased and productive and
reproductive performance of the animals are severely affected. Walking stress
significantly altered the growth, physiological response, and hematobiochemical
changes in the Malpura ewes that were subjected to walking for a distance of
14 km (Sejian et al. 2011) in semi-arid environment. In their study, there was a
significant increase in respiration rate, rectal temperature, and plasma cortisol
level, which was indicative of stress.

8.3.5 Transportation Stress

Stress associated with transport occurs in food animals essentially in commercial
agriculture and to a lesser extent in the rural sector. Transportation stress may be
more or less severe, depending on a number of different stress factors involved.
The major stress factors in livestock transportation may be classified as noise,
vibration (Dobson 1987), lack of exercise (Hutcheson and Cole 1986), prolonged
standing (Lambooy and Engel 1991), and environmental temperature and humidity
(Dantzer 1982). Animals may be transported for marketing, slaughter, restocking,
from drought areas to better grazing areas and for a change of ownership.
Typically, methods used to move animals are on hoof, by road (motor vehicle),
by rail, on ship, and in some cases by air. Majority of livestock in developing
countries, in general, are moved by trekking on the hoof for short distances and
by road or rail, when transportation involves long distances. Transport of livestock
is undoubtedly the most stressful (Maria et al. 2004) and injurious stage in the
chain of operations between farm and slaughter house and contributes significantly
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to poor animal welfare, loss of production, and poor meat quality. Transportation
of food animals is of great concern due to several reasons (Knowles et al. 1999a, b;
Hartung 2003). These are:

1. Cause severe stress in animals, if welfare conditions are not provided.
2. Stressful transportation may adversely affect meat quality.
3. There is the risk of spread of infectious diseases over large distances.
4. Animal health can be impaired by various pre-transport and transport conditions.

The above conditions may cause injury, reduce performance, increase in
morbidity and mortality rate, and consequently substantial economic losses due to
loss of live weight and poor meat quality (Knowles et al. 1999a; Fazio and
Ferlazzo 2003; Minka and Ayo 2007). Transportation exposes food animals to
stress, resulting in increased morbidity and mortality. During transport the hypo-
thalamo-pituitary-adrenal axis is activated by stressors (noise, vibration, prolonged
standing, lack of food and water, and environmental temperature) resulting in
increased concentrations of plasma catecholamines and cortisol (Sconberg et al.
1993). Catecholamines and cortisol are essential components of adaptation to
stress. Deprivation of food and water for quite a long time during transportation
further depresses the condition of the already stressed animal. The transported
food animals are subjected to concomitant action of transportation and heat stress
factors. These deleterious stress factors significantly weaken the body resistance
and the affected animals become vulnerable to diseases.

8.4 Nutritional Management of Heat Stress
in Domestic Animals

8.4.1 Dairy Cows

The primary impact of heat stress in dairy cows is a significant reduction in voluntary
feed intake. Water intake is closely related to DMI and milk yield and its intake is
increased by 1.2 kg/�C increase in minimum ambient temperature, but regardless of
rate of increase it is obvious that abundant water must be available at all times under
hot conditions. Thus water is the most important nutrient for dairy cow. Several
nutritional strategies need to be implemented during this period and these include
reformulations to account for reduced DMI, higher maintenance costs, and metabolic
heat production from various feedstuffs (West 2003). The maintenance requirement
of lactating dairy cows increases substantially as environmental temperature
increases; therefore, the frequency of feeding may be increased so as to increase
DMI. During the period of heat stress, the diurnal temperature rises to a significant
level and animals are often reluctant to take feed in an effort to reduce heat production
and feeding in the early morning or late evening hours can be practiced to reduce total
heat load on the animal (Staples 2007). As the intake of DM generally declines with
hot weather, effort should therefore be made to increase the nutrient density of the

8 Nutritional Manipulations to Optimize Productivity 201



diet. Energy density can be increased by supplementing extra grain or fat in the diet
and a reduction in forages. Feeding of dietary fat (rumen protected/rumen bypass) in
the concentrate remains an effective strategy of providing extra energy during a time
of negative energy balance. Compared to starch and fiber, fat has a much lower heat
increment in the rumen and thus provides energy without a negative thermal side
effect (Gaughan and Mader 2009).

Nutritionists often increase the energy or protein density of the ration during
prolonged periods of heat stress. Caution should be exercised if increasing protein
levels during hot weather since there is an energetic cost associated with feeding of
excess protein. Feeding of excess N above requirements reduces ME by 7.2 kcal/g
of N (Tyrrell et al. 1970). Studies have shown that the energetic cost associated
with synthesizing and excreting urea can compromise milk production when
feeding excess protein (West 2003). When diet containing 19 and 23% CP were
fed to dairy cattle, milk yield was reduced by over 1.4 kg (Danfaer et al. 1980)
and the energy cost associated with synthesizing and excreting urea accounted for
the reduced milk yield (Oldham 1984). Heat stressed cows do have an extra
requirement for dietary or rumen-produced glucose precursors like propionate.
However, lower fiber/high fermentable carbohydrate rations may drive propionate,
increase energy density, and lower heat increment, but these effects must be
balanced with the potential for ruminal acidosis in animals already prone to
acidosis due to intake variations and reduced rumen buffering capacity. Consid-
eration should be given not only to the quantity of fermentable carbohydrate but
also to the dynamic aspects of starch digestibility in fermented feeds such as corn
silage or high moisture corn (Mahanna 2007).

During hot weather, declining DM intake and high lactation demand requires
increased dietary mineral concentration. However, alterations in mineral metabolism
also affect the electrolyte status of the cow during hot weather (West 2003). Important
minerals such as sodium, potassium, and magnesium are lost from the body due to
persisting perspiration and in this condition feeding diets with a high dietary cation–
anion difference can improve intake in heat stressed cows (Tucker et al. 1988). Cattle
utilize potassium (K+) as the primary osmotic regulator of water secretion from their
sweat glands. As a consequence, K+ requirements are increased (1.4–1.6% of DM)
during the summer, and this should be adjusted for in the diet. In addition, dietary
levels of sodium (Na+) and magnesium (Mg+) should be increased, as they compete
with potassium (K+) for intestinal absorption. Therefore, feeding elevated levels of
potassium (1.5–1.6% of DM), sodium (0.45–0.60% of DM), and magnesium
(0.35–0.40% of DM) is also recommended (Staples 2007) as they are the primary
cations in bovine sweat. The role of vitamin nutrition in the management of heat stress
in dairy cattle has been reported in some studies. Cattle supplemented with niacin
(6 g/d) during summer months increased milk yield by 0.9 kg/d compared with
controls (Muller et al. 1986). Recent research indicates that the addition of 12 g/day of
encapsulated niacin may improve heat tolerance through elevation of cellular heat
shock proteins and peripheral vasodilation (Burgos-Zimbelman et al. 2008).
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8.4.2 Sheep and Goat

Nutrient requirements of sheep and goat increase during the period of heat stress.
During heat exposure, energy requirement of domestic livestock increases because
lot of energy is expended during respiratory muscular activity (Linn 1997), sweat
gland activity (Shibasaki et al. 2006), and the calorigenic effect of hormones
(Gudev et al. 2007). The adjustment of diets by reducing the roughage content,
addition of dried beet pulp, and increasing fat content can be a practical approach
toward minimizing the effect of heat during heat stress (Lofgreen 1974). Another
practical approach can be to reduce the concentrate proportion in the diet, for
instance, Moose et al. (1969) found that low-concentrate diets (35%) had lowered
heat increment than higher concentrate diets (70%) when fed to lambs and reported
that at temperatures above 25�C high heat increment can seriously impair the
efficiency of diets containing higher percentages of roughage. Protein requirement
during heat stress should be able to meet the need of animals to maintain nitrogen
equilibrium (maintenance protein) and that needed for productive function. Ideally,
dietary protein exceeding that needed for maintenance is used only for production
(growth, wool, or milk); however, growth and other productive functions may be
limited by available energy because of increased requirement of energy for
maintenance during thermal stress. When energy is limiting, protein may then be
catabolized and serve as an energy source (Crampton and Harris 1969).

8.4.3 Pigs

To counter heat stress the foremost mechanism adapted by growing pigs (Quiniou
et al. 2000) and lactating sows (Quiniou and Noblet 1999; Renaudeau et al. 2001)
is to reduce their feed intake, wherein, to lower internal heat production. Exposure
to temperatures above 25�C can be considered as a heat stress situation, especially
for lactating cows. The effects are accentuated when the high ambient temperature
is combined with a high relative humidity (Renaudeau et al. 2003). In this situa-
tion, the best nutritional practice to minimize the negative effects of heat stress on
feed intake would be to add supplemental fat to the diet because fat has a lower
heat increment than either carbohydrate or protein, and to increase the concen-
tration of other nutrients. Fat has a high caloric density that helps offset lowered
caloric intake during heat exposure. The partial replacement of dietary CP by
starch is associated with a reduced heat production in pig. Increased dietary fat
content has similar effects on heat production and the effects of dietary CP
reduction and fat addition are additive (Noblet et al. 2002). Based on these
assumptions, it can be hypothesized that low CP diets (and/or fat supplemented
diets) would be better tolerated by heat stressed pigs as the effect of heat stress on
their energy intake would be attenuated.
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Stahly et al. (1979) report an advantage offeeding synthetic lysine instead of natural
protein, as it reduces heat increment of the diet. During heat stress, dietary crude
protein may require adjustment. The daily feed intake decrease by about 40 g/�C of
heat stress, and this is paralleled by a daily gain depression of 10–20 g/�C rise of
temperature (NRC 1981). Some researchers have reported that dietary vitamin and
mineral concentrations may need to be increased under heat stress conditions. But
there is little evidence indicating that total daily requirements of these nutrients are
affected by effective ambient temperature. Of course, as high temperatures reduce feed
intake, it may be advisable to increase the concentration of certain vitamins and
minerals in the diet to compensate. Peng and Heitman (1974) found that dietary
thiamine requirement may be greater at 30 and 35�C compared with thermoneutral
temperature. Holmes and Grace (1975) found more potassium in the urine of heat
stressed pigs, but calcium retention was not affected.

8.4.4 Poultry

As poultry birds are very rapid growing with enhanced metabolic rate, thus they
are susceptible to a number of stressors. High environmental temperature often
deters optimum intake of feed. Energy intake is the most important nutrient
limiting bird performance at high temperatures. Studies have shown that the
energy requirement for maintenance decreases by about 30 kcal/day with an
increase in the environmental temperature above 21�C. The maintenance energy
is lower at higher temperature and most of this energy is wasted in heat dissi-
pation, so the absolute energy requirement is not affected by heat stress. In
general, the feed intake changes about 1.72% for every 1�C variation in ambient
temperature between 18 and 32�C but when the rise of temperature is much
higher (32–38�C), the rate of decline is much more higher (5% for each 1�C).
Under these circumstances, corrective measures need to be taken to improve feed
intake, which might include the addition of fat in the diet. When 5% fat was
supplemented into the diet of heat stressed bird, feed consumption improved by
17% in heat stressed birds (Dale and Fuller 1979). The added fat provides an
extra calorific value by decreasing the rate of passage of digesta, thereby
increasing the utilization of nutrients (Latshaw 2008). Fats or oils with more
saturated fatty acids are preferred in hot humid climates. The concentration of
energy should be increased by 10% during heat stress, while the concentration of
other nutrients should be increased by 25%. The requirements for protein and
amino acids are independent of environmental temperature so heat stress does not
affect bird performance as long as the protein requirement is met. As heat stress
reduces feed intake, the levels of protein/amino acids therefore need to be
increased with the environmental temperature up to 30�C. The supplementation
of essential amino acids to a diet with a poor protein quality or amino acids
imbalance helps to improve performance by reducing heat increment and the
harmful effects of high temperature (Waldroup et al. 1976). In order to maximize
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nutrient intake, one must consider relatively high nutrient-dense diets, although
these alone do not always ensure optimum growth. Relatively high protein
(16–18% CP) with adequate methionine (2% of CP) and lysine (5% of CP) level
together with high energy level (11.7–12.6 MJ/kg) are usually given to Leghorn
hens, in hot weather situations (McNaughton et al. 1977).

Heat stress reduces calcium intake and the conversion of vitamin D3 to its
metabolically active form, 1, 25(OH)2 D3, which is essential for the absorption and
utilization of calcium (Faria et al. 2001). The calcium requirement of layers,
particularly older birds, is increased at high environmental temperatures. Therefore
extra calcium should be provided at the rate of 1 g/bird in the summer months in the
form of oyster shell grit or limestone. Supplementation should be made over the normal
dietary calcium level (3.75 g/bird/d) recommended for layers. However, due care
should be taken to prevent excessive levels of calcium, as it reduces feed intake. The
phosphorus level in diet must not be forgotten as excessive phosphorus inhibits the
release of bone calcium and the formation of calcium carbonate in shell gland, thereby
reducing the shell quality. Supplementing the diet with 0.5% sodium bicarbonate or
0.3–1.0% ammonium chloride or sodium zeolites can alleviate the alkalosis caused by
heat stress. Sodium bicarbonate stimulates feed and water intake and improves shell
quality at high environmental temperature (Balnave and Muheereza 1997; Koelkebeck
et al. 1993). The body weight gain can be increased up to 9% by addition of these
chemicals in the feed of heat stressed broilers. The excretion of potassium through
urine is significantly higher at 35�C than at 24�C. The potassium requirement increases
from 0.4 to 0.6% with a rise in temperature from 25 to 38�C. A daily potassium intake
of 1.8–2.3 g potassium is needed by each bird for maximum weight gain under hot
conditions. To compensate for the reduced feed intake under heat stress, dietary
allowances for electrolytes (sodium, potassium and chloride) may be increased by
1.5% for each 1�C rise in temperature above 20�C (Balnave and Zhang 1993; Smith
1994).

Additional allowances of ascorbic acid (vitamin C), vitamins A, E, and D3

and thiamine can improve bird performance at higher temperatures (Ferket
and Qureshi 1992). However, the loss of vitamin activity either in premix or in
feed during storage particularly at elevated environmental temperature is a prime
concern and probably explains the conflicting results on the effects of vitamin
supplementation during heat stress. High temperature, moisture, rancid fats, trace
minerals and choline speed up the denaturation of vitamins. Vitamin activity in
feeds can be maintained by using feed antioxidants, gelatin encapsulated vitamins,
appropriate storing conditions and adding choline and trace minerals separately
from other vitamins. Ascorbic acid synthesis is decreased at elevated environ-
mental temperature, making it an essential dietary supplement during the summer.
The vitamin helps to control the increase in body temperature and plasma
corticosterone concentration (Fenster 1989; Pardue and Thaxton 1986). It also
improves eggshell quality via its role in the formation of the shell’s organic matrix,
Supplementation of ascorbic acid (200–600 mg/kg diet) improves growth, egg
production, number of hatching eggs, feed efficiency, egg weight, shell quality,
and livability during heat stress. The absorption of vitamin A declines at high
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temperatures. In broiler breeders, a threefold increase in supplementation has been
found to be beneficial. Vitamin E protects the cell membrane and boosts the
immune system, so additional dietary supplementation may be advantageous
during hot weather.

8.5 Nutritional Management of Cold Stress

Many factors may influence the nutrient requirements of animals. Low environmental
temperature increases the requirement of nutrients in farm animals. New born calf
when subjected to low environmental temperature needs special care as the body
energy reserve of new born animal is limited and the body energy stores in the form of
fat and glycogen will not last for more than about one day under very cold conditions
(Alexander et al. 1975; Okamoto et al. 1986; Rowan 1992). The thermo neutral zone in
very young calves ranges from 15 to 25�C. Thus, when the environmental temperature
drops below 15�C (LCT), the calf must expend energy to maintain its body temper-
ature, thus the maintenance energy requirement is increased. However, for older calf
the LCT may be as low as -5 to -10�C (Webster et al. 1978). Therefore, young calves
should be fed extra energy during cold weather to satisfy the proportionate increase in
maintenance energy requirements (NRC 2001). This can be done by increasing the
amount of liquid diet with additional milk solids or by incorporating additional fat into
the liquid diet (Schingoethe et al. 1986; Scibilia et al. 1987; Jaster et al. 1990).
However, additional fat in milk replacer or starter decreases starter intake (Kuehn et al.
1994), which negates at least a portion of the increased energy density from fat
supplementation.

The energy requirement of dairy cows in low ambient temperature is minimal
because of high heat production due to consumption of large amounts of feed
(NRC 2001). Even in barns with proper ventilation, it is unlikely that cows will
require increased intake of energy to counteract cold environments if they are kept
dry and are not exposed directly to wind. Young (1976) summarized experiments
with ruminants exposed to cold temperature and reported that an average reduction
in DM digestibility of 1.8% units for each 10�C reduction in ambient temperature
below 20�C. Much of this lowered digestibility under cold stress was attributed to
an increased rate of passage of feed through the digestive tract (Kennedy et al.
1976). Because of the effects of low temperature on digestibility, under extremely
cold weather conditions, feed energy values could possibly be lower than expec-
ted. But for grazing ruminants lower environmental temperature increases the
maintenance energy to a considerable extent because very cold temperature often
affects active growth of plants and pasture grasses, a diet based on pasture and
browse normally becomes inadequate for grazing ruminants. Though sheep and
goats are able to meet their nutrient requirement form pasture but in case of large
ruminants like cows, grazing with adequate supplementation of concentrate will
meet nutritional requirement of stressed animal.
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On the other hand, non-ruminant species, however, including pigs, and poultry
require a more highly digestible diet to enable them to thrive and be highly
productive. However, if they are kept in confinement, it becomes essential to
provide all the important nutrients through diet. All species of livestock have a
greater need for better quality feed when they are in full production (milk, eggs)
or when they are growing fast. Poultry have increased energy requirements to
maintain normal body temperature in cold ambient temperatures. The process of
digestion of feed produces body heat and the amount of heat produced (heat
increment) will vary according to the nutrient composition of the diet. In cold
temperatures it may be desirable to formulate a diet with a higher heat increment
and the opposite in hot temperatures.

Exposure of pig to environmental temperatures below its thermoneutral zone
affects feed consumption. Conversely, feed consumption increases as environ-
mental temperature is reduced within a moderate range. Finishing pigs in a cold
environment eat more because their maintenance energy requirement is increased
to maintain body temperature. Growth rate may not be affected, but poorer feed
efficiency results in general. However, severely cold stressed pigs may not grow
because they cannot consume sufficient amounts of energy above their mainte-
nance requirement. There is a difference in the additional feed needed per �C of
coldness between grouped pigs and those kept singly. Those in groups can huddle,
thereby reducing body-surface exposure and heat loss to the cold environment.
One can conclude that a pig weighing 20 kg should consume additional feed at the
rate of 13 g/day/�C of coldness, and for pigs weighing 100 kg up to 35 g/day/�C.
Extra feed intake is required during cold to compensate for reduced gain in
restricted-fed pigs. Fat, protein, water, and ash gains, which together comprise
body weight gains, may be reduced in several ways. Fat gain will be more reduced
in the cold than protein gain, because fat is used primarily as fuel (Masoro 1966).
In growing pigs, the same has been found by Hacker et al. (1973), Verstegen et al.
(1973), and Brown et al. (1976). Close and Mount (1976) showed that reduction in
protein gain in the cold is dependent on feeding level. Verstegen et al. (1978)
concluded that average daily gain is depressed by 15 g/�C of coldness when feed
intake rate remains constant.

8.6 Nutritional Management of Transportation Stress

Transportation of food animals for different purposes results in stress with sub-
stantial physiological changes in the body. Transportation can combine with a
number of physical and psychological stressors, such as stress of loading and
unloading, huddling of unfamiliar animals, loud noises, feed and water depriva-
tion, extreme temperature, and new housing environment can be stressful. For that
some basic managemental practices need to be followed. Provision should be
made for care of animals during the journey and at the destination. Particular care
should be taken with animals that are fatigued, old, young, infirm, pregnant, and/or
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nursing. Animals should be neither too loosely nor too tightly loaded so as to
reduce the risk of excessive movement or overcrowding resulting in injury. The
distance animals are transported, and the time taken, should be minimized. During
transport animals should be protected from extremes of heat and cold and provided
with adequate ventilation. Where livestock are transported over long distances,
appropriate provision needs to be made for feeding and watering of the animals.
The foremost essential nutrient is water, and has to be made available as
temperature of the transport environment generally increases.

During transportation most of the animals react to the experience by becoming
anorexic and adipsic. The stressful experiences of a novel environment, movement
of the transportation vehicle, food and water sources that differ from those in the
animal’s previous environment for logistical reasons inhibit food and water con-
sumption. The most appreciable change observed in farm animals that are being
transported is loss of body weight, which is more rapid when transported than it
would normally occur without feed and water. This consequence implies that
transportation is stressful for reasons beyond the lack of feed and water. Provision
of feed or water during transportation can be problematic because of food spoilage
and water spillage; wetting of the floor by spilled water, which results in chilling,
slipping, and injuries; animals’ lack of ability to eat or drink while in motion;
motion sickness; and lack of motivation to eat or drink during the trip. Thus,
providing food or water may not be of any benefit during short trips because of
lack of motivation to consume food and water.

Provision of feed and water during very long trips requires special attention,
especially if the vehicle stops or has periods of stability during which animals may
seek food and water. In cases where an animal may refuse food because it is
presented in a novel form or source, animals should be adapted to the travel and
post-travel diets and to feed and water dispensers before travel. Exposure to the
food forms and water sources that will be used during travel before the trip may
help to reduce dehydration and weight losses during transportation.

Water is the most important consideration for trips of intermediate length for
most species. Small animals lose more heat, require more calories per unit of
body mass, and become dehydrated more quickly than larger animals. Xin and
Lee (1996) found that the provision of water (or a substitute) and feed were
also important for sustaining day-old male chicks during long trips. Transpor-
tation stress in poultry impairs normal body functions, leading to increased
morbidity and mortality, poor meat quality, and decreased productivity (Fazio
and Ferlazzo 2003; Fallenberg and Speisky 2006; Franco-Jimenez and Beck
2007; Rozenboim et al. 2007). When poultry birds are huddled during transport,
the combination of high ambient temperature and relative humidity provokes
heat stress and the excessive generation of reactive oxygen species (ROS) or
free radicals (FR) takes place as a result of increased metabolism in birds
(Ramnath et al. 2008). Normally, non-enzymatic antioxidants, such as vitamin
C, produced in the bird’s kidneys, are involved in the elimination of excess FR
or ROS from the body, but under praxis condition, they are either exhausted or
overwhelmed; thus, exposing cells to their harmful effects (Maurice et al.
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2002). Thus in such situation supplementation of vitamin C and E may prove
beneficial in alleviating transportation stress in hot weather (Ajakaiye et al.
2010). Pigs are also quite susceptible to transportation stress and meat from
such stressed pigs has bearing in meat quality (Tarrant 1989). In such situation
sedation of stressed animals may be done, but such practices are not allowed in
modern food industry due to residual effect in the food chain. Thus, alternative
feed additives such as tryptophan, vitamin E, and herbal products can prove as
an alternative to counter transportation stress in pigs (Peeters et al. 2004),
thereby improving both their welfare and their meat quality without introducing
a residue risk for food safety.

8.7 Conclusion

Stress is inevitable in livestock production system. In general it has adverse effect
on livestock production and huge economic losses are sustained by farmers.
Understanding of stress at mechanistic level and the different interaction of farm
animals with environment will help in developing suitable strategies to overcome
the adverse effect of stress in farm animals. Nutritional management of stress,
however, will be helpful in overcoming the detrimental effect, provided sound
knowledge of nutritional requirements of farm animals at different age, production
level, and seasons are amalgamated in a holistic manner. Further, research works
are needed to find the nutritional requirement of stressed animals in rapidly
changing climate scenario.
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Chapter 9
Role of Pineal Gland in Relieving
Environmental Stress

Veerasamy Sejian, Saumya Bahadur, Vijay Kumar Bharti
and Rajendra Swaroop Srivastava

Abstract Pineal gland is considered as a neuroendocrine transducer of cyclic
photic input, which is responsible for the seasonal changes in the reproductive
capability of various animal species. Considerable evidence has now been accu-
mulated to indicate its participation in a wide range of reproductive processes and
associated organs, among which pineal-adrenal, pineal-thyroid, and pineal-
immune system relationships are the thrust areas of research investigations. Pineal
gland is known to have an anti-stressogenic effect in mammals and birds. It is also
known to have a tranquilizing effect on animals. Melatonin is included in the feed
of pigs raised in commercial piggeries to protect them against occurrence of peptic
ulcers. Although the antistress properties of melatonin are established, yet such
reports are very meager in domestic livestock species. Several studies conducted
on goats suggest that there is a strong interrelationship between the pineal gland
and adrenal cortex in relieving thermal stress. The significant effect of melatonin
on various adrenal cortex secretions and functions during thermal stress establishes
such relationship between the two endocrine glands. These studies established the
anti-stress properties of melatonin in goats. Several recent studies conducted in
goats had established that apart from melatonin, there are several other peptides
produced from the pineal gland, which have anti-thermal stress properties.
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The data generated from these studies help us to understand the functional rela-
tionship between pineal and adrenal glands, and how these influence each other for
the well-being of the domestic and farm animals during thermal stress. Given the
importance of thermal stress in hampering animal productivity to a greater extent
in tropical countries, these findings have greater significance in terms of improving
the economy of farm households as well as poor farmers.

Keywords Pineal � Adrenal � Immune system � Stress � Melatonin � Cortisol
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9.1 Introduction

Environment is a complex system, comprising multiple elements networking
among each other. Out of the wide network of components, climate happens to be
of paramount importance. Climate is constituted of photoperiod, temperature,
humidity, solar radiation, etc., which strongly governs the behavioral patterns of
animals. The climatic factors induce neuroendocrinal responses in animals,
thereby affecting their health and production.

Environmental stress consists of physical ‘abiotic’ characters, such as climatic
factors, toxins, and radiation or ‘biotic’ character, such as parasites and compet-
itors (Kristensen 2004). The physiology of stress involves three systems directly;
the nervous, the endocrine, and the immune, all of which can be prompted by
perceived threats (Everly 2002). Stress is viewed as a general biologic and usually
functional response to environmental and bodily demands. Adaptations to
demands of physical environment through behavioral; physiologic; neuroendo-
crine; and metabolic responses, so as to maintain homeostasis, are a general
biologic phenomenon in animals. Cannon (1915) was the pioneer in bringing the
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concept of adaptation linking the brain, behavior, and endocrine system to light.
Seyle (1946) emphasized on the role of adrenal cortex as the chief coordinator of
nonspecific bodily response to stress. This concept led to the idea that the level of
corticosteroids in blood reflects the state of stress in an organism. General adap-
tation syndrome (Seyle 1950), hypothesizes an alarm, a resistance, and an
exhaustion phase of stress response of adrenal gland.

In the tropical and sub tropical environment, heat stress is the most vital cli-
matic stress that adversely affects livestock. Heat stress with high humidity, tends
to further disturb animal physiology. Animals employ some response mechanisms
to adapt to the hot climate and although these mechanisms are helpful for survival,
they are detrimental to animal productivity. Exposure to different environmental
stressors elicits various physiologic changes. These changes are either recognized
as emergency, activating adrenomedullary system and releasing catecholamines or
general adaptation response in which pituitary-adrenal axis is activated to release
corticosteroids.

The adrenal gland has been known to be influenced by the environment, more
than any other endocrine glands of the body. Changes in the external environ-
mental stimuli (photoperiod, sound, temperature, etc.) and emotional or traumatic
stress appear to increase the activity of the hypothalamo-hypophyseal-adrenal axis
(HHAA), resulting in increased adrenocortical/medullary activity. In the area of
endocrine research, thrust investigations are presently being carried out to estab-
lish relationship between Pineal-Adrenal and Pineal-Adrenal-Immune system.

Pineal gland is recognized as a neuroendocrine organ transducing circadian
rhythm/cyclic photic input, which affects seasonal changes in reproductive capa-
bility of various species (Reiter 1991). Substantial data have been gathered to
illustrate the participation of pineal gland in a variety of extra-reproductive pro-
cesses (Johnson 1982) wherein, pineal-adrenal, pineal-thyroid, and pineal-immune
(PI) system interplay are the most attractive areas of scientific exploration. Pineal-
adrenal liaison research dates back to the discovery of adrenoglomerulotropin in
pineal extracts of rats (Farrell 1960). Ever since then, researchers have made
attempts to set up the possible role of the pineal gland in influencing the (HHAA),
(Mess 1983). Early on, proposition of a bilateral relationship between the pineal
and adrenal glands or melatonin and corticosteroids was reinforced by experi-
mental and clinical findings suggesting that melatonin may ably protect organisms
against stress-induced pathologies (Khan et al. 1990).

It has been suggested that melatonin may act as an important regulator of
adrenal functions (Touitou et al. 1989; Vaughan 1984). Glucocorticoids are one
amid other endogenous compounds that have been shown to influence melatonin
production in various vertebrates (Bauer et al. 1989; Demisch et al. 1988; Zawilska
and Sadowska 2002). In vivo and in vitro experiments revealed a suppressive
action of melatonin on glucocorticoids production and release (Ogle and Kitay
1978; Vaughan et al. 1972). They also aid termination of stress response by acting
at extrahypothalamic regulatory centers, the hypothalamus and the pituitary. The
negative feedback mechanism of glucocorticoid on adrenocorticotrophic hormone
(ACTH) secretion tends to limit the duration of total tissue exposure to
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glucocorticoid, thereby playing down its catabolic, lipogenic, antireproductive and
immunosuppressive effect (Tsigos and Chrousos 2002).

Extensive research has been conducted to establish the PI system interactions.
It has been indicated by in vivo and in vitro experiments that pineal gland, via its
hormone melatonin, boosts immune responses (Guerrero and Reiter 2002; Nelson
2004). In fact, the PI axis involving melatonin and immunocompetent cells, is an
integral part of innate immune response (Markus et al. 2007). Melatonin possesses
the ability to upregulate the immunosuppression although not directly on immu-
nocompetent cells, but mediated via the endogenous opioid system upon antigen
activation of T cells (Pierpaoli and Maestroni 1987). Furthermore, melatonin is
required for photoperiodic regulation of circulating leukocytes and neural immune
interactions that mediate several aspects of immune functions (Wen et al. 2007).
Melatonin plays significant immunomodulatory role in immunocompromised
animals and also stimulates production of cytokines (Guerrero and Reiter 2002).
Corticosteroids possess potent immuno-suppressive properties in lymphocytes
both in vitro and in vivo (Cupps and Fauci 1982). Melatonin reverses the
depression of antibody response induced by corticosterone (Maestroni et al. 1988).

9.2 Pineal Gland and its Significance

Pineal gland is a small endocrine gland, situated in the caudal portion of the third
ventricle. It is white in color and pinecone shaped. It is also called pineal body,
epiphysis cerebri, epiphysis or the ‘‘third eye’’ because of its light-transducing
ability. The importance of the pineal gland was recognized long ago in the 16th
century and the gland was thought to be the seat of the soul. However, it is only in
the past three decades that remarkable advances in the knowledge of the functional
significance of the epiphysis have been made (Vincenzo et al. 1996). René
Descartes, who dedicated much time to the study of the pineal gland, called it the
‘‘seat of the soul.’’ He believed that it was the point of connection between the
intellect and the body.

Histologically, the pineal is composed of pinealocytes and glial cells. Pineal-
ocytes produce and secrete serotonin derivative of melatonin, a hormone that plays
a major role in sexual development, hibernation in animals, metabolism, and
seasonal breeding. The pineal regulates circadian rhythms or biologic rhythms
through the secretion of melatonin. Seasonal changes, which bring forth changes in
day length have profound effects on reproduction in many species, and melatonin
is the key player in controlling such events. The reproductive function shows both
qualitative and quantitative differences especially in the seasonal cycle in both
females and males. This feature is especially evident in animals that breed sea-
sonally. Observed variations in the reproductive cycle reveal that breeding periods
are timed by changes in the photoperiod. The pineal regulates seasonal changes in
the reproductive function of these animal species through its endocrine activity
(Reiter 1991; Weaver et al. 1993). Long-day breeders, such as the hamster, are
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reproductively active during the summer (Silman 1993). Because reproductive
regression was associated with the extended period of melatonin elevation, the
terms antigonadal or antigonadotrophic were commonly applied to melatonin.
Antigonadal action is exerted by inhibition of gonadotrophin-releasing hormone
(GnRH) (Buchanan and Yellon 1991). In contrast, in short-day breeders, such as
the sheep, are engaged in reproductive activity (breeding season), which is asso-
ciated with autumn and winter seasons with decreased day length. Melatonin
exerts a stimulatory effect on the reproductive axis in these species (Karsch et al.
1984) and can be referred to as being progonadotrophic (Coelho et al. 2006;
Wagner et al. 2008; Chemineau et al. 2008). In addition, melatonin receptors
have been identified in hypothalamic neurons governing the release of pituitary
gonadotrophs (Roy et al. 2001; Dubocovich and Markowska 2005), in gonado-
tropins of the anterior pituitary (Johnston et al. 2003; Balik et al. 2004), and in both
female and male gonads (Woo et al. 2001; Frungieri et al. 2005).

Melatonin may play a protective, anti-stress role in the gastric mucosa via a
mechanism involving the central nervous system and may inhibit the induction of
gastric ulcers by restraining stress or centrally administered thyrotropin releasing
hormone (TRH). Both in vitro and in vivo experiments show that the pineal gland,
via its hormone melatonin, enhances immune function. Mechanism involved in the
immunostimulatory effect is not well understood, but some evidences suggest the
existence of specific binding sites for melatonin on immune cells. Additionally, in
both in vitro and in vivo experiments, melatonin has been found to protect cells,
tissues, and organs against oxidative damage induced by a variety of free radical
generating agents and processes. Melatonin’s function as a free radical scavenger
(Tan et al. 1993) and antioxidants is likely assisted by the ease with which it
crosses morphophysiologic barriers, e.g., the blood–brain barrier, and enters cells
and subcellular compartments (Hardeland 2005). Melatonin has been reported to
stimulate/alter the activities of enzymes (Rodriguez et al. 2004), which improve
the total antioxidative defense capacity of the organism, i.e., superoxide dismutase
(SOD), glutathione peroxidase (GPX), glutathione reductase (GR), glucose-6-
phosphate dehydrogenase, and nitric oxide synthase (NOS). Melatonin, ubiqui-
tously acting as antioxidant has implications for the optimal function of cells and
organs, including those of the reproductive system (Tamura et al. 2008). Although
the direct free radical scavenging actions of melatonin are accomplished without
an interaction with specific receptors, the stimulatory effects of melatonin on
antioxidative enzymes are likely mediated either by membrane receptors or by
nuclear- or cytosol-binding sites (CBS) (Tomas-Zapio and Coto-Montes 2005).

Melatonin participates in homeostasis by controlling the level of proliferation
and differentiation of cells and thereby preventing the growth of malignant cells
(Sanchez Barcelo et al. 2003). Melatonin is highly lipophilic and its effects on
tumor cells are independent of melatonin receptor mediated pathway. Experi-
mental studies revealed that melatonin controls the cell proliferation by regulating
both the intracellular growth stimulating hormone (GSH) and nitric oxide (NO)
levels, both of which are essential for the maintenance of homeostasis (Stephanie
et al. 2002). Melatonin prevents cancerous growth by potentiating the
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immunocompetent mechanism (Vijayalaxmi et al. 2002). Melatonin has also been
shown to influence the growth of natural killer (NK) cells through interleukin-2
(IL-2) production and this action explains melatonin’s antiproliferative effect. NK
cells play an important role in immunosurveillance against the development of
tumors and metastases (Srinivasan 2000; Vijayalaxmi et al. 2002).

9.3 Pineal Gland Secretions

The pineal gland contains a number of peptides, including GnRH, TRH, oxytocin,
and vasotocin, along with a number of important neurotransmitters, such as
somatostatin, norepinephrine, serotonin, and histamine. Apart from these
hormones, there are other peptides, such as tryptamine, 5-methoxytryptamine,
epithalamine and epithalon, that are secreted from the pineal gland (Sibarov et al.
2002), The major pineal hormone, however, is melatonin, a derivative of the
amino acid tryptophan. Figure 9.1 represents the schematic description of syn-
thesis of melatonin.

9.4 Pineal-Adrenal Relationship

Stress is expressed as a response of an organism to external stimuli or change. The
most often used nomenclature defines environmental stimuli that lead to an
imbalance of homeostasis as ‘‘stressor’’ and the corresponding defense reaction of
an animal as ‘‘stress response’’ (Mostl and Palme 2002). Different types of
stressors may elicit varying degrees of responses in animals. The cellular and
molecular mechanisms underlying these specific responses tailored for individual
circumstances present a major challenge for the future. During stress, various
endocrine responses are involved to soothe the individual. The front-line hormones
that overcome stressful situations are the glucocorticoids and catecholamine. The
secretion of glucocorticoids is a classic endocrine response to stress (Kannan et al.
2000). Currently, it appears that glucocorticosteroids provide an initial integrating
signal, which in conjunction with other hormones and paracrine secretions may
determine specific behavioral and physiologic responses that help the animal adapt
to different environmental conditions (Wingfield and Kitaysky 2002). There are
recent reports, which suggest the involvement of melatonin in heat stress relief or
tolerance in farm animals (Collier et al. 2008; Sejian et al. 2008a). Furthermore,
there is evidence in support of the role of melatonin and prolactin in the up-
regulation of heat shock protein 70 (HSP 70) expression during heat stress (Collier
et al. 2008).

During thermal stress, glucocorticoids can modify the level of melatonin in
the body so that the anti-stress action of melatonin could be enhanced. The
action of glucocorticoids on the level of pineal melatonin shows that a
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mechanism exists for glucocorticoids to act on the pineal to control level of
melatonin (Sejian et al. 2008b). In addition, melatonin may act as an important
regulator of adrenal function (Sejian et al. 2010a; Sejian et al. 2010b; Sejian and
Srivastava 2010a). In vitro and in vivo experiments revealed a suppressive action
of melatonin on adrenal glucocorticoid production and release. The relationship

Fig. 9.1 Schematic description of synthesis of melatonin. The synthesis of melatonin takes place
in the pinealocytes, the cellular units of the pineal gland. Biosynthesis of melatonin starts with the
active absorption of amino acid tryptophan from the blood. At first, 5-hydroxy-tryptophan is
formed through tryptophanehydroxylase (TH). Subsequently, the transformation into serotonin
(5-hydroxy-tryptamine) takes place by the enzyme aromatic-amino-acid-decarboxylase (AAMD).
The next step is the transformation of serotonin into N-acetylserotonin through N-acetyl-
transferase (NAT) as the limitating step for melatonin synthesis. Finally, the synthesis of
melatonin (N-acetyl-5-methoxy-tryiptamine) through the enzmye hydroxyindole-O-methyltrans-
ferase (HIOMT) takes place
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between the rhythm of plasma melatonin and cortisol as well as the presence of
the melatonin receptors on adrenal cortex indicates a direct effect of melatonin
on steroidogenesis. Pineal extracts have been shown to inhibit adrenal beta
hydroxylase activity, thus, blocking the synthesis of aldosterone, cortisol and
cortisone, but not deoxycortisone (Lommer 1966). Melatonin has been shown to
reduce the production of 4-3-ketonic corticosteroids from endogenous precursors
in vitro and to suppress aldosterone production (Gromava et al. 1967). However,
some studies have shown that pineal extracts elevate aldosterone production
(Sejian and Srivastava 2010a). Administration of the pineal hormone melatonin
to growing female rats provided significant protection against the injurious
effects of glucocorticoid dexamethasone. The increased glutamic pyruvic trans-
aminase (GPT), free fatty acids, triglyceride, and glucose levels caused by
glucocorticoid were reversed by administration of melatonin. It is proposed that
the protection offered by melatonin against the injurious effects of dexametha-
sone is due to a direct anti-glucocorticoid action and does not involve any other
endocrine organ (Mori et al. 1984). Zwirska-Korczala et al. (1991) reported that
pinealectomy abolishes the rhythmic character of corticosterone secretion and
alters the circadian rhythms of T3, T4 and testosterone secretion. Exogenous
melatonin was shown to have a suppressive effect on the diurnal secretion of T3,
T4, and testosterone in pinealectomised rats but stimulated rhythmic corticoste-
rone secretion.

Troiani et al. (1988) observed that subcutaneous administration of saline into
the hind leg of rats at night elicited a decrease in N-acetyl transferase (NAT)
activity and melatonin content of the pineal gland. This decrease in pineal
melatonin production after saline injection was prevented by adrenalectomy. The
adrenal mediated depression in melatonin synthesis may be elicited by adrenal
cortical hormone corticosterone and apparently does not involve any chemicals
released from adrenal medulla. Sudhakumari et al. (2001) showed that pineal,
adrenal, and gonadal weights exhibited cyclical patterns relative to pineal gland
activity, which also correlated with plasma levels of melatonin, corticosterone,
and gonadal steroids in Jungle bush quail. They also observed that increased
photoperiod, ambient temperature, and rainfall were positively correlated with
adrenal and gonadal functions and inversely related to pineal gland activity.
Pineal gland is known to have anti-stressogenic effect in mammals and birds.
It is also known to have a tranquilizing effect on animals. Melatonin is included
in the feed of pigs raised in commercial piggeries to protect them against
occurrence of peptic ulcers. There are also report indicating role of melatonin to
upregulate HSP 70 gene expression during heat stress (Collier et al. 2008).
Experimental data indicate that melatonin has anti-stress properties in goats. The
significant effect of synthetic glucocorticoid on melatonin level during thermal
stress establishes the relationship between these two endocrine glands. Given the
importance of thermal stress in hampering animal productivity in tropical
countries, this finding has potential impact on the revenue of commercial and
subsistence farmers.
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9.5 Pineal-Adrenal-Immune System Relationship

In recent years, much attention has been devoted to the possible interaction
between pineal gland, adrenal gland, and the immune system (Esquifino et al.
2004; Maestroni 2001; Guerrero and Reiter 2002). Maestroni et al. (1986) first
showed that inhibition of melatonin synthesis causes inhibition of cellular and
humoral responses in mice. The diurnal and seasonal changes in the immune
system have been shown to correlate with melatonin synthesis and secretion
(Skwarlo-Sonta 2002). Melatonin is synthesized by human lymphocytes and this
finding adds further support to the hypothesis that melatonin plays a role in the
regulation of the human immune system (Carrillo-Vico et al. 2004). Melatonin
also plays a significant role in guarding the non-specific responses of laboratory
animals and birds (Paredes et al. 2007; Sanchez et al. 2004). Melatonin provides a
functional link between the neuroendocrine and immuno-hematopoietic systems
(Claustrat et al. 2005).

During the last 20 years, the number of published papers unfolding bidirec-
tional interrelationships between the pineal gland, melatonin, and the immune
system has increased several folds (Conti and Maestroni 1994), most of them
aimed to elucidate the mechanism(s) involved. In humans, there is evidence
showing an inverse relationship between plasma melatonin and cortisol circadian
rhythms. The connection between rhythms of plasma melatonin and cortisol as
well as the occurrence of melatonin receptor on adrenal cortex can be taken as a
validation for direct effects of melatonin on steroidogenesis (Torres-Farfan et al.
2003). Mechanisms which melatonin uses to influence immune system function
are complex, but include participation of mediators (endogenous opioids, cyto-
kines, hormones, zinc pool) as well as specific binding sites on the immune cells.
Melatonin, being a highly lypophilic compound, may also penetrate immune cells
without mediation of specific receptors. By synthesizing and secreting soluble
factors, cytokines, the immune system may influence pineal gland function and
thereby closing the information loop that sustains homeostasis during harmful
environmental conditions.

Deciphering the melatonin message within the body is critical to adapt to the
physiologic functions of an animal to environmental conditions and needs, and this
adaptation would increase the probability of its survival. Previously, immune
system was considered to function autonomously, but now ample experimental
evidences support bidirectional interactions with the nervous and endocrine
systems (Goetzl and Sreedharan 1992; Fabris 1994; Homo-Delarche and Dardenne
1993). Adrenal corticosteroids were the first hormonal factors considered to be
regulators of the diurnal rhythm of the immune system. There is substantial
evidence, which shows that particular subtypes of immune cells and other immune
parameters fluctuate differentially over a 24 h period and exhibit different phase
relationships with circulating corticosteroid levels (Angeli et al. 1990; McNulty
et al. 1990; Levi et al. 1992). Thus, a three-way coordination between the pineal
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gland, adrenal gland, and immune system is well explored through scientific tools.
Figure 9.2 describes the pictorial representation of pineal-adrenal-immune system
relationship.

9.6 Experimental Findings for Pineal-Adrenal-Immune
Relationship Under Thermal Stress

One approach to study the functional involvement of pineal-adrenal-immune
system in alleviating stress in animals is to investigate changes, which occur in
these animals after suppressing the production of major hormonal products from
the pineal-adrenal-immune system (Sejian 2007). Schematic representations of
three experimental technical details that depict pineal-adrenal-immune system
relation hypothesis have been described in Fig. 9.3.

Fig. 9.2 Pictorial representation of pineal-adrenal-immune system relationship. The adrenal
cortex hormone cortisol inhibits both melatonin as well as immune functions. However, pineal
hormone melatonin stimulates both adrenocortical secretions as well as immune functions.
Immune system has positive feedback stimulation on pineal melatonin secretions
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5 ml Blood collection at 10:00 hr

Second drug at 11:00 hours Melatonin 

@ 0.1mg/Kg BW IV

Pineal Protein @ 0.1mg/Kg BW IV

5 ml Blood collection at 10:00 hr

5 ml Blood collection at 11:00 hr

5 ml Blood collection at 12:00 hr

Physiological Response

Cortisol

Corticosterone

Thyroxine

Tri-iodo-thyronine

The Experiments conducted for a period of 1-

17 days

1-10 days: Animals exposed to 40°C and 

60% RH in the psychrometric chamber

11-17 days: Drug administration

Metyrapone and Melatonin – Expt 1

Metyrapone and Pineal protein – Expt 2

Day 0 represents the day for all control values 

of the parameters studied

First drug at 10:00 hours 

Metyrapone @ 100 mg/kg BW IV

3 ml blood for plasma separation for 

estimation of hormones

2 ml blood for cell separation for 

phagocytosis index assay

Fig. 9.3 Schematic representations of experimental technical details to fulfill pineal-adrenal-
immune system relationship. This relationship is established in three different ways (1) Suppressing
adrenal cortex secretion by metyrapone and administering melatonin, (2) Suppressing adrenal
cortex secretion by metyrapone and administering pineal proteins and (3) Suppressing pineal
secretions by propranolol and administering hydrocortisone
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9.6.1 Chemical Adrenalectomy and Melatonin Administration

Pineal-adrenal relationship can be established by suppressing the production of
endocrine secretions from one gland while exogenously administering the other
gland hormone in excess to understand if this resumed the normal secretion of
already suppressed gland. Chemical adrenalectomy can be achieved by injecting
metyrapone followed by exogenous melatonin treatment to support pineal-adrenal
association under thermal stress (Sejian and Srivastava 2010b). Metyrapone and
melatonin treatments can significantly affect levels of glucose, total protein, total
cholesterol, cortisol, and aldosterone in the plasma. Metyrapone treatment can
aggravate thermal stress in animals, but administration of melatonin ameliorates
the condition (Sejian and Srivastava 2010c). This validates the role of melatonin in
relieving thermal stress in goats (Sejian and Srivastava 2010b).

Mean plasma cortisol showed an upward trend on heat exposure (Sejian et al.
2010a), which declined after metyrapone and melatonin treatments. This was
similar to the findings reported by Aggarwal et al. (2005) in cattle. It was observed
that melatonin plays an important role in the regulation of adrenal hormones in
cattle during summer. Furthermore, the depressive effect of melatonin on adrenal
glands as determined by changes in the medullary and cortical hormones in cattle
was established. Konakchieva et al. (1997) reported that melatonin attenuates the
adrenocortical response to stress and influences the biosynthesis, release, and
glucocorticoid responsiveness of hypothalamic ACTH secretagogues. Mean
plasma aldosterone in goats decreased markedly after thermal stress due to com-
bined activities of metyrapone and melatonin. Furthermore, these treatments sig-
nificantly (P \ 0.05) increased the phagocytic activity of peripheral neutrophils in
goats (Sejian and Srivastava 2010b). This finding on non-specific immune
response by melatonin in goats agrees with Hriscu (2005), who reported a phys-
iologic role of melatonin in increasing the phagocytosis percentage of neutrophils
and hinted potential existence of several pineal–hypothalamic pathways regulating
different components of phagocytosis in vivo. Several reports suggest the role of
melatonin in influencing phagocytosis through its receptor mediated action on the
phagocytes (Rodriguez et al. 2001; Paredes et al. 2007). There are several reports
indicating exogenous melatonin administration enhancing the cell-mediated
immune response to a contact antigen (Lopes et al. 2001; Malhotra et al. 2004;
Srinivasan et al. 2005; Varga et al. 2008). Markus et al. (2007) further reported
that immune–pineal axis is an integral part of innate immune response, which
involves the sequential involvement of pineal melatonin and immune-competent
cells.

There was remarkable decrease in cortisol level after metyrapone treatment,
which was further reduced by melatonin administration, indicating the attenuating
effect of melatonin on adrenal corticoids (Sejian and Srivastava 2010c). In
response to metyrapone and melatonin treatments, an increase in aldosterone level
was observed. These results reiterate the stress relieving properties of melatonin
and the role of pineal gland in adrenal cortical functions. Further studies on this
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will help us understand the functional relationship between pineal, adrenal, and
immune system, and how this relationship modulates the non-specific immune
response for the well-being of goats during thermal stress. Table 9.1 describes the
effect of heat stress, metyrapone and melatonin treatment on endocrine parameters.

9.6.2 Chemical Adrenalectomy and Pineal
Protein Administration

Sejian and Srivastava (2010d) conducted a study to establish the probable anti-
stress effect of total precipitated pineal proteins (PP) in goats. Biochemical
parameters, enzyme profile, and non-specific immune responses were used to study
animals housed in psychrometric chamber with temperature and relative humidity
(RH) conditions of 40�C and 60%, respectively for a period of 17 days. Chemical
adrenalectomy was achieved by injecting animals with appropriate concentrations
of metyrapone followed by exogenous total precipitated PI treatment. Thermal
stress and chemical adrenalectomy significantly affected glucose, total protein,
total cholesterol, and ALP contents of plasma. In addition, thermal stress, chemical
adrenalectomy, and PP affected phagocytosis index (PI) (Garcia-Perganeda et al.
1999). While thermal stress decreased the PI, metyrapone and pineal protein
treatments increased the levels of PI. Administration of total precipitated PP and
metyrapone to stressed induced animals successfully relieved adverse affects of
heat stress on the animals (Sejian and Srivastava 2010d). Table 9.2 describes the
effect of heat stress, metyrapone and PP treatment on endocrine parameters.

9.6.3 Pinealectomy and Hydrocortisone Administration

Sejian et al. (2008a) also established the pineal-adrenal-thyroid-immune interac-
tion of goats by suppressing the pineal secretions chemically and administering
hydrocortisone exogenously under heat stress. Chemical pinealectomy was
achieved in goats by injecting propranolol intravenously followed by exogenous
hydrocortisone treatment upon exposure to thermal stress. On subjecting the ani-
mals to thermal stress, the level of melatonin increased significantly. Perhaps,
higher concentration of melatonin is required to combat the stressful condition in
order to maintain the homeothermy. This shows the protective role of melatonin
during thermal stress. Further, melatonin plays an important role in thermoregu-
lation (John et al. 1978). Barriga et al. (2002) reported direct effect of cortico-
sterone on pinealocytes in reducing melatonin level. From this, it is evident that,
glucocorticoids have direct action on pinealocytes to alter melatonin level. Hence,
during adverse pinealectomy condition in these goats, glucocorticoids could have
stimulated the pinealocytes to release melatonin in these animals in order to relieve
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thermal stress (Sejian and Srivastava 2010e). Propranolol and hydrocortisone
treatments also influenced plasma T3, and T4 concentrations indicating the role of
melatonin in controlling thyroid gland hormones (Sakamoto et al. 2000; Abecia
et al. 2005). Table 9.3 describes the effect of heat stress, propranolol, and
hydrocortisone treatment on endocrine parameters.

Chemical pinealectomy significantly affected plasma levels of plasma glucose,
total protein, total cholesterol, cortisol, insulin, aldosterone, melatonin, and
corticosterone and these could be significantly counteracted by administration of
hydrocortisone (Sejian et al. 2008a). Furthermore, propranolol and hydrocortisone
treatments also significantly affected levels of plasma calcium, ACP, ALP, and PI
(Sejian et al. 2008b; Sejian et al. 2010c). The decline of PI after pinealectomy
could be attributed to the reduction in pineal secretions, such as melatonin, which
modulates phagocytosis in macrophages (Kanchev et al. 2006; Roy et al. 2001).
This finding establishes profound influence of pineal gland on the non-specific
immune response. Hydrocortisone counteracted the effect of propranolol treatment
by increasing the phagocytosis index, showing immunopotentiative nature of
glucocorticoids in the absence of pineal endocrine secretions. The immunosti-
mulative capacity of glucocorticoids with non-specific immune response was
reported by Forner et al. (1995). Furthermore, it has been shown by several
researchers that pineal gland and its hormone, melatonin, play central role in the
control of the circadian organization of hypophysial-adrenal and immune system
(Reiter 1995; Karasek 2004). Propranolol treatment aggravated thermal stress;
although administration of hydrocortisone could ameliorate the condition. This
indicates the role of pineal in support of thermoregulation. These results establish
the modulating effects of glucocorticoids on pineal activity to relieve thermal
stress in goats.

9.7 Conclusions

Pineal gland and its secretions, melatonin and PP, play the central role in the
control of the circadian organization of hypophysial–adrenal and immune system.
Experimental data generated from various studies have helped researchers in the
field to understand the functional relationship among pineal, adrenal, and immune
system, and how these relationships modulate stress and non-specific immune
response for the well-being of animals (goats) under thermal stress. Notably,
melatonin and PP play vital roles in mitigating negative impacts of thermal stress
in animals. The effect of glucocorticoids on melatonin levels during thermal stress
establishes the relationship between these two endocrine glands under heat stress.
As thermal stress is the most significant factor influencing livestock production in
tropical countries, understanding the endocrine relationship that plays a major role
in relieving such stress could pave the way for improved livestock production to
improve the economy of farm households and underprivileged farmers.
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9.8 Future Scope of Research

It has become evident that there exists an elaborate interplay between the
pineal-adrenal-immune system axis, the details of which need to be experimentally
proved. Further detailed studies are required to fully understand the mechanisms of
interactions between these glands (pineal-adrenal, pineal-adrenal-immune system
etc.). It is still not apparent whether melatonin controls thermal stress by acting
directly on adrenal cortex or by acting on hypothalamus or anterior pituitary.
In addition, there are some unanswered questions on whether there is a direct link
between glucocorticoids and melatonin production and secretion. If one attempts
to establish this multi-gland relationship, research and experiments should be
conceived in such a way to unveil the precise mechanism of the interactions
among pineal, adrenal, and immune system.
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Chapter 10
Basic Principles Involved in Adaption
of Livestock to Climate Change

John B. Gaughan

Abstract Animal agriculture accounts for approximately 70% of all agricultural
land use and accounts for approximately 40% of the world’s agriculture gross
domestic product (GDP), with the livestock sector contributing to the livelihood of
over one billion people. Potentially, climate change will have large negative
impacts on the livestock production in many countries, especially when the ani-
mals used are not adapted to the changed environmental conditions. Determining
animal responses to climate change is a challenge. The impacts may be direct, e.g.
effects of heat load on animals or indirect, e.g. prolonged droughts. There is a need
to select animals (and species) that are suited to the current climatic conditions, as
well as the predicted future conditions. This chapter will discuss the effect of
changing climate on animal performance, animal response to environmental
stressors and the processes of adaptation.
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10.1 Introduction

Worldwide livestock production accounts for approximately 70% of all agricul-
tural land use (Steinfeld et al. 2006). Potentially, climate change will have large
negative impacts on the livestock sectors in many countries. The ability to manage
animals within a potentially harsh environment is as much about the people as it is
the animals. A lack of knowledge on how to ameliorate the impact of changing
climate on livestock production is one problem, but the major problem in many
regions is the lack of the financial resources to manage change. Housing animals is
an obvious method of ameliorating the effects of climate. However, housing is
expensive to build and maintain and if housing is not correctly designed it could
exacerbate many problems. In many regions housing of animals is not a suitable
option. Therefore, the focus should be on the adaptive capacity of the animal
population in question. There is a growing need to select animals (and species) that
are suited to the current climatic conditions, as well as the predicted future con-
ditions. This is not an easy task. For example, there are considerable breed vari-
ations, within and between breeds, for thermal tolerance and overall stress
tolerance. The ability of livestock breeders to identify phenotypes, which carry
specific genes, is difficult partly because phenotypic variance is due to the com-
bined effects of genetic and environmental components. Therefore, there is a
reliance on selecting animals from within the environment or from a similar
environment in which they are expected to live. Livestock need to have ‘adequate’
performance in three key areas: survivability (to reproductive age), growth and
fertility, in addition to their specific production purpose, e.g. milk, wool, egg
production. Thus reliance on ‘natural’ selection is fundamentally the correct
approach. However, animals with adequate performance in the three key areas,
may achieve this at the expense of their production purpose. Furthermore, the
extent to which the location is likely to be favourable or unfavourable to the
species or breed concerned in the future needs to be considered.
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10.2 Defining Climate Change: With Livestock in Mind

When discussing livestock adaptation to climate change, we need to define what
we mean by climate change. The web-based dictionary—Dictionary.com defines
climate change as ‘‘Any long-term significant change in the weather patterns of an
area’’ (http://dictionary.reference.com/browse/climate+change). The Australian
Bureau of Meteorology defines climate and weather as follows: Climate is the sum
or synthesis of all the weather recorded over a long period of time. It tells us
the average or most common conditions, or extremes, or counts of events, or
frequencies. Weather is a description of conditions over a short period of time—a
‘‘snap shot’’ of the atmosphere at a particular time. Climate change models and
their predictions are often reported in relation to global climate change. In terms of
livestock adaptation, what is happening to the climate at a regional or local level is
probably more important (at least in the short to medium term) in regards to
animals’ ability to cope. Within the predicted changes in climate there are also
indications of an increase in extreme events. Animals, generally, have a better
ability to adapt to longer (generational) change than they do to an acute event such
as a heat wave. However, the effects of climate change on a regional and local
basis are not as easy to model or predict (Angilletta 2009). Indeed, Jenouvrier and
Visser (2011) stated that ‘‘current predictive models linking climate to populations
largely ignore phenological changes and other ecological responses to climate
change, which may radically change their (climate change) predictions’’. Live-
stock breeders are generally more concerned with local climatic conditions than
regional or global change because the local changes have the biggest immediate
impact on animal performance and it is this current performance that biases
selection.

10.3 Effect of Changing Climate on Animal Performance

Determining animal responses to climate change is a challenge. Direct effects of
higher temperature on growth rate or reproductive performance are relatively easy
to predict based on current knowledge. The indirect effects are more difficult to
predict. These effects will come about due to changes in water and feed avail-
ability, and an increased risk of disease and parasitism. Environmental stressors
such as high ambient temperature, high humidity, drought, and lack of food
resources have profound effects on livestock. The economic impact of climate
extremes and climate change on livestock production has been reviewed by a
number of authors (e.g. St-Pierre et al. 2003; Thornton et al. 2009). In general,
animals are able to cope with environmental stressors in a number of ways, for
example.

(i) By migration (limited options in livestock production)—i.e. they move to a
more favourable area,
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(ii) changing behaviour, e.g. grazing at night, shade seeking, wallowing and
(iii) changing metabolism, e.g. reduced production and fertility.

Climate change may manifest itself as rapid changes in climate in the short
term (a couple of years) or more subtle changes over decades. The ability of
animals to adapt to environmental change is dependent on a number of factors.
Acute challenges are very different for chronic long-term challenges, and in
addition animal responses to acute or chronic stress are also very different. The
extents to which animals are able to adapt are primarily limited by physiological
and genetic constraints (Devendra 1987; Parsons 1994). Additionally, climatic
conditions do not affect an animal equally at all stages of its life cycle (Angilletta
2009). For example, young animals may be more susceptible to temperature
extremes than mature animals. The ability of animals to cope with climatic
extremes also depends on the level of production. For example, high production
dairy cows ([30 kg/milk/day; 13.7% reduction) are more susceptible to high heat
loads than low production cows (\19 kg/milk/day; 4.1% reduction) (Gaughan and
Lees 2010).

10.4 Animal Response to Environmental Stressors

When environmental conditions change, an animal’s ability to cope (or adapt) to
the new conditions is determined by its ability to maintain performance and oxi-
dative metabolism (Pörtner and Knust 2007). The stress response is influenced by a
number of factors including: species, breed, previous exposure to the stressor,
health status, performance, body condition, mental state and age. Insufficient ac-
climatisation or adaptation would determine what an animal experiences as
stressful. Subsequent acclimatisation or adaptation may alleviate the stress
response (Kassahn et al. 2009), but performance may not return to pre-stress
levels. Animal response to temperature stress (which could be considered as part
of the adaptation process) usually results in a loss of performance (e.g. growth
or reproduction) before cellular and molecular stress responses are activated
(Kassahn et al. 2009). This suggests that the use of biological stress markers as an
aid in selection may be limited. And indeed little progress has been made in this
area to date. Typically the first noticeable livestock response to a heat challenge is
a decrease in feed intake. A reduction in feed intake has a direct impact on
performance, for example reductions in milk yield, milk quality, meat and egg
production. In addition, the cellular and molecular stress responses will have an
effect on mammary gland metabolism, energy partitioning, immune status and
reproductive success. The effects on reproduction efficiency may be long term,
e.g. months rather than days (Santolaria et al. 2010). All of these changes lead to
economic losses in livestock systems (St Pierre et al. 2003). Biological effects on
livestock due to global warming are not predictable simply in terms of a response
to increased heat load (Marcogliese 2001). Among other things, increasing
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temperature may also increase exposure, and susceptibility of animals to parasites
and disease (Marcogliese 2001; Sutherst 2001), especially vector-borne diseases
(Tabachnick 2010). However, little effort has been dedicated to understand the
potential impact of climate change on parasite populations and subsequent effects
on animal production (Marcogliese 2001; Tabachnick 2010).

10.5 Defining Adaptation

In the context of animal science, adaptation is often confused with the related
concepts of: acclimatization, acclimation and habituation, and at times it’s difficult
to separate these (Loeschcke and Sørensen 2005). Adaptation is defined in the
Oxford Dictionary as; to make suitable (to or for a purpose): modify, alter. The
Glossary of Terms for Thermal Physiology (2001) defines adaptation as ‘‘a change
which reduces the physiological strain produced by stressful components of the
total environment’’. Adaptation can be further defined in terms of genetic or
phenotypic (physiological) changes which occur in an animal in response to
internal and external stimuli (Hafez 1968a; Khalifa 2003; Willmer et al. 2006).

It is likely that no single process occurs, which leads to an end point of animal
adaptation to a given stressor. It is more likely that animals will go through a series of
‘steps’ which may or may not lead to permanent genetic change. The ability of an
animal to successfully respond to an environmental stressor is a function of both its
genetic capacity for change, and the duration 9 intensity of the stressor. The capacity
to adapt can be determined by the ability of an animal to adjust to both average
environmental conditions as well as climate extremes (McManus et al. 2009).

A useful integrative model for adaptation (Fig. 10.1) was developed by Je-
nouvrier and Visser (2011). Although the model was developed with wild animal
populations in mind, the approach is useful for determining the process by which

Fig. 10.1 A model for animal adaptation to climate change (Jenouvrier and Visser 2011)
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livestock adapt to a changing climate. When we are thinking about animal
adaptation to climate change, the focus should be on how a particular species or a
population will adapt and not focus on individuals or phenotype per se. Of course,
some of the adaptation responses may be the same for individuals and phenotypes,
e.g. reduced performance during periods of high heat load or similar responses to
drought conditions. However, this may be an acute coping response rather than a
long-term adaptive response, e.g. differences between Angus and Brahman cattle,
when they are exposed to hot conditions (Gaughan et al. 2010b).

The terminology used to categorise animal response to climate change is
defined as follows:

• Genetic or Biological Adaptation. Adaptation is achieved through genetic
change (i.e. the changes are heritable) over time (generations), and are rarely
reversible (Willmer et al. 2006). This type of adaptation involves changes
brought about by interactions between evolutionary process, changes induced by
environmental stimulation and experiences during an animal’s lifetime (Hafez
1968a; Price 1984). This type of adaptation can come about via natural selection
and also by selection of favoured animals by humans (Hafez 1968a). The latter
indirectly includes natural selection because animals selected by humans in a
particular location are usually selected on the basis of their performance within
that location and although there may be specific selection criteria it is usually the
animals that perform in a particular environment that are selected (but not
always). The biological properties of animals are a result of interactions between
stress intensity, magnitude of environmental fluctuations and the energy avail-
able from resources (Parsons 1994).

• Phenotypic or Physiological Adaptation. Animals have the ability to respond to
acute or sudden environmental change, e.g. shivering when exposed to cold or
vasodilatation when exposed to heat (Folk 1974; Hafez 1968a; Langlois 1994).
In addition, there may be some adaptation to long-term exposure to climate
change (e.g. altering thyroid and adrenal cortex activities during the hot season)
although this type of adaptation may be somewhat limited.

• Acclimatisation. Acclimatisation is the functional compensation (i.e. physio-
logical or phenotypic change) over a period of days to weeks in response to a
complex of environmental factors, as in seasonal climate change or the longer
term subtle changes in climate.

• Acclimation. Acclimation is the functional compensation (i.e. physiological or
phenotypic change) over a period of days to weeks in response to a single
environmental factor (often ambient temperature), as in controlled experiments.
Controlled chamber studies, including those which this author has conducted are
often used as models to predict animal response to climate change. Unfortu-
nately these studies are short term and do not truly reflect long-term adaptation.

• Habituation. Habituation can be described as specific or general. (i) Specific—
specific to a particular repeated stimulus and specific to the part of the body
which has been repeatedly stimulated, and (ii) General—a change in the
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physiological set of the organism relevant to the repeated stimulus and the
conditions incidental to its application.

• Learning. Learning is the acquisition of a new response, or a qualitative change
of an existing response, or an inhibition or facilitation of an existing response by
a new stimulus (Hafez 1968a).

• Conditioning. Conditioning is the transfer of an existing response to a new
stimulus (Hafez 1968a).

• Hardening. Transitory adaptation to an extreme temperature that followed brief
exposure at a sub-lethal temperature (Bowler 2005).

However it should be noted that it is difficult to make definitions that will apply
universally to all animals or situations (Loeschcke and Sørensen 2005).

10.6 Processes of Thermal Adaptation

Adaptation is a progressive reduction in physiological strain in an animal when the
animal is repeatedly exposed to a non-lethal stress (Taylor 2006). Adaptation is
conducive to animal survival because it increases the ability of the animal to
tolerate stress (Taylor 2006). Within a limited range of body temperatures, animals
have some capacity to modify their behavioural, physiological or morphological
characteristics in response to a thermal challenge (Angilletta 2009).The range in
body temperature is due to optimised structural and kinetic coordination of
molecular, cellular and systemic processes (Pörtner and Farrell 2008). An animal’s
ability to survive once ambient temperature approaches the animals thermal limits,
depends on its capacity to maintain or restore proteins following a thermal chal-
lenge (Hofmann and Todgham 2009) (see Biochemical adaptations below).
Thermotolerance is a cellular adaptation that is a result of a single non-lethal heat
exposure that allows an animal to survive subsequent insults that would otherwise
be lethal (Moseley 1997). What we tend to see in the short term is phenotypic
adaptation, what happens with long-term chronic stress is difficult to predict lar-
gely because scientific studies have not been undertaken. Indeed, the precise
physiological and biochemical mechanisms that define the upper and lower ther-
mal tolerance limits in animals are largely unknown (Hofmann and Todgham
2009). Furthermore, the outcome of climatic change within any particular envi-
ronment is unknown. Climate change is one of the several intriguing factors
making animal production difficult in many areas of world. In reality animals can,
will and do adapt to climate change, if they have sufficient time. If they are not
able to adapt they face regional or global extinction.

The response mechanisms employed by an animal when exposed to stressors
are helpful for survival but are usually detrimental to productive performance
which means that animals that are actually adapting to specific changes may not be
selected because they are doing so at the expense of production. The potential
climate change impact factors on animals include an overall increase in prolonged
chronic heat stress and an increase in the number of extreme climatic events. Stress
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can be looked upon as being either abiotic (physical and chemical factors) or biotic
(direct and indirect effects of other organisms including competition for food)
(Willmer et al. 2006). The extents to which animals are able to adapt to stressors
are largely limited by physiological (genetic) constraints (Devendra 1987; Parsons
1994). Selection criteria of livestock and poultry (and possibly domestic animals in
general) needs to be considered in the context of climate change, and whether the
location (habitat) is likely to be favourable or unfavourable to the species of
concern.

Interactions between environmental stressors, the magnitude of short-term and
long-term climate change and the available feed resources interact to determine the
type of animals found in a particular environment, and the type of selection or
adaptation that occurs within the environment (Willmer et al. 2006). Three types
of selection are recognised and these are based on the type of habitat where the
animals are expected to live (Greenslade 1983 cited by Parsons 1994; Willmer
et al. 2006) (Table 10.1). The classifications used are: R selection—(unpredictable
habitat; animals are small in size, rapidly reproducing, early maturing, produce
large number of offspring and are short lived, e.g. many rodent species), r refers

Table 10.1 Types of selection on animalsa

R—selection K—selection A—selection

Environment
Stability Low High High
Abiotic stress High Low High
Energy Low High Low
Individuals
Body size Small Large Small or Large
Lifespan Short Long Long
Maturity Early Late Late
Reproduction
Pattern Semelparousb Iteroparousc Either
Generation time Short Long Either
Fecundity High Low Low
Offspring Many, small Few, large Either
Parental care Absent Common Possible
Populations
Density Fluctuating High Low, or fluctuating
Stability Fluctuating Steady Fluctuating
Range High Low Either
Competition Low High Low
Biotic interactions Few, simple Many, complex Few, simple
Overview Small Large Very varied

Rapid reproductive output Slow reproductive output Usually slow
Colonists Complex communities Simple climax
Generalist Specialists Specialists

a Adapted from Willmer et al. (2006)
b Only produces offspring once in its life
c Has many reproductive cycles throughout its life
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to the rate of population increase (Willmer et al. 2006); A selection—adversity
selection (predictably unfavourable environments which have high environmental
stress but low magnitude of fluctuation, e.g. deserts, mountain habitats; animals
have high stress resistance, low fecundity, late maturing, long lives and low levels
of biotic interaction (Willmer et al. 2006), e.g. camels, desert sheep and goats,
Zebu cattle); and K selection—(predictably favourable low stress environments;
animals are relatively large, slowly reproducing, long lived and only produce a few
young, e.g. European cattle and sheep, and kangaroos): k represents the carrying
capacity of the environment. Within these selection classifications animals have
developed a number of adaptive mechanisms.

10.7 Mechanisms of Adaptation

Mechanisms of adaptation include morphological, behavioural, biochemical and
physiological change. These mechanisms interact to produce a change in the
animal which improves an animal’s fitness in a particular environment. For
example, Sudanese Desert sheep tolerate thermal stress by panting, cutaneous
evaporation and by concentrating urine (Gaughan et al. 2009). Fundamentally, all
mechanisms of adaptation are controlled by genes. Therefore, the changes which
occur in an animal are a result of gene 9 environment interaction.

Hansen (2004) has written an excellent review on adaptation of zebu cattle to
heat stress and this review is a good resource for further information.

10.7.1 Morphological Adaptations

Livestock have adapted, either naturally or via human selection, to a variety of
environmental conditions. These conditions include deserts, alpine regions, wet and
dry tropics, arctic and temperate zones. Within a species there is considerable var-
iation within breeds and between breeds in regard to their capacity to cope with an
environmental challenge (Gaughan et al. 2010b). The structural adaptations of ani-
mals to thermal environments are the most pronounced (Hafez 1968a). For example,
the long angular ears and large dewlap of a Brahman (Bos indicus) cow compared
with the short round ears and small dewlap of an Angus (Bos taurus) cow; the former
enhancing heat loss and the latter reducing heat loss. Properties of the hair coat in
zebu cattle enhance conductive and convective heat loss and reduce absorption of
solar radiation (Hansen 2004). Heat tolerant cattle (Sanga breeds) have slightly
different skeletal structures compared to temperate breeds. These changes influence
the angle of the rib cage which leads to an improvement in respiratory dynamics so
that the animal can lose heat without excessive panting (Ramsey 2010). Tropically
adapted Bos taurus cattle breeds such as those defined as Criollos in the Americas
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have developed a series of distinctive characteristics which enhances heat loss
(De Alba 1987). These morphological adaptations include:

• Short hair
• Sparse hair
• Unmedullated hair
• Pigmented skin
• Very short ears with little hair
• Very mobile and slender tail.

The coat and skin characteristics of sheep and goats that have evolved in
tropical and desert areas are different from those that evolved in temperate cli-
mates. For example, the loose open fleece of hair and wool of Awassi sheep
enhances heat loss via convection. Sudanese desert goats have long legs and long
ears, and relatively large size (33 kg) which present a mechanism for evaporative
heat loss (Devendra 1987). Black Bedouin goats are able to store high volumes of
body water, and have considerable sweating capacity which allows them to cope in

Table 10.2 The main morphological adaptations in farm animals

Environmental
stress

Morphological adaptation Animal

Solar radiation Long limbs Camel
Long open coats Desert sheep and goats

High
temperature

Hair shedding in summer
Increased surface area (skin folds) Brahman cattle
Small body long ears Rabbit
Loose coarse wool Awassi sheep
Fine dense wool Merino sheep

Low
temperature

Long and fine hair Temperate cattle e.g.
Angus

Thick subcutaneous fat Arctic species
Abundant brown fat Many species—usually

neonates. e.g. piglets
Thick heavy coat Rabbit, sheep, cattle,

horse
High humidity Dark pigmentation, sparsely haired Water buffalo
Seasonality in

food
Adipose tissue reserves Awassi sheep
Hump Camel
Fat-tail Sheep
Fat-rump Sheep (Somalia)

Desert Thick skin, hard tissue around mouth; thick mouth,
lined with long papillae, increased drinking
capacity, hump, conservation of metabolic water,
ability to survive dehydration

Camel

High altitude Increased O2 carrying capacity in blood, increased
concentration of RBCs, ability to transfer O2 from
capillary blood to tissue cells, high efficiency in
nutrient extraction

Llama, alpaca

Adapted from Hafez (1968b) and Khalifa (2003)
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a hot environment even with the additional heat load resulting from their dark
colouration (Shkolnik and Choshniak 1985).

The main morphological adaptations of livestock are external insulation (coat
and fur depth, hair type, hair density and subcutaneous fat), fat storage in hump or
tail especially under desert conditions, skin colour and body size (Khalifa 2003)
(Table 10.2).

10.7.2 Behavioural Adaptations

Behaviour is one of the most effective adaptive mechanisms (Hafez 1968b), at
least in the short term. Behavioural change allows animals to avoid or reduce the
impact of stressors. However, not all behavioural changes have a positive impact.
For example, there may be increased aggressive behaviour when cattle, with
limited shade or water access, are exposed to high heat load, i.e. the dominant
animals will push less dominant ones from shade, or they may block water trough
access. However, most behavioural changes would be considered to be attempts to
reduce the impact of a given stressor. These changes include: seeking shelter (e.g.
shade or wind breaks), changing posture (e.g. standing or altering orientation to the
sun to reduce gain of heat from solar radiation), wallowing, reducing feed intake
(when exposed to hot conditions) or increasing feed intake (when exposed to very
cold conditions) and increasing or decreasing water intake again based on ambient
conditions. Other behavioural changes such as bunching, by heat stressed cattle,
may be a psychological response to the stress and is not considered to be a positive
behaviour. It is largely thought that bunching will decrease heat loss from already
heat stressed cattle. On the other hand, huddling in pigs and puppies is a positive
behavioural adaptation to cold stress. Behavioural changes are an innate compo-
nent of the animal. These behaviours may be enhanced by human selection within
a breed or species. However, as with many other adaptive responses, there may be
subsequent production losses.

Understanding the ‘normal’ behaviours of animals under non-stressful condi-
tions is paramount for our understanding of behavioural changes when animals are
stressed.

10.7.3 Biochemical Adaptations

Biochemical adaptations to thermal stress are complex and varied. The responses
may be changes in proteins, membrane lipids and metabolic rate (Bowler 2005).
‘‘Critical biological processes, including development, growth, and fitness, are all
temperature dependent’’ (Spees et al. 2002). The responses may be due to a direct
effect of high temperature on metabolic function or may be a result of heat
impacting gene expression. Three specific examples will follow:
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Production of heat shock proteins (HSP) is a cellular and tissue defence
response to thermal stress (Iwaki et al. 1993; Spees et al. 2002; Marruchella et al.
2004). Heat shock proteins are members of highly conserved families of molecular
chaperons that have multiple roles in animals (Hecker and McGarvey 2011), and
are named according to their molecular weight expressed in kilodaltons (kDa) (e.g.
Hsp70, Hsp90) (Marruchella et al. 2004). Heat shock proteins protect against
thermal stress by refolding proteins that have been damaged (denatured) by heat
and by preventing protein aggregation (protein aggregation is harmful to animals)
(Hofmann and Todgham 2009). However, intense or prolonged exposure may lead
to permanent protein damage even in the presence of HSP. Among the heat shock
protein families, Hsp70 has a significant role in the thermotolerance of cells
(Beckham et al. 2004), and in animal survival (King et al. 2002). However, heat
shock protein expression is not limited to heat stress. Other stressors such as
changes in nutrition, housing and mixing animals may induce a heat shock
response. In a feedlot study, Gaughan and Bonner (2011) demonstrated the
combined effects of multiple stressors (including temperature) on HSP expression
in Angus steers (Fig. 10.2).

It is well accepted that there exist in cattle, genes which regulate body tem-
perature and enhance cellular resistance to elevated temperature. Although largely
unidentified, the existence of these genes offers the possibility for their incorpo-
ration into non-tolerant breeds through crossbreeding or on an individual gene
basis (Hansen 2007).

There is evidence that cattle that evolved in hot climates have acquired genes
that protect cells from the effects of elevated temperature (Kamwanja et al. 1994;
Hansen 2007). Genetic resistance to cellular effects of elevated temperature are
seen in both Bos indicus as well as in tropically evolved Bos taurus breeds such as
Senepol and Romosinuano (Hansen 2007). Little is currently known regarding the

Fig. 10.2 Relationship between Hsp70 (bars) and body temperature (line) of angus steers
housed in a feedlot over summer on days 0, 30, 60, 90 and 110 of the feeding period (Gaughan
and Bonner 2011)
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molecular basis for the improved cellular resistance to elevated temperature in
thermotolerant cattle. Survivability of heat stressed bovine lymphocytes was used
by Kamwanja et al. (1994) to determine the differences in heat tolerance of
Brahman, Senepol and Angus cattle. There were no significant differences between
Brahman, Senepol and Angus in the induction of Hsp70 in heat shocked lym-
phocytes. Hansen (2007) suggested that the tendency for lower amounts of Hsp70
in Brahman and Senepol may indicate that protein denaturation in response to
elevated temperature is reduced in the Brahman and Senepol breeds. Across the
three breeds the viability of lymphocytes was reduced by high temperature (42�C).
However, lymphocyte viability was significantly better in Brahman (56.8%) and
Senepol (54.2%) than in Angus (44.3%) (Kamwanja et al. 1994).

It is not clear at this time if heat shock protein expression will be a useful
biomarker for selection of animals for heat tolerance.

10.7.4 Physiological Adaptations to Heat

Physiological adaptation can be looked at in terms of short-term (hours to a few
days) or long-term changes (weeks or permanent).

Short-term: Short-term changes are often caused by acute stressors, e.g. a heat
wave. These changes will be manifested as an increased sweating rate, body
temperature, respiration rate, heart rate and a reduction in metabolic heat pro-
duction. The physiological responses of livestock to acute heat stress have been
well documented (Nienaber et al. 1999; Mayer et al. 1999; Kadzere et al. 2002;
Huynh et al. 2005; Hamadeh et al. 2006; Mader et al. 2006; Gaughan et al. 2010a;
Sullivan et al. 2011; Alhidary et al. 2012).

Long-term change: Long-term change may be due to chronic stress whereby
some physiological aspect of the animal establishes itself at a new adjusted level.
This adjusted level is often at the expense of production. Long-term changes may
also be due to the effect of acute stressors on gene expression (where the gene
expression is a permanent change).

Epigenetic temperature adaptation: Environmental changes during gestation of
mammals or during incubation of birds can have an effect on gene expression in
embryos (Nichelmann 2004). These effects may have positive or negative effects
during later development. Low birth weight of calves induced by malnutrition of
the cow has long-term effects on growth and development of the calf. Epigenetic
temperature adaptation has been observed in some avian species (May et al. 1987;
Yahav and Plavnik 1999; Nichelmann 2004) and is considered to be a positive
response. Epigenetic adaptation is the response of an animal to an environment
that will be encountered in its future development (Nichelmann 2004). Epigenetic
adaptation is the result of environmental effects on gene expression and is not
genetically fixed (Nichelmann 2004). The epigenetic effect was demonstrated by
exposing 5-day-old broiler chickens to high temperatures (38�C) for a 24 h period
(Yahav and Plavnik 1999). This short-term exposure increased the birds’ heat

10 Basic Principles Involved in Adaption of Livestock to Climate Change 257



tolerance to latter heat events. Nichelmann (2004) reported that incubation tem-
peratures at the end of the incubation period improved the thermal tolerance of
ducks but not turkeys.

Reduced metabolic rate: Low metabolic rates resulting from reduced growth
rates and milk yields of many zebu breeds is a major contributing factor to their
thermotolerance. There is also evidence that the basal metabolic rate of Bos
indicus is lower than for Bos taurus (Hansen 2004). When Bos taurus cattle adapt
to prolonged heat stress they will also reduce metabolic rate by reducing feed
intake (Fig. 10.3). The reduction in feed intake may lead to reductions in growth of
feedlot cattle (Sullivan et al. 2011) and a decline in milk production from dairy
cows (Bohmanova et al. 2007). Similar reductions in performance are seen for
many species that are not heat tolerant.

10.8 Conclusions

There is little doubt that climate change will have an impact on livestock per-
formance in many regions. The capacity of animals to adapt in the short to medium
term will be limited primarily by their genetics. However, financial resources and

Fig. 10.3 Mean daily feed intake (a and b) and water intake (c and d) for Bos taurus and Bos
indicus heifers. Points show the mean ± SEM for each of six animals. The horizontal bar under
each figure indicates the hottest 5 day of the experiment. Asterisks under the data denote P \ 0.05
for the day marked versus the control days (day 1 and 2) (Beatty et al. 2006)
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management capacity will have a major role. Adaptation to prolonged stressors
will most likely be accompanied by a production loss, and input costs may also
increase. Increasing or maintaining current production levels in an increasingly
hostile environment is not sustainable. It may make better sense to look at using
adapted animals, albeit with lower production levels (and also lower input costs)
rather than try to infuse ‘heat tolerance’ genes into a non-adapted breed.
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Chapter 11
Neuroendocrine Regulation of Adaptive
Mechanisms in Livestock

Sheba M. J. MohanKumar, Priya Balasubramanian,
Meenambigai Dharmaraj and Puliyur S. MohanKumar

Abstract Neuroendocrine responses to stress play an integral role in the maintenance
of homeostasis in livestock. In general, activation of the stress circuitry inhibits
functions such as growth and reproduction. Substantial evidence suggests that
neuroendocrine responses varies with the type of stressor and are specific and graded,
rather than ‘all or none’. While acute responses have important adaptive functions and
are vital to coping and survival, chronic stressors elicit endocrine responses that may
actually contribute to morbidity and mortality. Integration of these responses is
possible through the network of mutual interactions that exist between the immune
system, the central nervous system, and the endocrine system. A crucial component of
this network is the stress axis. Activation of the stress axis is accomplished through the
release of several neurotransmitters and hormones. The stress axis or the hypothalamo-
pituitary-adrenal (HPA) axis consists of 3 components: corticotrophin releasing
hormone (CRH) neurons in the hypothalamus, corticotrophs in the anterior pituitary,
and the adrenal cortex. A variety of molecular mediators have been implicated in the
stimulation of CRH neurons ranging from neurotransmitters such as catecholamines
to proinflammatory cytokines. CRH is an obligatory and primary stimulus for
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adrenocorticotropin hormone (ACTH) secretion by the pituitary gland. Subsequently,
ACTH stimulates glucocorticoid synthesis from the cells of adrenal cortex.
The secretion of ACTH, which is very crucial in this neuroendocrine response,
seems to be regulated by a variety of peptides, but principally by CRH and
vasopressin (VP; arginine vasopressin in most mammalian farm animal species;
lysine vasopressin in pigs). CRH seems to be active mainly in the acute phase of stress
while VP is proposed to maintain HPA axis activity after repeated stimulation.
In addition to the more traditional regulation of pituitary corticotrope function by
hypothalamic peptides, proinflammatory cytokines are now recognized to play an
important regulatory role in the HPA axis. Currently, interleukin-1, interleukin-6, and
tumor necrosis factor are implicated strongly as stimulators of the stress axis.
Cytokines are also capable of stimulating the secretion of the hormone leptin from
adipocytes. Leptin is now recognized as an inhibitor of stress axis activity. Therefore,
both leptin and glucocorticoids complete the negative feedback circuit to suppress
stress axis activity and maintain homeostasis. We will explore the relationship between
these hormonal mediators, immune cytokines, brain neurochemicals, and stress axis
activation and the implications for livestock production.

Keywords Stress � HPA axis � CRH � Vasopressin � Leptin � Cytokines �
Reproduction � Growth � Thyroid function � Appetite regulation
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11.1 Introduction

Stress is a necessary response in all living beings to maintain homeostasis.
In mammals, the stress response is a highly integrated, delicately balanced
phenomenon (Chrousos and Gold 1992). Animals respond to a variety of social
and environmental stressors through a coordinated effort of the brain, the pituitary,
the adrenal, and other organ systems. Livestock in particular are subject to several
stressors that are not encountered by other animals. These include thermal stress,
production stress, transportation stress, nutritional stress, immune stress, stress due
to crowding, drought, and other environmental conditions (Kelley 1980). They
respond to these stressors in specific ways and develop specific adaptive mecha-
nisms ranging from simple behavioral alterations to more involved physiological
adaptations. The response exhibited by animals to these stressors varies depending
on the duration of stress and when the stress occurs relative to their lifespan.

The adaptations that animals have developed to different stressors vary with the
type of stressor and with the individual animal. While one stressor can elicit a
marked reaction in one animal, the same stressor may leave another animal
untouched. Individual differences aside, the response or reaction initiated by
different types of stressors varies. These responses often result in altered utilization
of biological resources at the disposal of the individual animal. The biological
costs are low for acute stressors but quite devastating for chronic stresses leading
to reduced growth and production in livestock (Moberg 2000). Nevertheless, the
ultimate goal of stress axis activation is to effectively manage stressful situations
and enhance the probability of survival. The neuroendocrine system plays a central
role in integrating the stress response and the regulation of a variety of body
functions, such as growth, reproduction, feeding, energy homeostasis, etc.
Therefore, it is important to understand the neuroendocrine regulation of these
functions and how they are influenced by stress.

11.2 Evaluating Stress and its Impact on Livestock

Stress responses in livestock have been classified into four types (Curtis 2011):

1. Understress: When an environment lacks certain features such as social
companions or objects of interest, it causes the animal to enter boredom and
develop tendencies towards stereotypic behavior that may be annoying,
distracting, or a nuisance.
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2. Eustress or good stress: makes the animal produce an extraordinary response
that is tolerated very well by the animal. This stressful experience may even be
enjoyable in some instances.

3. Overstress is when environmental conditions activate the stress axis mildly.
Fitness and performance may decline but they rebound once the stressor is
removed.

4. Distress or bad stress provokes major stress responses leading to the generation
of negative emotions, such as fear, anxiety, frustration, and pain. Distress can
cause the animals to undergo suffering and has a profound effect on production
and performance. The animal may or may not regain normalcy after removal
of the stressor.

While raising livestock, farmers engage in several management practices that
may not be perceived as stressful by the farmer, but leaves a marked impact on
livestock production. For example, routine procedures, such as vaccinations,
milking, truck loading, etc. can be particularly stressful for livestock if they are not
handled properly (Siegel 2007). Loud noises used to control animals can be very
stressful to livestock that is reflected in an increase in heart rate (Waynert 1999;
Marchant et al. 2003). Stressed animals need at least 30 min to calm down and have
their heart rate return to normal (Stermer et al. 1981). On the other hand, calm animals
are less stressed. Negative handling techniques are known to directly impact
livestock production. Animals raised in a calm environment have better weight gain
and better meat quality (Petherick et al. 2002; King et al. 2006). Egg production
dropped in layer hens (Barnet et al. 1992) and milk yield decreased in dairy cattle as
a result of stressful episodes (Hemsworth et al. 2000). Stressful handling can also
decrease conception rates after breeding in sheep, cattle, and swine (Grandin 2010a).
Cattle prodded with an electric goad 15 min prior to slaughter had tough meat
(Warner et al. 2007). Pigs are particularly sensitive to this kind of treatment.
Prodding increases lactic acid levels, decreasing the pH of meat making it pale, soft,
and exudative, which is a severe quality defect (Grandin 2010b). Therefore, it is clear
that stress has a marked effect on livestock production affecting it at various levels
from growth and breeding, to production. These effects involve several neuroen-
docrine systems that regulate growth, lactation, and the stress response itself. In this
chapter, we will focus on the neuroendocrine control of the stress response and how
it integrates with other neuroendocrine functions to help the animal adapt to acute
and chronic stress.

11.3 The Stress Axis and its Organization

The stress axis or the hypothalamo-pituitary-adrenal (HPA) axis is activated when
the animal perceives a threat to its existence. Activation of the HPA axis is a
consistent neuroendocrine response to stress. It may be a conscious response to
stressors that are apparent to livestock, such as the sight of a predator, overcrowding,
excessive environmental temperatures, presence of guard dogs, the sight of people,
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or poor stockmanship (Grandin 2010a). This involves sensory input from various
sense organs and integration by the limbic system. The stress axis may also be
stimulated as an involuntary response to immune stressors, such as infections,
increased internal parasitic load, and poor nutrition due to famine or drought.
This response is coordinated by other brain centers that receive sensory stimuli
from the viscera or stimuli from the circulation.

Activation of the stress axis involves three main components. Stress that is
perceived by the brain results in the alteration of several neurotransmitters and
neuropeptides in specific brain regions. Some of the main neurotransmitters include
catecholamines, such as norepinephrine (NE), dopamine (DA), epinephrine (EPI),
indoleamines, such as serotonin (5-HT), other neurotransmitters, such as acetyl-
choline (Ach), gamma amino butyric acid (GABA), and neuropeptide Y (NPY).
These neurotransmitters are released rapidly from nerve terminals since they are
stored in vesicles. They affect the activity of corticotrophin-releasing hormone
(CRH) neurons (Mueller and Nistico 1989). CRH neurons are distributed in distinct
populations all over the brain; from the hindbrain to the hypothalamus. In the
hypothalamus, they are concentrated in the paraventricular nucleus (PVN) and their
terminals extend to the median eminence. Stimulation of CRH neurons results in the
release of CRH at the median eminence where they enter the portal circulation to
reach the anterior pituitary. In the anterior pituitary, CRH acts on corticotrophs to
stimulate the secretion of adrenocorticotrophic hormone (ACTH) and other peptides
such as b-endorphin. Besides CRH, vasopressin that is released from the anterior
pituitary is also a potent stimulator of ACTH. ACTH that enters the general
circulation acts on the adrenal cortex to stimulate the secretion of glucocorticoids
(Mueller and Nistico 1989).

Glucocorticoids have a number of physiological effects to enhance the ability
of an animal to ‘fight or fly’. It rapidly mobilizes glycogen from the liver to provide an
immediate supply of energy in the form of glucose (Rose et al. 2010). This is quickly
used by the brain and muscles. It also enhances glucose utilization that is essential
for maintaining physiological stability. Cardiac output and respiration are increased
to provide more oxygen and glucose to tissues, while gastrointestinal motility and
activity is suppressed (Salak-Johnson 2011). Cell growth and reproduction are
temporarily suspended under the influence of glucocorticoids. Ultimately,
glucocorticoids act on the brain through a negative feedback mechanism to terminate
the stress response. Besides acting through ACTH to stimulate glucocorticoid
secretion from the adrenal, the PVN also contributes to the stress response by
increasing sympathetic nervous system (SNS) activity (Pacak et al. 1995). There are
direct neuronal connections between the PVN and the intermediolateral cellular
column of the spinal cord. These connections are important for the stress-induced
increase in cardiac output and respiration. They are also crucial for the stimulation
of catecholamine secretion by the adrenal medulla that causes vasoconstriction in the
visceral region forcing blood to the periphery where it is most needed for the animal
to fight or fly. This would be a normal sequence of events if the stress were to be
consciously perceived by the animal through sensory cues.

11 Neuroendocrine Regulations of Adaptive Mechanisms in Livestock 267



In the case of autonomic responses caused by changes in the internal milieu,
the mechanism by which stress axis is activated could be slightly altered, but once
the CRH neurons are stimulated, it culminates in the secretion of glucocorticoids.
For example, with a bacterial infection, increases in lipopolysaccharides in the
circulation would cause elevations in proinflammatory cytokines. These could bind
to their receptors on para-abdominal ganglia of the vagus (Watkins et al. 1995).
Information that is transmitted through the vagal trunk reaches noradrenergic
nuclei in the brain stem such as the nucleus tractus solitarius, which ultimately
causes activation of the PVN through its ascending projections (Sehic and Blatteis
1996; MohanKumar et al. 2000). On the other hand, environmental hardships such
as drought and famine which are particularly severe in certain parts of the world
can result in an increase in serum triglycerides, free fatty acids (FFA) as a result of
fat mobilization for energy purposes. FFA can cross the blood brain barrier and

Fig. 11.1 Effect of various stressors on the stress axis. This figure demonstrates how various
stress generators impact the CNS to stimulate stress hormone production and how glucocorticoids
and adrenal steroids produce feedback effects on the brainstem, hypothalamus, and the pituitary
to suppress stress axis functions. Intermediary molecules, such as cytokines, free fatty acids
(FFA), and eicosanoids are specific to the stress that the animals are exposed to. The net result of
the various stressors is increase in neurotransmitter levels such as norepinephrine (NE) in the
hypothalamus which stimulates the secretion of corticotrophin releasing hormone (CRH), that
results in increased adrenocorticotrophic hormone (ACTH) secretion by the pituitary which
culminates in elevated levels of glucocorticoids, and adrenal steroids, epinephrine (EPI), and NE
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access specific neuronal populations. There is evidence that FFA such as oleic acid
are capable of stimulating NE, DA, and 5-HT release from the hypothalamus
directly (Jagannathan et al. 2009) and this could contribute to the activation of the
stress axis that is observed with oleic acid administration (Widmaier et al. 1992).
The complex interaction between various stressors and how they act through
factors, such as CRH, vasopressin, ACTH, glucocorticoids, cytokines, FFA, and
other mediators in influencing stress axis function is depicted in Fig. 11.1.

11.3.1 The Stress Axis: A Historical Perspective

The fact that stress causes activation of the adrenal cortex was first recognized
by Hans Selye in 1939. Harris (1948) first suggested that the phenomenon could be
mediated by neurons in the hypothalamus that regulate hormone secretion by the
anterior pituitary gland. Other investigators provided evidence that indeed
hypothalamic neurons were capable of secreting certain factors that controlled the
secretion of ACTH from the pituitary (Guillemin and Rosenberg 1955; Saffran et al.
1955; Porter and Jones 1956). Saffran and colleagues (Saffran et al. 1955) first
identified the hypothalamic factor that stimulates the HPA axis and termed it
‘‘Corticotropin releasing factor (CRF)’’. It was determined to be a 41 aminoacid
peptide by Vale and colleagues in 1981 who renamed the molecule as ‘‘CRH’’
(Spiess et al. 1981). During the early years, when the field of neuroendocrinology
was still in its infancy, other investigators were exploring the role of other factors
and hormones that could potentially stimulate ACTH secretion. Martini and
colleagues (Martini 1955) and Ono et al. (1985) were examining the in vivo effects
of vasopressin on ACTH secretion as Saffran and colleagues identified CRF. Since
vasopressin was capable of increasing ACTH levels, they hypothesized that it was
another potential CRF. Then came the controversy of which of the two molecules
was more important for HPA activation: CRF or vasopressin. Crediting its molecular
characterization by Vale et al. (1981) and detailed studies on its physiological role
(Rivier and Plotsky 1986), it had been concluded that although CRH and vasopressin
both stimulate ACTH secretion, they do so independently or in concert with each
other. Vasopressin has a potentiating effect on CRH-induced ACTH secretion in
bovine (Carroll et al. 2007) and pigs (Minton and Parsons 1993). CRH can also
increase adrenal blood flow and directly act on the bovine adrenal gland to stimulate
glucocorticoid secretion (Jones and Edwards 1990; Carroll et al. 1996). Vasopressin
has a similar effect on bovine adrenocortical cells (Carroll et al. 1996). CRH can also
act on adrenal medullary chromaffin cells to synthesize ACTH (Mazzocchi et al.
1994). Thus, CRH and vasopressin act at the level of both the pituitary and the
adrenal gland to cause activation of the HPA axis.

Besides CRH and vasopressin, several other factors are known to influence the
HPA axis. EPI and oxytocin also stimulate ACTH secretion. Besides, adrenergic
and oxytocinergic receptors have been identified in the pituitary gland in rats
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(Petrovic et al. 1983; Antoni 1986). Several other factors, such as cytokines,
growth factors, etc. can also stimulate the HPA axis.

Besides secreting glucocorticoids, the adrenal gland also secretes NE and EPI
from the medulla. EPI appears to be associated with fear and anxiety responses (Fell
et al. 1985; Abelson et al. 1996) while NE is the primary catecholamine in most
livestock species. It is capable of stimulating CRH release, ACTH secretion from the
pituitary (Mezey et al. 1984; Dinan 1996), or cortisol from the adrenal gland.
Therefore, the increase in NE levels in the circulation, results in further activation of
the stress axis, perhaps in an attempt to prolong the stress response. Selye proposed
that all stressors would result in activation of the HPA axis and that there is an ‘‘all or
none’’ response to stress. But the stress response is more complex than that,
involving specific responses for specific stressors and also relating those stressors to
past stressful events in order to mount a quicker and stronger response when exposed
to the same stressor subsequently. The involvement of particular neurohumoral
mechanisms probably influences the intensity and duration of the stress response.
Some investigators believe that the magnitude of the stress response depends on the
intensity and power of the stressors themselves (Natelson et al. 1981).

The need for different regulatory systems (Fig. 11.1) to influence HPA
activation is not clear. It could be a fail-safe mechanism to have a functional stress
response in the absence of a single activating pathway. This emphasizes the
importance of the stress axis for survival. The other possibility is that each of these
pathways or combination of pathways may be activated in response to specific
stressors. For example, a physiological stress response to altered internal milieu
may involve neuronal pathways that are very different from those that are activated
in response to the sight of a predator.

11.3.2 Short-Term vs Long-Term Activation of the HPA Axis

Short-term increase in glucocorticoids can be protective and facilitates normal
physiological and behavioral adaptive processes. On the contrary, high levels of
glucocorticoids or prolonged increases in glucocorticoid levels can adversely
affect various regulatory processes (Salak-Johnson 2011). Glucocorticoid receptors
are present in both CRH neurons and noradrenergic neurons in the brain that
regulate its secretion. Therefore, glucocorticoids have the capacity to inhibit these
neurons through negative feedback mechanisms or stimulate them when the stress
axis has to be activated. With short-term increases in glucocorticoid levels,
physiological processes such as growth and reproduction are temporarily
suppressed. This enables the animal to make better use of biological resources for
reflex actions such as flight (Salak-Johnson 2011). However, long-term stress can
interfere with the functioning of the endocrine system, which in turn affects growth
and reproduction and affects an animal’s productivity and even lower its chances of
survival (Salak-Johnson 2011). Food intake and appetite are also affected after
exposure to long-term stress (Sapolsky et al. 2000). This combined with an increase
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in catabolic activity and a reduction in anabolism leads to a net loss in weight and
productivity. Ultimately, repeated chronic stress can lead to pathological conse-
quences (Salak-Johnson 2011). Although CRH and vasopressin are implicated in
stress axis activation, they may play specific roles during short-term vs long-term
stimulation of the stress axis. Both hormones are secreted in a pulsatile manner and
stimulate ACTH secretion by acting through G-protein coupled receptors. Studies
in sheep have found that repeated or prolonged stimulation with CRH or vaso-
pressin can cause a reduction in ACTH secretion suggesting desensitization of
these receptors. However, there is a subtle difference. Desensitization to
vasopressin occurs much rapidly than CRH. This involves phosphorylation of the
V1b receptor and internalization. Resensitization of this receptor could be blocked
with a protein phosphatase 2B inhibitor suggesting that the rapid desensitization of
the ACTH response to vasopressin is involved in acute stress rather than chronic
stress (Mason et al. 2002). These adaptations are outlined in Fig. 11.2.

11.3.3 Negative Feedback Inhibition of the Stress Axis
and its Impact

The homeostatic mechanisms that come into play to restore the animal to normal
function involve suppression of the stress axis through negative feedback mech-
anisms. These could involve negative feedback inhibition by glucocorticoids on
brainstem noradrenergic neurons, CRH neurons, or corticotrophs in the pituitary.

Fig. 11.2 Differences between acute and chronic stress responses. This figure depicts the
differences in hormone secretion in response to acute and chronic stressors. While acute stressors
increase Vasopressin more than CRH in the hypothalamus, chronic stressors have the opposite
effect. The resultant effect on growth hormone and blood glucose levels enable the animal to
rapidly respond to acute stressors by increasing their ability to run or fight. Chronic stress on the
other hand has long-term effects such as reduced growth and increased susceptibility to diseases
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This would lead to reduction in NE levels in the hypothalamus, and a reduction in
CRH, ACTH, and glucocorticoid levels. These feedback mechanisms may be more
apparent during periods of acute stress. However, chronic stress on the other hand
can develop adaptive mechanisms. In this case, stress axis activity may remain
elevated in spite of negative feedback mechanisms and can only dissipate when the
underlying cause for stress axis activation is removed.

11.3.4 Adaptation of the Stress Axis in Livestock to Stress

A ‘fit’ animal is one that is capable of adapting to its environment and not only
surviving but is also capable of thriving. Adaptation is important not only for the
individual animal but for the whole system to propagate it. In instances when
an animal fails to adapt to its environment, it becomes evident in its way of being.
An animal that is unable to adapt is experiencing stress. Failure to adapt has
negative consequences for the animal’s state of being (Curtis 2011). It directly
imparts homokinetic mechanisms in the animal’s body, altering its internal
environment and causes it to be less productive and in serious circumstances even
cause reproductive failure (Curtis 2011). The animal has a range of adaptive
responses to stressors that are described by Broom (1993).

The animal’s response ranges from minor to extreme responses that result in
variable loss of fitness and well-being from which the animal may or may not
recover once the stressor is removed. What should be noted is that the animal may
mount an extraordinary response to a stressor without showing any sign of
adaptation. The impact of environmental stressors can be estimated by measuring
the effects on the animal. This will be reflected in the animal’s survival and
production or performance (Salak-Johnson et al. 2007).

Adaptation to stress is believed to be a 2-phase process with the time taken for
adaptation ranging from weeks to months. There is not only a change in the rate of
secretion of hormones but there is also modulation of their receptors at target sites
(Collier et al. 2006). Adaptive mechanisms to stress are covered by allostasis.
Allostasis is a process similar to homeostasis. It involves the whole body and helps
the animal determine what kind and intensity of response is needed to effectively
manage a particular stressor (Sterling and Eyer 1988; McEwen and Wingfield
2003). The neuroendocrine system plays a key role in this phenomenon and is
responsible for the specific responses to a stressor that results from coordinated
interaction between specific brain regions. An animal that has a wide range of
regulatory allostatic mechanism is always at an advantage because it can cope with
the stressor much better than an animal that does not. Sometimes allostatic
mechanisms may fail making the animal unable to mount a suitable response or
preventing it from turning off the response even in the absence of the stressor. This
will cause a deviation of the regulatory systems from its normal operating plateau
to a new plateau predisposing the animal to pathology. The effect of allostasis on
an animal is termed ‘allostatic load’. Allostatic load can be low when the animal is
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not exposed to any stressors and can be exceedingly high when there are unpre-
dictable environmental events in addition to adaptive responses to seasonal and
other demands (Salak-Johnson 2011). Normal allostatic load is essential for the
good health of the animal (Korte et al. 2007). A normal allostatic load will enable
the animal to use a wide range of physiological and behavioral adaptations to
match the environmental demand. On the other hand, high or low allostatic loads
can threaten the well-being of the animal making it vulnerable to disease states.

Adaptive mechanisms in livestock to stress leave a marked impression on not
only the stress axis itself but on a variety of systems that impact livestock
production. The reproductive system, growth axis, and the thyroid axis are some of
the neuroendocrine systems that are affected by stress. Neural circuits that regulate
the immune system and the appetite regulatory system are also involved. In the
next few sections let us examine the effect of stress on these individual systems
and how they adapt after different types of stress that livestock are exposed to such
as thermal stress, undernutrition, etc.

11.4 Reproductive Axis and its Adaptations to Stress

11.4.1 Organization of the Reproductive Axis in Animals

The reproductive axis is organized along similar lines across livestock species.
The reproductive axis or the hypothalamo-pituitary-gonadal (HPG) axis is
comprised of the hypothalamus that contains gonadotropin releasing hormone
(GnRH) neurons that secrete GnRH in pulses, the pituitary which releases the
gonadotropins, Luteinizing hormone (LH) and follicle stimulating hormone (FSH),
and the gonads (ovary/testis) which secrete the gonadal hormones estradiol and
progesterone in females or testosterone in males. GnRH is a decapeptide and it
binds to type I GnRH receptor, a G-protein coupled receptor to produce its effects
(Sealfon et al. 1997). GnRH neurons are distributed in distinct regions of the
hypothalamus. There may be minor variations between species, but generally
speaking, GnRH neurons are concentrated in the organum vasculosum lamina
terminalis (OVLT), the diagonal band of Broca (DBB), the medial preoptic area
(MPA), the suprachiasmatic nucleus, and the arcuate nucleus. In the cow, they are
predominantly located in the DBB, MPA, and anterior hypothalamus (Weesner
et al. 1993). Terminals of these neurons are located in the median eminence where
they release GnRH that has immediate access to the hypothalamo-pituitary portal
circulation that transports this hormone to the anterior pituitary. Here, GnRH
neurons act on gonadotrophs to cause the secretion of LH and FSH. GnRH
secretion occurs in pulses and therefore, LH and FSH release is pulsatile as well
(Mueller and Nistico 1989).

There are cyclical changes in LH and FSH secretion that help the reproductive
tract go through the motions of preparing itselffor receiving sperms, fertilization, and
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implantation of the fertilized ovum/zygote/embryo. This cyclical change that occurs
in the female reproductive system of the animals is called the estrous cycle.
The length of estrous cycle and the time of ovulation differ among livestock species.
In the cow, sow and doe, estrous cycles last for 21 days while in the ewe, it is 17 days
long. The cow and sow cycle throughout the year while sheep and goat are seasonal
breeders. This is timed in such a way as to provide the best chances of survival of the
young one. Although the length of the estrous cycle and the frequency of occurrence
vary among species, the hormonal patterns and their functions are the same.
Basically, FSH from the pituitary acts on the ovaries to stimulate follicular growth.
As the follicles mature, they produce estradiol that gradually increases during
the follicular phase, and acts on the brainstem and the hypothalamus through a
positive feedback mechanism to secrete GnRH that in turn, stimulates the LH surge.
The surge in LH is critical for ovulation and also promotes the growth and
development of the corpus luteum in females (Herbison 1997).

11.4.2 Stress and Reproductive Functions

During stressful conditions like high ambient temperature, poor nutritional status,
infection, etc., reproductive functions in livestock are held in temporary suspension
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Fig. 11.3 Effect of stress on reproductive functions. Stress inhibits reproductive functions. This
is probably mediated through a reduction in norepinephrine (NE) levels in the hypothalamus, an
increase in corticotrophin releasing hormone (CRH), or through an increase in cytokines that
increases gamma amino butyric acid (GABA) to suppress NE levels. The net result is a reduction
in gonadotropin releasing hormone (GnRH), luteinizing hormone (LH), and estradiol levels that
functionally translates to loss of estrous cyclicity, reduced ovulation and conception rates and
increasing intercalving intervals
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until the conditions become favorable for successful development of the progeny.
This adaptive mechanism compromises fertility in livestock through complex
interactions between the stress and reproductive axes. Stress could impair fertility by
affecting GnRH–LH pulsatility, estradiol profiles, LH surge timing and levels,
follicular recruitment and development, and ovulation (Dobson et al. 2003). This has
been depicted in Fig. 11.3. Acute psychological/thermal stress produces very short
term increases in LH but FSH is unaffected. Certain stressful conditions such as
lameness, is observed in livestock on a regular basis and interferes with livestock
reproduction in a major way. Lameness is a painful, long-term stressful condition
that is associated with poor reproductive fitness. Lame cows require more number
of inseminations per pregnancy, have a lower pregnancy rate to first insemination,
and have longer intercalving intervals, all leading to decreased production (Collick
et al. 1989; Whay et al. 1997; Melendez et al. 2003; Hernandez et al. 2005a, b).
Lame animals are also less prone to overt estrus expression that is required for
appropriately timed artificial insemination (Walker et al. 2008).

In sheep, glucocorticoids, vasopressin, ACTH, CRH, and opioids have an
inhibitory effect on LH secretion (Daley et al. 1999a, b). Glucocorticoids can
inhibit gonadal steroid secretion and alter the sensitivity of target tissues to these
hormones. Studies in rats suggest that CRH has an inhibitory effect on GnRH
neurons. In one study, CRH deficient mice still had suppressed LH secretion after
restraint stress suggesting that mediators other than CRH are most likely involved
in stress-induced reduction in LH levels (Jeong et al. 1999). Vasopressin is a
possible alternate candidate to CRH, as it is also released from the PVN of the
hypothalamus along with CRH during stress and vasopressin receptor antagonists
were able to suppress hypoglycemia–induced inhibition of LH secretion (Heisler
et al. 1994). Also, destruction of PVN does not restore LH pulsatility during stress
(Rivier and Rivest 1991) suggesting the involvement of other brain regions like
amygdala or bed nucleus of the stria terminalis (BNST) in stress-induced decrease
in LH levels. In sheep, CRH administration stimulates LH secretion (Caraty et al.
1997). It is likely that the effect of stress on reproductive functions varies based on
the type, intensity of stressor and the species affected (Matteri 2000).

Recently, studies have suggested the involvement of a new group of peptides called
kisspeptins in the MPA and arcuate nucleus of the hypothalamus in the initiation
of puberty and positive feedback regulation of the HPG axis. In ewes, kisspeptin, and its
receptor kiss1r (a G protein coupled receptor) expression has been documented in the
arcuate nucleus of the hypothalamus (Smith 2008) and intracerebroventricular admin-
istration of kisspeptin produced a dramatic increase in GnRH levels in the cerebrospinal
fluid with a concomitant increase in serum LH levels (Messager et al. 2005), suggesting
a pivotal role for kisspeptins in GnRH regulation. Also, stress-induced suppression of
LH levels in rats was accompanied by downregulation of components of the kisspeptin-
kiss1r signaling pathway in the MPA and arcuate nucleus (Kinsey-Jones et al. 2009).
Since kisspeptin and related molecules play an important role in GnRH regulation, it is
not surprising that their levels are modulated as a result of stress. However, they do not
play a direct role in mediating the effects of stress on GnRH neurons.
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11.4.3 Undernutrition and its Effects on Reproduction

Nutrition is critical for reproductive functions, pregnancy, and the generation
of healthy progeny (Schillo 1992; Chilliard et al. 1998). Females that are subjected
to underfeeding or caloric restriction experience delayed onset of puberty
and altered estrous cycles. In males, undernutrition has been shown to cause
hypogonadism and infertility. This is mainly attributed to a decrease in GnRH
release from the hypothalamus (Schillo 1992). CRH is also believed to play a role
in this phenomenon since inhibition of CRH abolishes the suppressive effect of
hypoglycemia on LH secretion in rhesus monkeys (Van Vugt et al. 1997) and ewes
(Smith et al. 2003).

In the context of nutritional stress and reproduction, it is important to understand
the role of leptin, a cytokine produced by adipose tissue on the HPG axis. Leptin is a
17 kDa protein that is produced by adipocytes and acts as a signaling molecule in the
brain relaying information about the nutritional status of the body (Zhang et al. 1994).
Undernutrition and fasting results in low leptin levels in the circulation which
probably signals the brain to suspend reproduction. This is supported by studies
demonstrating that chronic diet restriction in ovariectomized ewes reduces LH levels
and intracerebroventricular administration of leptin restores LH levels (Henry et al.
2001). Diet restriction also causes differential expression of long-form leptin

Fig. 11.4 Effect of under or overnutrition on reproductive functions: Stress caused by
undernutrition or fasting can result in increased corticotrophin releasing hormone (CRH).
Depletion of adipose tissue stores can result in lower leptin levels. Changes in both these
hormones directly impact gonadotrophin releasing hormone (GnRH) resulting in impaired
reproductive functions. Overnutrition on the other hand, results in elevated leptin levels that can
decrease estradiol synthesis by the ovaries, that results in failure of gonadotrophin hormone
releasing hormone (GnRH) neurons to be stimulated culminating in reduced luteinizing hormone
and irregular estrous cycles
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receptor in the anterior pituitary and hypothalamus of ewes (Dyer et al. 1997). On the
flip side, overnutrition could lead to increased levels of leptin and hyperleptinemia
which is not conducive for reproduction either. Studies in rats suggest that higher
leptin levels can directly inhibit LH release from the gonadotrophs of the pituitary
(Smith et al. 2002). Leptin could also act through the leptin receptors in the ovary
to inhibit aromatase enzyme resulting in reduced estradiol synthesis and impaired
positive feedback on the brain and pituitary resulting in poor reproductive functions
(Ghizzoni et al. 2001). Heavier ewes have been noted to develop cystic follicles and
reduced preovulatory gonadotropin surge (Christman et al. 2000). This mechanism is
depicted in Fig. 11.4.

11.4.4 Thermal Stress and its Effects on Neuroendocrine
Systems Governing Reproduction

Livestock have a range of temperatures that are conducive to their health and well-
being. This range of ambient temperatures is termed the thermoneutral zone.
Animals are affected by heat stress at the upper critical temperature. Some of the
factors that contribute to heat stress are radiant energy from the sun, humidity, and
ambient temperature. The animal is affected by thermal stress when it cannot
dissipate an adequate amount of heat to maintain normal body temperatures
(Gaughan et al. 2008). The temperature-humidity-index (THI) can be used to
determine the level of stress that an animal is exposed to. THI = (dry bulb tem-
perature �C ? 0.36 9 dewpoint temperature �C ? 41.2). Animals begin to
experience heat stress when THI is greater than 72. Milk production and repro-
duction are affected during moderate heat stress when THI is between 80 and 89.
When THI is 90–98, animals experience severe stress and their milk yield and
reproductive capacity are severely compromised. At THI greater than 98, proba-
bility of death increases. The loss in milk yield due to thermal stress poses a
significant economic problem (St-Pierre et al. 2003).

Besides undernutrtion, heat stress can also negatively impact reproduction. Heat
stressed cows have reduced duration and manifestations of estrus, reduced LH
pulse and amplitude and increased incidence of anestrus or silent ovulation.
Gonadotropin secretion is markedly reduced by high ambient temperatures
(Donoghue et al. 1989; Barb et al. 1991; Gilad et al. 1993). Besides producing less
GnRH, the sensitivity of the pituitary to GnRH is also reduced by heat stress
(Gilad et al. 1993). In vitro studies using isolated follicles from Holstein heifers
showed that heat stress decreases gonadotropin-induced estradiol synthesis and
increases progesterone synthesis (Bridges et al. 2005). Similar findings have been
observed in vivo where acute heat stress reduces estradiol production by granulosa
cells (Wolfenson et al. 1997). This altered balance between estradiol and pro-
gesterone causes premature luteinization of follicles and decreases ovulation and
fertility (Bridges et al. 2005). In males, the process of spermatogenesis is highly
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temperature sensitive. Normal spermatogenesis requires 4–5�C less than the core
body temperature. Hence in heat stressed bulls, the percentage of viable and motile
spermatozoa is reduced and the number of sperm abnormalities is increased
(Rahman et al. 2011). Thus, heat stress reduces conception rate because of poor
quality semen.

Furthermore, heat stress alters the uterine environment making it unfavorable for
successful implantation. Heat stress during early gestation reduces uterine blood
flow and embryonic attachment to the uterine wall thus favoring embryonic loss
(Roman-Ponce et al. 1978). Also, chronic heat stress decreases oxygen consumption
by the fetal placenta with retardation in placental growth resulting in fetal growth
restriction (Early et al. 1991). Similar to high environmental temperatures, long-
term exposure to low temperatures can decrease gonadotropins as well (Wada 1993;
Matteri and Becker 1996). This could be attributed to shifting of resources to energy
conservation, increased thermogenesis at low temperatures, decreased fat deposi-
tion, reduced leptin secretion, and decreased reproductive functions (Matteri 2000).
In poultry, the critical THI for causing heat stress is 78 and above. In birds, heat
stress reduces reproduction as well (Etches et al. 1995). This has been associated
with a reduction in preovulatory LH and hypothalamic GnRH (Donoghue et al.
1989; Novero et al. 1991). In another study, no difference was observed in LH levels;
however, a direct effect on ovarian function was observed (Rozenboim et al. 2007).
The loss of ovarian function can be attributed to the reduction in blood flow to the
ovaries (Wolfenson et al. 1981) since most of the blood flow is directed to the skin in
an effort to lose heat through conduction, convection, and radiation. In poultry,
increases in prolactin levels have been observed in response to heat stress (El Ha-
lawani et al. 1984; Donoghue et al. 1989). The increase in prolactin is believed to
cause a reduction in gonadotropins and ovarian regression in these birds (Youngren
et al. 1991; Rozenboim et al. 1993).

11.4.5 Immune Stress and How it Impacts the HPG Axis

Activation of the immune system in response to various stressors, ranging from
immobilization; bacterial and viral infections, produces an increase in the circulating
levels of cytokines, such as interleukin-1 (IL-1), tumor necrosis factor alpha
(TNF-a), etc. Proinflammatory cytokines, especially IL-1, produce marked changes
in reproductive functions by affecting specific brain circuits. IL-1b has been shown to
decrease LH surges during afternoon of proestrous day in rats to inhibit ovulation
(Sirivelu et al. 2009a). This effect is believed to be mediated through an increase in
CRH levels in the hypothalamus, or by increasing GABA, an inhibitory neuro-
transmitter in the brain (Sirivelu et al. 2009b). Other neuropeptides such as a-
melanocyte stimulating hormone (a-MSH) and endogenous opioids can also par-
ticipate in this response by directly inhibiting GnRH neurons as a response to stress.
Other GnRH stimulating neurotransmitters such as NE and NPY may decrease as a
consequence ultimately leading to reduced GnRH output and decreased LH surges
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resulting in anovulation. These mechanisms help to conserve energy by placing
reproductive functions on hold and favoring more important life processes. Offspring
that are born in times of stress may be susceptible to epigenetic changes that may
manifest as diseases during adulthood. It may also result in lower rate
of survival of the offspring. It is therefore beneficial to the species as a whole that
reproduction is not favored during times of stress.

Taken together, it is clear that stress-induced alterations in the reproductive axis
are highly complicated, involving a variety of molecular mediators as depicted in
Fig. 11.3. These mediators influence how the animal responds to these stressors to
produce a temporary suspension of reproductive functions and how these functions
rebound once the animal emerges from the influence of stressful situations.
Although all the mechanisms described above have not been exclusively studied in
livestock, it is reasonable to assume it could be similar in these species as well.

11.5 Stress Axis and Development/Developmental
Programming

Exposure of animals/livestock to chronic stressors during gestation can leave
a profound impact on the developing offspring. Although animals have an inherent
mechanism for protecting the developing foetus from glucocorticoid exposure,
chronic elevations in glucocorticoids do leave their mark. Glucocorticoids effects at
this level are modified by an enzyme 11-hydoxysteroid dehydrogenase b (11-HSDb),
that converts active glucocorticoids to the inactive form (Cottrell and Seckl 2009).
This enzyme is present at relatively high levels in the placenta to protect the
developing offspring from being exposed to glucocorticoids. However, during
chronic stress, increase in glucocorticoid levels impacts the growth of the foetus
resulting in a condition called intrauterine growth retardation (IUGR) (Cottrell
and Seckl 2009). This has been reported in sheep (Darp et al. 2010). This is a potential
problem in livestock that are exposed to malnutrition as a result of drought
and famine. Undernutrition can also contribute to IUGR. Besides affecting the
growth of the offspring, it also ‘programs’ neural circuits so that their behavior
in adulthood is affected (Markham and Koenig 2011).

11.6 Stress and Milk Production

Besides affecting ovulation and cyclicity, stress can also impact milk production.
The mechanism by which heat stress affects reproduction is by decreasing food
intake. Stress causes dairy cattle to eat less roughage, and decreases the rate of
rumination. This results in reduced volatile free fatty acid production and altera-
tions in the ratio of ketone bodies in circulation. Rumen pH is reduced and there is
electrolyte imbalance especially when cattle are subjected to heat stress (Collier
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et al. 1982). Reduced nutrient absorption is commonly observed in heat stress and
more energy is spent on maintenance (Collier et al. 2005). Heat stressed animals
produce more insulin in response to a glucose challenge, and are unable to oxidize
fatty acids and ketones for energy. They are entirely dependent on glucose as the
energy source, which is then rerouted from the mammary gland and this probably
contributes to the reduction in milk yield (Baumgard 2007). This could be a local
adaptive mechanism that does not involve neural pathways. However, these
mechanisms have not been explored in the heat-stressed cow.

Higher levels of stress hormones in sheep are known to decrease milk
production and increase IL-1 concentrations in the milk (Caroprese et al. 2010).
In sows, higher ambient temperatures decreased milk yield and decreased piglet
growth rate (Renaudeau and Noblet 2001). The reduction in milk yield is most
likely related to a reduction in prolactin levels. However, prolactin levels increase
concurrently with glucocorticoids during stress (Yayou et al. 2010; Collier et al.
1982), and are most likely not related to the reduction in milk yield. The effect of
stress on prolactin secretion is profound and uniform across species. Unlike other
anterior pituitary hormones, prolactin does not have a prolactin releasing factor,
but it is negatively regulated by hypothalamic dopamine (DA). Dopamine,
secreted by the tuberoinfundibular dopaminergic neurons, directly inhibits
prolactin secretion. However, it can also be stimulated by other factors such as
thyrotropin releasing hormone (TRH), neurophysins, and substance P (Henriksen
et al. 1995; Shin et al. 1995; Watanobe and Sasaki 1995).

In livestock, prolactin plays an important role in the synthesis and secretion of
milk. It is also involved in immune functions, osmotic balance, metabolism, etc.
(Nicoll 1980). The reason for the increase in prolactin levels during stress is not clear.
It is believed to protect against the effects of chronic stress (Drago et al. 1989). Higher
environmental temperatures increase prolactin levels (Mueller et al. 1974). This effect
is believed to be mediated through increases in DA levels in the ventromedial
hypothalamus (VMH) (Colthorpe et al. 1998). Specific D1 receptor antagonists can
inhibit the prolactin response in sheep to high ambient temperatures but not to psy-
chological stress. Milk yield drops dramatically in dairy cattle in response to acute
stress. It is not clear how this happens in the context of high prolactin levels. A
reduction in prolactin receptors in mammary tissue in response to stress could explain
the reduced milk yield in spite of the higher circulating levels of prolactin. In contrast
to acute stress, chronic stress decreases prolactin levels (Van den Berghe and de
Zegher 1996). Fasting and undernutrition cause prolactin levels to drop in pigs (Steele
et al. 1985). Similarly, anorexia observed in chronic infections and debilitating
conditions can contribute to the decrease in prolactin resulting in low milk yield.

Immunosuppression caused by glucocorticoids can predispose adult animals
and neonates to infections to which they easily succumb. Cattle are prone to
E.coli-induced mastitis when they are immunosuppressed causing a severe drop in
milk yield and at times the infection can be so severe, resulting in death
(Burvenich et al. 2003). Endotoxin-induced mastitis further increases cortisol
levels in dairy cows (Shuster et al. 1993). In other studies, stress caused by chronic
lameness decreases the animal’s fertility (Collick et al. 1989) and increases the
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duration to postpartum estrus (Petersson et al. 2006). Even when these animals
begin to show signs of estrus, the intensity of the heat signs are reduced (Walker
et al. 2008). This makes selecting these animals for artificial insemination difficult.
Lame animals probably experience greater difficulty during the later stages
of gestation as well.

11.7 Effects of Stress on Growth Hormone

Besides affecting the HPA axis to mount a glucocorticoid response, stressors,
especially those that are capable of affecting the animal on a chronic basis, have
profound effects on the growth of livestock.

11.7.1 Organization of the Somatotrophic Axis

The growth axis or somatotrophic axis controls the secretion of growth hormone.
The somatotrophic axis is made-up of growth hormone releasing hormone (GHRH)
neurons in the hypothalamus, and somatotrophs of the anterior pituitary that secrete
growth hormone. The distribution of GHRH neurons varies greatly between species.
The cell bodies range in distribution from the arcuate nucleus, medial perifornical
region of the lateral hypothalamus, the ventromedial nucleus, the paraventricular and
supraoptic nuclei, and the dorsomedial nucleus of the hypothalamus (Mueller and
Nistico 1989). Their terminals extend to the median eminence where GHRH is
released and moves into the anterior pituitary through the hypophyseal portal system.
Growth hormone secretion is inhibited by somatostatin, a tetradecapeptide that is
produced in the hypothalamus. Neurons that secrete this hormone are localized in the
preoptic area, mediobasal hypothalamus, and the amygdala. Terminals of these
neurons also extend to the median eminence where they directly regulate the
secretion of GHRH. While GHRH increases growth hormone secretion, somatostatin
inhibits it. Growth hormone that is released from the pituitary acts on the liver to
produce and release insulin-like growth factor-1 (IGF-1). Growth and development
of tissues such as muscle and bone are dependent on IGF-1. Growth hormone can
directly affect these tissues as well.

11.7.2 Effect of Thermal and Undernutrition Stress
on Growth Hormone Secretion

Stress is known to decrease growth hormone secretion and IGF-1 secretion in rats
(Peisen et al. 1995). However, in livestock, growth hormone levels increase, but
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IGF-1 levels decrease in response to stress (Bruggeman et al. 1997; McCusker
1998; Carroll et al. 1999). This response has been noticed with restraint stress
(Farmer et al. 1991; Cataldi et al. 1994; Rushen et al. 1995). An increase in GHRH
levels is believed to be responsible for this effect. Other studies suggest that the
simultaneous activation of the HPA axis facilitates the increase in GHRH
(Burguera et al. 1990). This could be mediated through NE levels in the hypo-
thalamus since this neurotransmitter is stimulatory to both GHRH and CRH
neurons (Mueller and Nistico 1989). The resultant increase in glucocorticoids can
suppress IGF-1 levels.

Fasting and undernutrition also increase growth hormone and decrease IGF-1
levels in livestock (Ketelslegers et al. 1995). In this study, receptors for growth
hormone appeared to be down-regulated in the liver. This could be another
mechanism by which IGF-1 levels are reduced after stress. A similar effect has
been observed after weaning in piglets (Carroll et al. 1998). The increases in
growth hormone in response to stress oppose the action of insulin and decrease
glucose utilization by tissues thus reserving them for the acute stress response. The
reduction in IGF-1 levels result in reduced growth, and the conservation of energy
and nutrients for survival. This is believed to be an important adaptive response,
shifting energy resources from growth to survival (Haussmann et al. 2000). This is
depicted in Fig. 11.5.

At higher ambient temperatures, growth hormone levels increase, but they
decrease at colder temperatures (Barb et al. 1991; Ozawa et al. 1994). In this case,
more energy is spent on thermoregulation rather than growth. The effect of higher
ambient temperatures on the growth axis is also dependent on the developmental
stage of the animal. Heat stress during late gestation decreases fetal growth and
alters the endocrine status of the dam (Collier et al. 1982). Lower temperatures do
not decrease growth hormone secretion or IGF-1 levels in piglets but decrease
growth hormone receptor mRNA and IGF-1 mRNA in the liver (Carroll et al.
1999).

11.8 Stress and the Thyroid Axis

Thyroid hormones are important for basal metabolism, thermogenesis, mental
acuity, and for good body conformation (Danforth and Burger 1984). The thyroid
axis comprises of TRH neurons in the hypothalamus, thyrotrophs in the pituitary
and the thyroid gland. TRH neurons are distributed throughout the hypothalamus
especially in the preoptic-suprachiasmatic region, the PVN, periventricular region,
lateral hypothalamus, ventromedial, and dorsomedial hypothalamic nuclei.
Although a large number of TRH terminals have been identified in the median
eminence, they are also present in the amygdala, lateral septal nucleus, lower brain
stem, and spinal cord. TRH is under the stimulatory control of a variety of
neurotransmitters and neuropeptides (Mueller and Nistico 1989). Acute stress is
known to increase thyroid hormone levels within 10 min (Farmer et al. 1991).
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The benefit of this short-term increase in thyroid hormones is not clear. It probably
plays a role in rapid increase in metabolism resulting in readily available energy
sources for the fight or flight response (Fig. 11.6). Long-term exposures to cool
temperatures stimulate the thyroid axis (Arancibia et al. 1996) mainly
by increasing TSH levels. The resulting increase in basal metabolic rate and
increased body temperature can inhibit the thyroid axis. In the context of survival,
reduced thyroid activity would decrease metabolism and corresponding energy
usage. This is especially useful when food is scarce (Chilliard et al. 1998).
However, activation of the thyroid axis becomes beneficial during cold stress.
The resultant increase in Endogenous opioids and glucocorticoid levels can also
cause suppression of the thyroid axis (Harvey et al. 1987) (Fig. 11.6).

11.9 Stress and Feeding: Implications for Livestock
Production

General or perceived stress results in decreased feed intake in livestock and this is
believed to be mediated through a variety of neurotransmitters and neuropeptides.
A number of stressors affect neural circuits that regulate appetite and are therefore
capable of affecting food intake in livestock. Appetite is a function that is controlled
by feeding centers in the hypothalamus. Several hormones, neurotransmitters, and

Fig. 11.5 Pathways by which stress influences growth hormone secretion. Various stress
paradigms affect the growth axis differentially. High temperature stimulates growth hormone
(GH) secretion, whereas low temperatures inhibit GH secretion. GH is also differentially affected
by acute or chronic stress. While acute stressors decrease glucose utilization and prepare the
animal to fight or fly, chronic stress decreases insulin-like growth factor (IGF)-1 production and
inhibit growth
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neuropeptides are known to influence feeding. NPY is a 36 aminoacid peptide
that is synthesized and released in the PVN. Underfeeding increases NPY levels
and NPY mRNA in sheep hypothalamus (McShane et al. 1993). Leptin, an
adipocyte-derived hormone can also act on the hypothalamus to decrease NPY
levels and shut down feeding (Dyer et al. 1997). Two other important mediators are
CRH and melanotropin concentrating hormone (MCH). They do not just decrease
feeding behavior but may also inhibit visceromotor pathways that help identify
food (Carr et al. 2002). Intensely painful, psychologically threatening stressors
directly inhibit food intake (Shimizu et al. 1989). Mild stressors on the other hand
can stimulate feeding (Morley et al. 1983). The hypothalamus especially nuclei
such as the AN, PVN, LH, and VMH play an important role in feeding behavior
(Kalra et al. 1999). Neuropeptides such as CRH and MCH play a critical role in
maintaining normal body weight and energy balance.

Leptin, a hormone secreted by adipocytes, inhibits feeding and this effect is
believed to be mediated through the melanocortin (MC-4) receptors (Fan et al.
1997; Seeley et al. 1997) located in Pro-opiomelanocortin (POMC) neurons of the
arcuate nucleus. The PVN also plays an important role in feeding behavior. CRH is
a potent inhibitor of feeding and another CRH-like peptide. Urocortin also plays a
role in suppressing feeding activities (Spina et al. 1996). PVN receives input from
not only the arcuate nucleus but is affected by orexigenic signals from different

Fig. 11.6 Influence of various stressors on the thyroid axis: thyroid hormone (T3, T4) secretion
is mediated through thyrotropin releasing hormone (TRH) and thyroid stimulating hormone
(TSH). Increases in thyroid hormones can negatively regulate TRH secretion. Thyroid hormone
secretion is also influenced at the level of the pituitary and the thyroid gland by endogenous
opioid peptides (EOPs), glucocorticoids and a variety of stressors. While acute increases in
thyroid hormone levels can promote the fight or flight response in animals, chronic increases can
lead to wasting and sickness
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parts of the brain and therefore acts as a control center synthesizing and modu-
lating feeding-related activities (Cowley et al. 1999). Since stress increases CRH
to stimulate the HPA axis, CRH becomes an effective mediator for stress-induced
suppression of feeding. For example, restraint stress induces anorexia in rats and
this effect is completely blocked by immunoneutralization of CRH (Shibasaki
et al. 1988).

The reduction in appetite that is seen after infection is probably mediated
through several mechanisms. Activation of the HPA axis and increase in CRH
levels as a result of elevated cytokines, could contribute to reduced appetite.
Proinflammatory cytokines themselves are capable of causing anorexia
(MohanKumar et al. 2003). Other than these, cytokines also stimulate the secretion
of leptin (Francis et al. 1999, 2000). Increases in circulating leptin levels can
decrease food intake by acting at the level of the hypothalamus (Clark et al. 2006).
It can also reduce NE levels in the PVN that plays an important role in food intake
(Clark 2008; Fig. 11.7). Other anorexigenic and orexigenic peptides could also
be involved, but have not been studied in livestock.

11.9.1 Feeding Responses to Cold Stress

Under normal conditions, leptin and NPY act in concert to maintain energy
homeostasis. Under stressful conditions, depending on how severe the stress is,

Fig. 11.7 Effect of various stressors on feeding behavior. Different stressors act through various
intermediary molecules specific to each stressor to stimulate or inhibit feeding. Increases in
corticotrophin releasing hormone (CRH) and melanin concentrating hormone (MCH) can inhibit
feeding behavior by acting through the visceromotor pathway. On the other hand, when energy
consumption becomes vital to certain stress responses, feeding is stimulated through neuropeptide
Y (NPY)
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food intake is affected. Exposure to low temperatures causes a reduction in leptin
levels (Trayhurn et al. 1995) that would result in increased food intake. In contrast
to leptin, NPY levels increase in the hypothalamus in response to cold exposure
resulting in increased appetite. Administration of NPY also decreases sympathetic
outflow to brown adipose tissue and reduces the expression of uncoupling
protein-1 (UCP-1) (Egawa et al. 1991; Giraudo et al. 1994). UCP-1 uncouples
mitochondrial respiration, increases energy utilization and helps animals cope with
lower temperatures by using non-shivering thermogenesis. Exposure to cold
temperatures for short periods of time therefore induces heat generation by
increasing thermogenesis that involves shivering. In contrast to acute cold
exposures, chronic exposures of 21 days or more results in decreased leptin, but no
increase in NPY (Bing et al. 1998). Animals tend to lose weight in spite of eating
more. The main reason for this could be the increase in thermogenesis by brown
adipose tissue (Fig. 11.8). However, in animals that lack brown adipose tissue such
as the pig, the adaptive mechanism is quite different. Piglets respond to cooler
temperatures by drinking more milk (Forbes and Kyriazakis 1995). They also gain
more weight (Jensen et al. 1969; Holmes and Mount 1966).

11.10 Stress Axis and its Influence on the Immune System

Besides the endocrine system that is commonly affected with chronic stress,
another important system that is affected is the immune system. The relationship
between stress axis and the immune system has been described time and again.

Fig. 11.8 Effect of low temperature stress on thermogenesis: Brown adipose tissue (BAT) plays
a vital role in thermogenesis in animals. Acute exposures to low temperatures are managed by
thermogenesis induced by shivering and increased feeding in response to changes in leptin and
neuropeptide Y (NPY) levels. However, chronic exposures to low temperatures increase BAT
activity and result in thermogenesis associated with higher energy consumption
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Briefly, the immune system is a powerful line of defense for the organism
especially against infectious agents. Acute stress may inhibit, activate, or have no
effect on the immune system (Salak-Johnson 2011). Chronic stress on the other
hand is known to suppress the immune system making the animal more susceptible
to infectious agents. Glucocorticoid-induced immune suppression may have
a positive role especially in autoimmune disorders.

The mechanism by which glucocorticoids affect the immune system is mainly
by decreasing the levels of proinflammatory cytokines like IL-1 and IL-6.
Glucocorticoids are capable of affecting these cytokines at the transcriptional level
(Liberman et al. 2007). In the meantime, glucocorticoids also increase levels of
antiinflammatory cytokines such as IL-10 (Gayo et al. 1998). Altogether it appears
that glucocorticoids have an antiinflammatory role which may serve the animal
well especially to mitigate the effects of acute inflammation. However, chronic
suppression of the immune system by glucocorticoids may be less than desirable.
As glucocorticoid levels drop with time, the immune system rebounds and regains
its original capacity (Mazzocchi et al. 1994). It has also been observed that
subsequent exposure to stressors could result in a more robust glucocorticoid
response leading to a more profound suppression of the immune system
(Ragavan and Frantz 1981).

Although the duration of the stressor plays an important role in determining the
immune response of an animal to stress, there are other important factors that can
modulate the stress response. We discussed earlier that the response mounted
by individual animals to the same stressor is different. This difference is clearly
linked to the social status of the animal (Wingfield and Ramenofsky 1999). Social
status has an impact on the animals’ coping ability, changing the animals’
behaviour in response to a stressor. Most common behavioral changes observed in
animals subjected to psychological or physical stress is the exhibition of fear and
anxiety. Stressed livestock refrain from exploratory activity and social interaction,
exhibit vocalization, and sometimes also have stereotypic behavior (Grandin
2010b). It is believed that changes in behavior help the animal to cope with the
stress without producing a physiological response (McGlone 1993). For example,
during mild thermal stress, seeking water or shade could help the animal solve the
problem than mounting a stress response. In fact, the animals have to experience
the thermal stress for a prolonged period of time or the temperature has to climb
beyond the manageable level for the animal to mount a physiological response to
the heat stress. Even in this case, there are physiological adaptive mechanisms
such as increased sweating, respiration, vasodilation in the skin, etc. that can help
an animal remain close to homeostasis. The behavioral response observed in
livestock in response to stress is a reflection of central mechanisms that prepare
the animal and help it adapt better to environmental events (Schulkin 2003).
Neuropeptides are believed to play a central role in this phenomenon. One of the
main neuropeptides is CRH (Koob and Bloom 1985; Liang and Lee 1988;
De Souza 1995; Heinrichs and Richard 1999). Besides CRH, other neuropeptides,
such as NPY, vasopressin, and oxytocin can also influence behavioral responses
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to stress to cause anxiety, fear, and decrease in social interactions (Thorsell 2010;
Litvin et al. 2011).

11.11 Molecular Adaptations to Stress, Learning,
and Memory

Stress is believed to facilitate learning and memory only when 1. The stress is
experienced in the context and around the time of the event that needs to be
remembered (pain at the time of branding is associated with the place in which
branding takes place etc.) and 2. When hormones and neurotransmitters are
released in response to the stressor, act through the same circuits as those activated
by the situation (pain pathways activated at the time of branding must converge
with pathways activated by crowding, noise, etc. prior to branding—limbic
pathways). This helps the animal focus its attention and improves memory of
information relevant to the stressful episode (Joels et al. 2006).

Stress hormones also modulated function within the brain by changing the
structure of neurons and neuronal synaptic connections. One of the most sensitive
areas of the brain that are prone to such modifications is the hippocampus. There is
a ramification of neuronal connections between the granule neurons in the dentate
gyrus and Contractors Association (CA3) neurons in the hippocampus. There is a
600-fold amplification of excitatory impulses and a 300-fold amplification of
inhibitory impulses as a result of these connections (McEwen 1999). New neurons
are continuously produced in the dentate gyrus, even through adult life. Dendrites
of CA3 cells undergo reversible remodeling during chronic stress especially when
food restriction is combined with increased physical activity (Popov et al. 1992;
Lambert et al. 1998; Magarinos et al. 2006). This may be particularly relevant for
grazing livestock in periods of drought or famine when they are constantly on the
move in search of food. The purpose of this type of adaptation may be to protect
against permanent damage and enhance vulnerability to damage.

One type of change that occurs in the hippocampus is the replacement
of neurons. The dentate gyrus has cells in the subgranular layer that gives rise
to granule neurons (Kempermann and Gage 1999; Seri et al. 2001). These have
a short half-life of 28 days (Cameron, Hazel et al. 1998) and are influenced by
a variety of hormonal factors (Aberg et al. 2000; Czeh et al. 2001; Trejo et al.
2001). A variety of neurochemicals, such as GABA, serotonin, NE, endogenous
opioid peptides, brain-derived neurotrophic factor (BDNF), IGF-1, etc. and
glucocorticoids influence this neurogenesis. Endogenous opioid peptides and
excitatory aminoacids through N-methyl D-aspartate (NMDA) receptors are
particularly capable of suppressing neurogenesis after certain acute stress and
chronic stress paradigms (Gould et al. 1997).

Besides neurogenesis, stress also influences structural plasticity in the hippo-
campus, Amygdala and prefrontal cortex. There is a reduction in the number
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of giant spines on dendrites in response to stress (Stewart et al. 2005). Endosome
like structures in these dendritic spines are reduced. Active synaptic zones between
giant spines and mossy fiber terminals constantly change and adapt. For example,
chronic restraint stress for 21 days can cause retraction and simplification
of dendrites. All these changes are believed to be mediated through changes in the
cytoskeleton (McEwen 1999; Radley et al. 2008). Adrenal steroids promote
this remodeling by interacting with several neurochemical systems, such as
serotonin, endogenous opioid peptides, calcium currents, GABA, benzodiazepine
receptors, and Glutamate-NMDA receptors. Other molecules such as neural cell
adhesion molecules and tissue plasminogen activator and BDNF also play a role
in synaptic plasticity (McEwen 1999). Remodeling of dendrites during chronic
stress helps to decrease excitatory input and prevent permanent damage to cells.

11.12 Conclusions

In general, the neuroendocrine responses to different stressors vary depending
on the type, intensity, and duration of the stressful event. Nevertheless, the
neuroendocrine system responds to these stressors by producing a marked increase
in stress hormone levels. With chronic exposures or even intense acute stressors,
survival mechanisms are chosen over growth, production, and reproduction.
The stress response initiated by a particular stressor integrates a variety of
homeostatic mechanisms ranging from physiological, immune to behavioral
adaptations. Allostasis helps the animal to maintain these adaptations in the face
of adverse, constantly fluctuating environmental demands. Both phenomena are
tightly coordinated by the brain and involve the whole body. Neuroendocrine
adaptations help conserve energy, promote thermogenesis, and help use energy
sources intelligently and effectively promoting long-term survival of the animal.
As a result, effective stress management by the animal leaves no impact on
livestock productivity. On the other hand, inability of the animal to meet the
demands posed by chronic stressors produces a major biological consequence to
the animal impairing growth, productivity, reproduction, and survivability. It is
therefore essential to use good management practices, promote the welfare of
livestock to help them maintain optimal responses to stressors.
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Chapter 12
Molecular Mechanisms of Livestock
Adaptation

Vijay Kumar Saxena and Narayanan Krishnaswamy

Abstract Food producing animals in the developing world are exposed to a
myriad of inevitable abiotic stressors that are fundamentally different from those
animals in intensive production systems of the developed countries. The gamut of
stressors that impairs the productivity includes, but not limited to, vagaries of the
monsoon, scarce grazing resources, exposure to industrial contaminants. Under-
standing the cellular and molecular mechanisms behind the short and long-term
adaptation required by tropical food animals is necessary to evaluate mitigatory
measures aimed at improving productivity. Cellular proteins are affected by
stressors resulting in increased population of proteins with non-native conforma-
tions due to improper folding. Heat shock proteins (HSPs) are a family of
approximately a dozen proteins that are evolutionarily conserved. Many HSPs
function as molecular chaperones with critical roles as regulator of protein folding
and structural function. Studies done on the unicellular yeast depict the temporal
variation in the gene expression profile when various stressors are used as treat-
ment and thereby many common environment-specific response genes (CER) were
identified constituting the 18–38% of the genome. CER genes constitute induced
expression of classical heat shock genes, osmotic stress protectants such as polyols
and trehalose, protein degradation enzyme, genes involved in increased membrane
permeability and ion transport, as well as compensatory expression of isozymes or
allozymes, and free radical scavengers such as superoxide dismutase, glutathione
system, and cytochrome P450. Many of these genes are hypothesized to have
common stress response elements (STRE) consensus sequences in their promoter
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region and are activated by common transcription factors such as Msn2 and Msn4
bringing coordinate regulation and global expression of genes under stress con-
ditions. CER also constitute genes which are repressor genes associated with
translation and protein synthesis to shunt energy in favor of large-scale ATP
requirement for the chaperone function. Cells in response to stress also bring about
changes in ratio of saturated lipids to unsaturated lipids in their membrane to alter
flexibility as well as transport across membrane, which correspond to homoviscous
adaptation. Knowledge on the molecular mechanism of environmental stress is
still in its infancy and may eventually explain the biodiversity of the animal
genetic resources.

Keywords HSP � Chaperones � CER � DBRP � Promoter � GAGA factors �
Proteasomes
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12.1 Introduction

The ability of an organism to respond to the changes in environmental tempera-
ture, pressure, osmotic variation, and the availability of nutrients determines its
competitive fitness as well as survival. In the current perspective of global climate
change, it is essential to understand the effect of environmental changes on the
organism as well as the adaptive mechanisms in their arsenal to combat them. To
have an understanding of the environmental changes at the organism level, it is
essential to study the response of the cell to environmental changes because it
provide clues to the molecular apparatuses enabling cells to adapt to new envi-
ronments and the molecular mechanisms which have evolved to regulate the
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remodeling of gene expression that occurs in the new environments. Let us take,
for instance, a simple unicellular organism, amoeba, a common inhabitant of
ponds, ditches, and other water bodies with its plastic and pliable pseudopodia or
false feet. These pseudopodia are of variable size and are capable of being pro-
truded or retracted often with considerable speed. When amoeba is exposed to high
temperature above 35�C, it ceases its activities. It responds negatively to both high
and low temperature stimuli. Optimum temperature for its survival lies between 25
and 35�C. Therefore, amoeba demonstrates an adaptive capability to thermal stress
from temperature range 25–35�C. If we revisit the same organism in response to
the osmotic stress, the protoplasm of an amoeba is of higher concentration than the
freshwater that prevails in its environment. This leads to entrance of water into the
body of amoeba by endosmosis through semipermeable membrane. Not only does
water enter through the plasmalemma, but also some water is formed in the
cytoplasm as a result of metabolic activity and additional water gets in along with
ingested food organisms. Now, the question arises how an amoeba tackles this
menace of constantly in-coming osmotic water inside the cytoplasm as it is
essential for the organism to get rid of this water to prevent swelling and rupture of
amoeba’s body. Amoeba has developed contractile vacuole system to pump out
this excess water outside. Tiny membrane-bound vesicles fill water from cyto-
plasm to feeder vacuoles and they discharge their content in contractile vacuoles.
Figure 12.1 describes the features of an amoeba.

Another example of an amoebaean species, leading a parasitic life within the
intestine of humans, Entamoeba histolytica, is a protozoan responsible for painful
intestinal ulcers leading to amoebic dysentery. This amoeba an endoparasite of the
upper large intestine lacks functional contractile vacuoles as it inhabits an isotonic
environment. The osmotic concentration of its cytoplasm is equal to the intestinal
fluid of the host, so there is no need for osmoregulation and therefore, contractile
vacuoles are absent. The examples of the two previously described amoebaean

Fig. 12.1 Structural features of an amoeba
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species demonstrate a need for the constant adaptation to changes in the envi-
ronment. Constant changes in environment with respect to biotic as well as abiotic
factors lead to development of environmental stress in animal affect production
capabilities as well as survivability. Food producing animals in the developing
world are exposed to myriad of inevitable abiotic stresses that are fundamentally
different from those in animals in intensive production systems of the developed
countries. The gamut of stressors impair productivity includes, but not limited to
monsoon, scarce grazing resources, and exposure to industrial contaminants.
Among the various physical environmental stressors, temperature is ecologically
most important, for it is a ubiquitous factor and in most environments lacks
temporal and spatial constancy (Cossins and Bowler 1987). Biologically, the
ability to survive and adapt to thermal stress appears to be fundamentally essential
for cellular life, as cell stress responses are ubiquitous among both eukaryotes and
prokaryotes which utilize conserved heat shock proteins (HSPs) as chaperones
(Lindquist et al. 1991; Parsell and Lindquist 1993). This kind of acute heat shock
response is very essential for poikilothermic animals, wherein change in envi-
ronmental temperature brings about changes in their body temperature. But even in
euthermic organisms, in which core temperature of the body is tightly regulated,
considerable variation in thermoregulatory set-point may occur during very severe
environmental stress, exercise, and fever. Therefore, heat shock response are a
rapid molecular mechanism; transient and short acting through production of HSPs
in response to short exposure to sublethal heat stress (Feder and Hoffmann 1999).
There are other methods for heat acclimation in response to persistent chronic heat
(Senay et al. 1976; Sawka et al. 1996; Horowitz 1998). These mechanisms require
time to develop, but are persistent. It is possible that reprogramming of gene
expression could result in more persistent response. Presently, some 100 genes
including those encoding HSPs are known to be upregulated by heat stress and a
further 20 more are affected by cold stress. The differences occur in specific
expression profile as well as cascade of interacting pathways interact via expres-
sion of common factors important for the transcription of the heat stress genes.

Cells do demonstrate changes at the level of protein as well that make them
more stable to environmental cues. It is important to understand the factors
important for the stability of protein. Stability of a protein depends upon the
stability of its native state, its proper folding, and attainment of important weak
interactions among the vital amino acids which are essential for its interaction with
the substrate/interacting molecules. Temperature has impacts on both of these
attributes, i.e., structure and function, and so proteins adapted to work at one
temperature are inherently unable to maintain functions at temperatures far away
from the optima. By the study of thermophilic and psychrophilic organisms, it has
become apparent that some do not employ any special tricks, mechanisms, or
stabilizing factors to prevent inactivation. However, substitution of amino acids
leading to improved overall stability and functionality at temperature extremes has
been documented.
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12.2 Yeast Models of the Effects of the Environment
on Genome Expression

As we have discussed, cellular coordination of genome expression is responsible
for accommodation to changes in their environment. Therefore, in cells exposed to
a stressor, gene expression is altered to reduce those genes solely involved with
production to those enhancing protection of the organism from environmental
extremes. Under environmental stress, a number of HSPs are induced in response
to a variety stressors allowing cellular expression of properly folded protein
molecules, through their function as molecular chaperones. Molecular chaperones
are responsible for assisting in proper folding of proteins. Several studies con-
ducted on yeast have identified genes whose expressions have been induced/
repressed in response to environmental changes. These studies demonstrate a
number of transcriptional activators and repressors likely responsible for con-
tributing to coordinate remodeling of gene expression. Transcriptional activators
are proteins that bind DNA, promoting transcription of nearby genes. They may
bind to cis-sequences near the promoter, or other locations and bring about
enhanced transcription of specific genes. Most activators enhance binding of the
RNA polymerase (formation of the closed complex) or transition to an open
complex required for initiation of transcription. The yeast heat shock transcrip-
tional activator Hsf 1 and the canonical sequence it binds has been elucidated
(Parker and Topo 1984; Wu 1985; Kingston et al. 1987; Sorger and Pelham 1987).
In the absence of heat shock, HSP90 sequesters Hsf-1 within the cytoplasm in an
inactive state (Ali et al. 1998; Duina et al. 1998; Zou et al. 1998; Bhardwaz et al.
1999). Causton et al. (2001) demonstrated through yeast genomic expression that
499 genes undergo induction (216), or repression (283) in response to changes in
environmental stimuli. These genes are referred to as common environmental
response genes (CER). The CER involve approximately 10% of the yeast genome,
suggesting large proportion of the yeast genome is remodeled during a range of
environmental changes. Genes comprising a portion of the CER include those with
roles in carbohydrate metabolism, cell stress, and energy production. Many CER
genes are involved with glycolysis, which upon induction lead to enhanced ATP
production. This is required for function of ATP-dependent molecular chaperones
and other cellular machinery involved responding to cellular stressors. Genes
encoding the subunits of the trehalose synthetase were found to be overexpressed
(TPS1, TPS2, TPS3, and TSL1) (Jelinsky et al. 1999; Rep et al. 2000). The
disaccharide trehalose, which accumulates intracellular during heat shock and
stationary phases in many organisms, enhances thermotolerance and reduces the
aggregation of denatured proteins. Exposure of Saccharomyces cerevisiae to mild
heat shock (38�C) or to a proteasome inhibitor such as MG132 induces trehalose
accumulation and markedly increases the viability of the cells upon exposure to a
free radical generating system (H2O2/iron) (Benaroudj et al. 2001). Upon returning
to normal growth temperature (28�C) or when MG132 is removed from the cells
medium, the trehalose content and resistance to oxygen radicals decreases rapidly
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(Benaroudj et al. 2001). Using mutants unable to synthesize trehalose marked
increases in sensitivity to oxygen radicals compared to the wild-type cells were
observed demonstrating the importance of this pathway. Trehalose is also said to
prevent transition events in the lipid bilayer providing yeast the capacity to
withstand desiccation to a certain limit.

A number of classical heat shock genes (HSP12, HSP26, HSP42, HSP78,
HSP104, SSA4, and SSE2) are also induced in response to environmental changes.
Many of these heat shock genes encode molecular chaperones that facilitate proper
protein folding or maintenance of particular product conformation. Gene products
that are involved in protein degradation (PHB2, RPN5, UBC5, UBC8, and YPS6)
are also induced in response to specific stressors. When a cell is exposed to a
variety of stresses, protein denaturation and damage occurs and these abnormal
proteins accumulate within the cell. The genes encoding proteins of the protein
degradation complex (proteasome) are produced to remove denatured protein
aggregates. Protein sequences of denatured proteins are recognized by the
destruction box recognizing protein (DBRP) because of attached moieties of
another protein, ubiquitin. The ubiquitin moieties are coupled to denatured pro-
teins by enzymes of the proteasome complex and are targeted for degradation.

Other genes induced in the CER include those involved in reducing the impact
of oxidative stress. These proteins function in reduction of reactive species such as
hydrogen peroxide capable of damaging proteins and nucleic acids. Genes
involved in maintaining the reduced environment within cells are also induced.
These genes are ion homeostatic genes involved in sequestration of ion or metal
transport (like BSD2) or in thioredoxin or glutathione regulation (TTR1,
YDR435C, and YCL035C). A variety of CER genes are induced commonly
against a range of stressors and are referred to as general stress response genes
(Tregor et al. 1998). In S. cerevisiae, the (C2H2)2 zinc finger transcription factors,
Msn2, and Msn4 play central role in responses to a range of stresses by activating
gene transcription through a stress response element (STRE). These stress
response-related genes possess STRE consensus sequences in their promoter
regions: the Msn2/Msn4 transcription factors bind to these regions and activate
genes relevant to the stress condition. However, it is not yet known whether the
Msn2/Msn4 transcription factors bring about coordinate regulation of general
stress response genes.

12.3 Common Environmental Response Genes Repressed

Genes repressed in response to the environmental stress are mostly concerned with
translation of genes for cytoplasmic ribosomal protein, DNA polymerase I, II, and
III, transcription, t-RNA synthetases, proteins required for processing ribosomal
RNA, and a subset of translation initiation factors.

The identification of the variety of CER genes involved in stress responses
suggests that these responses are aimed at production of additional energy (ATP),
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maintenance of environment as well as the repression of protein synthesis to
ensure energy conservation, and minimize unnecessary burden on the part of the
cell.

Another strategy employed by yeast cells to counteract an environmental stress
is that it brings change in the ratio of saturated to unsaturated lipids in the
membranes which alters fluidity, and membrane transport; these correspond to
homoviscous adaptation of the organism. Unsaturated fatty acids play essential
roles in the biophysical characteristics of cell membranes and determine the proper
function of membrane-bound proteins. Thus, the cells ability to alter the degree of
unsaturation of membrane lipids is important to cellular acclimatization and to
altered environmental condition.

12.4 General response of cells to heat stress

Exposure of heat stress to the cell leads to the following important consequences:

1. Inhibition of DNA synthesis, transcription, RNA processing, and translation
2. Inhibition of progression through the cell cycle
3. Denaturation and aggregation of protein
4. Increased degradation of protein through proteasomal and lysosomal pathways
5. Disruption of cytoskeletal elements (microtubules, microfilaments, and inter-

mediate filaments)
6. Changes in membrane permeability leading to accumulation of intracellular Na,

H, and calcium ions.

In mammalian cells, non-lethal heat shock produces increased thermotolerance
through enhanced expression of heat shock genes. Cellular stress responses can be
induced by lipopolysaccaride (LPS) and arsenite exposure. The responses initiated
by one stressor may lead to cross-protection to other stressors due to a relatively
broad specificity of HSP or interaction between their activation pathways.

12.5 Heat Shock Factors

Heat shock factors are transcription factors regulating the expression of HSPs
through interaction with specific DNA sequences in the promoter of HSP genes,
Heat shock elements (HSE). HSE are a stretch of DNA located in the promoter
region of genes containing sequential multinucleotide, copies of 50-nGAAn-30 and
are found in both HSP genes and a variety of other genes responsible for stress
tolerance. Heat shock factor-1 (HSF-1), HSF-2, HSF-3, and HSF-4 have been
identified to date. (HSF-1) plays a major role in heat shock response while other
members (HSF–2, HSF-4) are activated after prolonged stress or participate in
normal cellular processes, embryonic development, and cellular differentiation.
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In resting cells, HSF-1 forms complexes with several HSPs including HSP70
or HSP90. The initial stimulus for HSF-1 appears to be recognition of the
hydrophobic domains of denatured proteins, similar to the processes occurring
during heat stress. When cells are exposed to heat stress, increased numbers of
misfolded proteins are accumulated and it has been postulated that competitive
release of transcription factor occurs from HSPs in the cytoplasm, as HSPs are
bound increasingly to misfolded proteins. Before heat-induced activation, HSF-1
exists as monomers localized within the cytoplasm. Activation of HSF-1 results
through homotrimerization, nuclear translocation, and subsequent phosphorylation
of HSF-1. Once these prerequisite events occur, binding of heat shock elements to
the promoter regions can occur (Fig. 12.2). The nucleosomal structure of DNA
segment containing the heat shock element is reorganized by special protein called
GAGA factor (Tsukiyama et al. 1994).

Binding of HSF1 to an HSE consensus site does not invariably induce tran-
scription. For instance, in LPS stimulated human monocytes, HSF-1 represses the

Fig. 12.2 Role of heat shock factors in transcribing HSP mRNA. In resting cell, HSF-1
including other transcription factors forms complexes with several heat shock proteins including
HSP 70 or HSP 90. The initial stimulus for the release of HSF-1 appears to be recognition of
hydrophobic domains of misfolded proteins by heat shock proteins. Before heat-induced
activation, HSF-1 exists as monomers localized within the cytoplasm. Activation of HSF-1
results through homotrimerization, nuclear translocation, and subsequent phosphorylation of
HSF-1. HSF-1 after activation binds to heat shock elements of the promoter regions leading to
enhanced transcription of HSP mRNA
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transcription of interlukin 1-b. The net effect of binding to HSE depends upon the
state of HSF-1. In some systems, hyperphosphorylation of HSF-1 leads to
decreases in transcriptional activity at 37�C. HSF-1 is hyperphosphorylated at
serine residues by ERK-1 family, mitogen activated protein kinase (MAPK), by
protein kinase C-a and C-f, and by glycogen synthase kinase 3-a. All of these
phosphorylases inhibit transcriptional activity. HSF-1 is also hyperphosphorylated
by c-Jun NH2-terminal kinase (JNK), leading to activation under certain conditions
while causing inhibition under other conditions. These findings suggest that the
key intracellular signal transduction pathways may regulate or coordinate HSF-1
mediated transcription.

Many HSPs genes recruit active DNA-dependent RNA polymerase II even in
the absence of HSFs. This pausing polymerase transcribes a small segment of
DNA until it reaches TATA box, where it get arrested by binding to the initial
complex of TATA box binding general transcription factors. Binding of HSF
timers to the HSE sets the polymerase active which can proceed to complete the
transcription of heat shock RNAs.

From the preceding discussion, it is logical to ask if the subsequent steps of
protein synthesis (RNA splicing, nuclear transport, and translation) are blocked,
then, how are the synthesis of heat shock RNA and its translation into HSP is
completed? Evolutionarily, the cell has developed a variety of strategies to allow
induction of heat shock RNAs, at the expense of other cellular proteins. Various
strategies have been developed to circumvent these problems. Primary transcripts
of these heat shock RNAs usually do not contain introns or the open reading frame
encoding the protein itself, begins after the intron and initialization may proceed
from the intron as well. Exons and introns refer to specific nucleotide base
sequences in the genetic code that are involved in producing proteins. Exons are
the DNA bases that are transcribed into mRNA and eventually code for amino
acids in the proteins. Introns are DNA bases, which are found between exons, but
are not transcribed. Genes which contain introns are known as interrupted genes.
An intron within a gene is removed by RNA splicing to generate the final mature
RNA product of a gene. After RNA splicing, in translation, messenger RNA
(mRNA) is decoded to produce a specific polypeptide according to the rules
specified by the trinucleotide genetic code. The region of the nucleotide sequences
from the start codon (ATG) to the stop codon is called the open reading frame. It
is a sequence of DNA that starts with start codon ‘‘ATG’’ (not always) and ends
with any of the three termination codons (TAA, TAG, TGA). Depending on the
starting point, there are six possible ways (three on forward strand and three on
complementary strand) of translating any nucleotide sequence into amino acid
sequence according to the genetic code.These are called reading frames. Since
introns are mostly absent in heat shock RNAs, they can quickly bypass the steps
required for splicing and mRNA processing. Heat shock RNAs also utilize special
route, avoiding those transcriptional factors, which become inactivated during
stress.
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12.6 Heat Shock Proteins

HSPs were originally identified as proteins whose expression was markedly
increased by heat shock. Several HSPs play important functions in normal cellular
physiology. Induction of HSPs in mammalian cells starts within minutes after
initiation of thermal stress, with peak expression upto several hours later.

HSPs possess three cardinal biochemical features which are given below.

Fig. 12.3 DnaK and DnaJ Chaperone system of E. coli. A prokaryotic protein, DnaK,
cooperatively works with DnaJ and GrpE, and these three proteins constitute the DnaK chaperone
system. DnaJ and DnaK are molecular chaperones. DnaJ interacts with polypeptide chains prior
to DnaK. DnaJ facilitates the ATPase activity of DnaK, by which high affinity property of DnaK
for substrates is brought about. GrpE promotes ADP-ATP nucleotide exchange of DnaK and
substrate release from DnaK
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12.6.1 Chaperonin Activity

HSPs with this function prevent misaggregation of denatured proteins and assist in
proper refolding of denatured protein to native conformation. Even in unstressed
cells, some of the HSPs function as chaperones. Some of the prototypical chap-
eronin HSP are HSP40, HSP60, HSP70, and HSP90. HSP70, which generally have
a molecular weight near 70,000 daltons are more abundant in cells stressed by
elevated temperatures. HSP70 proteins bind to region of unfolded polypeptide that
are rich in hydrophobic residues, preventing inappropriate aggregation. These
chaperonin thus ‘‘protects’’ both proteins subject to denaturation by heat and the
new peptide molecule being synthesized. HSP70 proteins also block the folding of
certain protein that must remain unfolded until they have translocated across a
membrane. HSPs in the process of assisting proper folding of misaggregated
polypeptide bind to and release polypeptides in a cycle that uses ATP hydrolysis
for energy and co-chaperonin like HSP40. HSP 70 and HSP 40 chaperonres are the
homologs of the DnaK and DnaJ chaperones of E. coli. DnaJ stimulates ATP
hydrolysis by DnaK. DnaK-Dna J complex bind tightly to the unfolded peptide and
assist in its partial folding process (Fig. 12.3).

12.6.2 Regulation of Cellular Redox State

HSPs are also involved in regulation of cellular redox states, of which the best
example is HSP32, better known as Heme oxygenase enzyme (HO-1). Heme is
found in hemoglobin, a principal component of red blood cells. This enzyme
catalyzes the breakdown of heme to billiverdin, carbon monoxide, and free iron,
which is rapidly incorporated into ferritin. Biliverdin is subsequently converted to
billirubin, which is a potent antioxidant, with cytoprotective effects. The release of
free iron by Heme oxygenase-1 also leads to increased expression of ferritin, which
is thought to have cytoprotectant activity as sequestering peroxidant-free iron
(Otterbein et al. 2000).

12.6.2.1 Regulation of Protein Turn-Over

Proteins of the proteasome complex such as ubiquitin are upregulated by heat
shock, and they help in the degradation of misfolded and degraded proteins.
Ubiquitin functions as a molecular tag to mark the proteins for degradation by
proteasomes.
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12.7 Adaptive Responses of Organism to Heat Stress

Thermal stress in the animals may provoke it to apply two main adaptative
mechanisms depending upon the duration of exposure to heat stress.

12.7.1 The Heat Shock Response

A rapid molecular mechanism, transient and short acting which emerges via
production of HSPs, subsequent to exposure of the cells to sublethal stress.

12.7.2 Heat Acclimation

This mechanism is switched on in response to persistent exposure to chronic heat.
Acclimation requires longer exposure to sublethal thermal stress and takes time to
develop. It is a ‘‘within lifetime’’ mechanism, reversible, and may involve a
genetic basis, although not necessary (Bennet 1997). It may lead to development of
new phenotypes due to remodeling of gene expression. It was classically con-
sidered to be an autonomically controlled array of physiological mechanisms that
work in concert to enhance heat endurance. The criteria for its expression are
reduced metabolic and heart rates, as well as body temperature, lower temperature
thresholds for activation of heat dissipation effectors, and increased cardiovascular
reserves and capacity of evaporative cooling systems (Senay et al. 1976; Sawka
et al. 1996; Horowitz 1998). The physiological mechanisms of the heat acclima-
tion and the animal’s responses and adaptation to chronic heat exposure have been
discussed in earlier chapters.

12.8 Effect of Thermal Extremes on the Function of Protein

Proteins, the building blocks of life, are the most abundant biomolecules of the cell
that encompass hormones, enzymes, antibodies, transporters, muscle fibers,
cytoskeletal proteins, lens of the eye, oxygen carrying protein, and myriad of many
other proteins having distinct biological activities. Among these protein products,
enzymes are the most varied and specialized. The function of an enzyme depends
upon the careful balance between structural stability and flexibility.

The spatial arrangement of all atoms in a protein is called its conformation. The
possible conformation of a protein includes any of the structural orientation pos-
sible by rotation about single bond without breaking the covalent bond. Indeed, a
protein has many conformational states with each conformation varying in level of
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local unfolding. The need for multiple conformational states reflects the changes
that should take place in a protein, as it binds to another molecule or substrate
during enzyme catalysis. A protein is set to have achieved its native state under a
given set of conditions when it attains a conformation of highest stability that
corresponds to minimum Gibb’s free energy.

An enzyme’s activity in solution is most accurately represented as a sequential
distribution of the microstates with conformation varying in number of weak
interactions stabilizing them, local unfolding, and molecular breathing of the
amino acids at critical positions. Enzymes reorient themselves by undergoing
conformational shifts as they interact with the substrate or cofactors to bring
chemically active species together for binding. Thus, molecular flexibility is also
very important for the function of enzymes.

When an animal is exposed to thermal stress due to increase in environmental
temperature, atoms constituting the proteins undergo thermal fluctuations affecting
the flexibility and stable conformational state of the protein or enzyme. Enzymes
do need certain amount of thermal energy from their environment to bring about
the change in conformational states. That is why when the environment is too cold,
the activity of enzyme decreases. If the temperature goes above certain limit, it is
also deleterious for the function of protein as the weak interaction is very critical
for the maintenance of structural conformation and structural flexibility gets
destroyed, leading to loosening of active or its disfigurement, such that the sub-
strate or cofactor may not be able to bind to the active site. At extremes of
temperature, protein will get denatured which is detrimental to the growth and
survival of cell.

A number of studies have been conducted on the effect of temperature on
orthologs, which are nothing but, the protein in different species that evolved from
a common ancestral gene by speciation. Normally, orthologs retain the same
function in the course of evolution in disparate taxa living across broad range of
temperatures, have shown that the three-dimensional structure is remarkably
similar. Proteins adapted to function to different regimens of temperature do not
adapt by bringing very remarkable change in their three-dimensional structure. It
also suggests that adaptation to modified thermal regimes does not involve new
structural components or rearrangements of secondary structural components. The
next focus got shifted to study the changes in the primary structure of protein
during adaptation to temperature’s extremes. Haney et al. (1999) compared the
genome of one hyperthermophilic archaebacterium, Methanococcus janaschii
(grows at temperature of 85�C) with sequences from its mesophilic congeners such
as M. voltae, M. vanniellie, and M. plaudes, by doing multiple sequences align-
ment of 115 proteins, which revealed the following facts:

1. A decrease in uncharged polar residues mainly in favor of non-polar amino
acids which participate in hydrophobic interaction.

2. An increase in charged residues, which may be involved in large number of
stabilizing salt bridges within molecular structure.
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3. An increase in the residue hydrophobicity, which is expected to stabilize warm
adapted protein as the hydrophobic effect becomes stronger with increase in
temperature.

4. Increased residue volume, which may further increase stability due to tight
packing of the residues and reduced rotational entropy of the unfolded form.

It is therefore concluded that thermophiles undergo substitution to replace
uncharged polar residues by non-polar residues to have increased hydrophobic
interaction force for restoring stability of the molecule at higher temperatures.

At low temperature, the same general changes in amino acids composition have
been found to apply but by reversing the changes described for thermophiles in
general.

1. Fewer ionic interaction in psychrophilic proteins leads to less structural sta-
bility (Feller and Gerday 1997).

2. Intramolecular hydrogen bonds are less numerous in psychrophilic proteins.
3. Reduction in hydrophobicity of proteins.
4. Increased number of polar or charged groups on protein surfaces in

psychrophiles.
5. Psychrophilic proteins are more likely to have more of unfavorable a-charged

dipole interaction, thus destabilizing the secondary structure. The amino acids
in a helix are arranged in a right-handed helical structure where each amino
acid residue corresponds to a 100� turn in the helix (i.e., the helix has 3.6
residues per turn), and a translation of 1.5 Å (0.15 nm) along the helical axis. A
helix has an overall dipole moment caused by the aggregate effect of all the
individual dipoles from the carbonyl groups of the peptide bond pointing along
the helix axis. This can lead to destabilization of the helix through entropic
effects. As a result, a helices are often capped at the N-terminal end by a
negatively charged amino acid, such as glutamic acid, in order to neutralize this
helix dipole. Now, if positively charged amino acids such as arginine, lysine,
and histidine are abundant at the N-terminal end, it will lead to helix destabi-
lization, in turn will reduce the stability of protein.

In psychrophilic protein to counter compromised flexibility due to nonavail-
ability of essential thermal energy at low temperature, proteins adapt to have fewer
interactions stabilizing their structure. The enhanced flexibility necessary for the
protein to function at ultra-low temperatures necessitates a reduction in protein
stability and this is achieved by fewer ionic interactions, less numerous intramo-
lecular hydrogen bonds, and decrease in hydrophobicity which would reduce
stabilizing effect of hydrophobic interaction.

It has also been noticed that cells employ certain extrinsic stabilizers to alter
stability as well as phenotypic plasticity. These extrinsic stabilizers are low
molecular weight stabilizing solutes known as ‘‘compatible solutes’’. These
extrinsic stabilizers are better than random amino acid substitution as been dis-
cussed by the following two ways:
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1. They are able to occupy broad thermal niches by modifying concentrations of
thermostabilizing solutes in response to transient change in temperatures.

2. They can inhabit a newly available niche without any need to modify thermally
sensitive proteins in their repertoire, a process which may take thousands of
years.

The same level of stabilizing solutes would have comparable effect on all the
proteins as these compounds interact with the protein in the way generally inde-
pendent of specific physiochemical attributes of the protein being stabilized.

Hensel and Koing (1988) demonstrated that the 2, 3 bi-phoshoglycerate acts as
an enzyme stabilizer in vitro in methanogenic bacteria and is accumulated when
growth temperature of the bacterium is increased. Other stabilizing solutes that
have been shown to increase in concentration in certain species at higher growth
temperatures include a-mannosyl glycerate, diglycerol phosphate, and inorganic
ions.

Another category of stabilizing effect of intrinsic proteins in both high tem-
perature and cold temperature extremes are HSPs acting as chaperones. Their
properties, mechanism of action have already been dealt in earlier part of this
chapter. Their response is ubiquitous, indicating the importance of HSP as cellular
protector of proteins against denaturation at suboptimal temperature.

12.9 Conclusions

Short-term adaptability of the cells to the thermal stress, which is the focus of the
chapter reveals that the activation of HSF by hyperphosphorylation and trimer-
ization is the primary trigger to the onslaught of thermal attack, which in turn,
upregulates the HSPs, the mainstay proteins to maintain the cellular homeostasis.
Upregulation of HSF and HSPs under elevated temperature corresponds with a
concomitant downregulation of the transcription and translation of the genes
involved in the growth, metabolism, and differentiation. HSPs ensure the consti-
tutive cell functions by virtue of their chaperonin activity, maintaining the normal
redox state and scavenging the degenerated proteins through ubiquitin. Confor-
mational stability of the structural and functional proteins at thermal extremes is
achieved by substitution of non–polar aminoacids in lieu of uncharged polar
residues that strengthens the hydrophobic interactions. Stabilization of the salt
bridges by an increase in the charged residues as well as increased residue volume
also contributes for maintaining the conformation. Cells also secrete soluble low
molecular weight extrinsic stablilizers which increase the stability of the cellular
proteins. These thermostabilizing ‘compatible solutes’ work on a broad range of
termperature fluctuations. The summation of the acute response of the cell to the
elevated temperature is termed as heat shock response. Heat acclimation, which is
the long-term response of the cell is induced by chronic and sustained exposure to
the thermal stress and is characterized by reduced metabolic and heart rates,
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as well as body temperature, lower temperature thresholds for activation of heat
dissipation effectors and increased cardiovascular reserves, and capacity of
evaporative cooling system. The cellular and molecular mechanisms of the heat
acclimation as well as the mechanistic link between the short- and long-term
adaptability to heat stress are clearly the area of future research, which may pave
way for designing mitigatory strategies.
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Chapter 13
Genetic Adaptability of Livestock
to Environmental Stresses

Soumen Naskar, Gopal R. Gowane, Ashish Chopra, Chandan Paswan
and Leslie Leo L. Prince

Abstract The concept of adaptability revolves around fitness describing relative
ability of an individual to survive and reproduce next generation to ensure con-
tinued survival of the population and is the result of natural selection over many
generations. Current trend in genetic selection has severely eroded the genetic base
ignoring the diversity of the production milieu, importance of adaptation, pro-
duction of multiple products and social value of the livestock. The problem has
been compounded with non-capturing of environmental costs though animal
genetic resources (AnGR) on extensive and intensive scale are affected by direct
impacts of climate change. Unplanned genetic introgression and crossbreeding has
contributed to the greatest extent toward the loss of indigenous breeds. The genetic
mechanism influencing fitness and adaptation is not well explored and adaptation
traits are usually characterized by low heritability. Further, it may be difficult to
combine the adaptation traits with high production potential as there seem to be
different physiological and metabolic processes involved. Though decision
regarding matching genotypes with environment or vice versa will be situation
specific, the low and intermediate level of animal production in many parts of the
world suggests that increased yields and efficiency will be more environmentally
sustainable than extensive goals ensuring genetic diversity, environmental
soundness, animal health and welfare, and social viability. Breeding for climate
change adaptation or mitigation will not be necessarily different from existing
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programs. However, the problems associated with measuring the phenotypes rel-
evant to adaptation have to be overcome. Breeding indices should be balanced to
include traits associated with heat resilience, fertility, feed conversion efficiency,
disease tolerance and longevity in addition to higher productivity, and give more
consideration to genotype by environment interactions (GxE) to identify animals
most adapted to specific conditions and natural stratification of breeds and species
by climatic zones. Favorable correlation suggests that if major importance is
placed on performance traits in stressful environments, adaptability traits would
not be compromised and thus the most productive and adapted animals for each
environment need to be identified for breeding purposes. Recent successes like
slick hair gene in cattle, halothane gene in pig asks for extensive efforts for finding
significant quantitative trait loci (QTL) for stress and exploitation of heat shock
proteins (HSP). Implementation of marker-assisted breeding value estimation
(MA-BVE) using dense genome map for highest possible accuracy will be a
welcome step. There is a need of extensive study of interaction among the drivers
of changes of climate and livestock, studying it in a composite manner. Appro-
priate organizational structures and adequate funding to support a climate resilient
animal agriculture will be vital.

Keywords Adaptation � AnGR � Farming system � Genetic improvement �
Resistance/tolerance � Sustainability
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13.1 Understanding Adaptability

13.1.1 Why Variation in Adaptability Exists

Population size increases exponentially in most living species whereas resources
that support their existence grow in arithmetic fashion. Resources such as water,
food, and energy set the stage for competition among various populations. Com-
petition for resources occurs between and within species resulting in natural
selection (Jenkins 2004). The concept of adaptability revolves around ‘fitness’
describing the relative ability of an individual to survive and reproduce the next
generation to ensure continued survival of the population. While some individuals
of the population are allowed to reproduce at typical rate others are not due to
different limiting factors such as nutrition and environment. Changes that occur
against environmental challenges to make an animal ‘fit’ may be reflected at
different levels like phenotypic changes devoid of genetic origin, phenotypic
adjustments attributable to genetic variation in the population (phenotypic plas-
ticity; de Jong and Bijma 2002), mutations that provide an advantage to future
genetic variation pool (adaptive mutation; Rosenberg 2001) or through behavioral
adjustments (Barnes and Partridge 2003).

Evolution, challenging environment, competitive interaction for feed, grazing
tract, disease challenges, and civilization needs to facilitate relatively small group
of animals to become separated within defined geographical and climatic niche.
These small isolated groups in their new local environment continue to produce
and reproduce for generations resulting in loss of genetic variation due to chance,
otherwise called genetic drift (Hammond 1947). Consequently, generation of local
population with physiological changes compatible with survival and reproductive
success is ensued. Loss of variability in small population is not necessarily due to
chance only but also by ‘founder effect’ whereby the entire population might have
started by a single female (Hedrick and Kalinowski 2000). Adaptation to local
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environment through fixation of favorable gene and gene combinations by selec-
tion may create more genetic variation across population and may increase
inbreeding as well. The key factor that determines adaptability as measured
through survival and reproduction is inherent genetic variation which interacts
with environmental constraints and creating phenotypic variation.

To illustrate the case of variation in adaptability, there are numerous examples
like zebu cattle that is uniquely suited to hot and humid climates because of its
smooth coat, primary hair follicles, improved sweat, and sebaceous glands, and
better ability to lose moisture by evaporation than Bos taurus cattle (Turner 1980).
The ability of zebu cattle to maintain thermal equilibrium necessary for normal
function and performance is also attributed to coat color, pigmentation, confor-
mation, genetic adaptation to the source of nutrition (forages), and resistance/
tolerance to pests and diseases (Bonsma 1973). Variation in adaptability between
Bos indicus and B. taurus cattle may be due to their origin in distinct climates in
which B. indicus might have acquired thermotolerant genes (Hansen 2004).
Among temperate breeds, Jersey dairy cows are more resistant to heat stress than
Holstein cows (Sharma et al. 1983). Typically, goats are regarded to be the best
adapted species to harsh environments (Silanikove 2000b). In addition, sheep and
goat are more tolerant to heat than cattle (Silanikove 2000a, b; Khalifa et al. 2005)
which has high metabolic rate and poorly developed water retention mechanism
(Bernabucci et al. 2010).

The harsh effect of climate change is expected to have maximum impact on
vulnerable pastoral communities whose livestock production systems are located
in drylands (Oseni and Bebe 2010). A study conducted in Malabot pastoral
communities, North Horr; Ngurman pastoral communities, Kajiado; and Rift
valley province of Kenya ranked drought, epidemic diseases (associated with
climatic variability), heat stress and seasonal floods in decreasing importance with
regards to deleterious impacts on livestock production system.

Response to thermal challenges by animals has been in the form of acclimation,
acclimatization, adaptation (both genetic and phenotypic), and these have been
defined by the International Commission for Thermal Physiology (ICTP 2001).
A physiological and behavioral change that reduces environmental stress and
enhances endurance during the lifetime of an organism is called acclimation
whereas acclimatization is a response to changes in its natural climate (e.g. sea-
sonal). Adaptation can be changes that reduce the physiological strain imposed
by stressful components of the total environment within an organism’s lifetime
(phenotypic) or result of genetic selection in a species or subspecies (genotypic).
Animals are considered acclimated to a given ambient when body temperature
returns to pre-stress levels (Nienaber et al. 1999). Cellular and systemic responses
associated with acclimation are coordinated, requiring days or weeks and not
homeostatic (Bligh 1976). Among different environmental stressors, the most
important is ambient temperature (Horowitz 2002) and there are no distinct terms
that refer genetic adaptation to climate. Consequently, acclimation, acclimatization,
or phenotypic adaptation is often used in the same context in livestock production.
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13.1.2 Heat Tolerance and Critical Temperatures

Environmental factors such as temperature, humidity, wind velocity, and radiation
determine comfort and stress levels of animals. Different biometeorological
indices have been developed to ideally predict the set and critical points when
animals start experiencing heat stress (Bohmanova et al. 2007; Vitali et al. 2009).
Most temperature and humidity indices (THIs) use easily measurable and acces-
sible dry bulb temperature and humidity. This vary for different geographical
locations based on values allocated to relative humidity. Although solar radiation
is a very strong contributor to stress especially in the tropics, it is difficult to
measure and its effect is widely variable because of coat characteristics of animals.
Therefore, it has been suggested that inclusion of wet bulb variable for tempera-
ture, humidity, wind velocity, and solar radiation will be an improved choice for
pasture and feedlot-based systems (Bernabucci et al. 2010).

Temperature-humidity index (THI) values have so far been categorized into
mild, moderate, and severe on dairy cows arbitrarily (Armstrong 1994). It has been
speculated that as THI reaches 72, milk synthesis starts decreasing (Armstrong
1994). But recent studies (Zimbelman et al. 2009) suggest that this value may be
lower in high yielding dairy cows. High milk producing breed are more susceptible
to heat stress which may be attributed to vulnerability in reducing endogenous and
metabolic heat production and increase heat dissipation (Kadzere et al. 2002;
Collier et al. 2005). Current trend in which genetic selection in dairy cow is
primarily influenced by milk yield is likely going to give rise to increase in ‘elite’
germplasm with increased susceptibility to heat stress. Genetic adaptation to
adverse environmental conditions including heat stress is a slow process and is the
result of natural selection over many generations (Ames and Ray 1983).

13.1.3 Characterization of Farm Animal Performance

Domestic AnGR supply nearly one-third of agricultural production and human food
needs (FAO 1999a, b). Developing countries are more dependent on domestic
animals for survival and economic development. In addition to providing protein
especially to women and children (Delgado et al. 1999; Alderman 1994), AnGR
provides non-food items such as hides, skin, wool, and manure for farm energy and
draft power. AnGR contributes considerably to environmental health especially in
mixed farming system (De Hahn et al. 1997). There is a considerable contribution of
AnGR to socio-cultural needs of certain regions, e.g. use of Muturu cattle in Nigeria
(Rege and Gibson 2003) or Mithun (Bos frontalis) in Nagaland state of India for
social functions. Unfortunately, characterization of farm animal performance has
been performed with a bias. For example, there is often attempt to compare the
performance of temperate and tropical breeds of livestock without giving due con-
sideration of their diverse origins. Low milk or meat producing native livestock may
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be for adaptive strategy and not necessarily inferiority while high producing breeds
from developed countries may have been the consequence of years of artificial
selection for product-oriented targets for human needs (da Silva 2007).

Tropical livestock species should have efficient mechanism to dissipate excess
heat through skin and respiration, and avoid incoming thermal energy from the
environment. Similarly, animals living in extremely dry environments and deserts
must have protective mechanisms against evaporative water loss and intense solar
radiation. Conversely, animals living in extremely cold regions need to protect and
preserve their body heat. Morphological characteristics of the skin viz. color,
thickness, concentration of sweat glands and hair coat viz. thickness, number of
hairs per unit area, length and diameter of the hair, angle of the hair to skin surface,
may change according to the needs required to survive in a particular environment.
If cattle of temperate breeds are transferred to tropical regions, their coats tend to
reduce thickness significantly to improve transfer of metabolic heat (Da Silva et al.
1988; Da Silva 2000). Respiratory heat loss (sensible and latent) is high in sheep
domesticated in tropical regions (Da silva 2002). Skin pigmentation is another
important trait animals use to protect deep tissues against solar short wave radi-
ation in tropical regions (Hansen 1990; Gebremedhin et al. 1997; Hillman et al.
2001). Typically, dark coated animals receive more heat loads than light colored
ones (Hansen and Lander 1988). Thus, light colored coat is more desirable in
tropical regions (Goodwin et al. 1997) although contradictory results also exist.
However, while European cattle breeds have almost the same level of pigmenta-
tion in their hair and skin beneath, tropical cattle have lighter coat above highly
pigmented skins. A credible exception is the Jersey breed whose pigmentation is
independent of the hair color which may partly explain its wide adaptability in
tropical countries (Da Silva 2007). Recent tools like infra-red thermometry,
infrared digital camera, radio-telemetry, and data-loggers have precisely captured
body temperature variations among different breeds of animals (Nienaber et al.
1999; Collier et al. 2003; Da Silva 2007).

The ability of tropical ruminants to walk long distances without feed and water
in search of scarce feed resources and cope with underfeeding remains largely
unexplored. In the same vein, resistance/tolerance to numerous infectious diseases
and parasitic infestations notably trypanosomiasis, dermatophilosis, or foot rot,
tick-borne diseases, and internal parasites afford them distinct advantage which
will be of increased importance in changing climatic conditions. Efficient con-
version of low grade feed resources to high quality animal proteins and enhanced
immunity to diseases, in addition, is evidence of adaptation by these animals living
in the tropics. These attributes are discussed in detail elsewhere in this chapter.

13.1.4 Genetic Manipulation in Livestock Production

Exploiting genetic variation to breed superior animals is often misunderstood and
sometimes thought to be panacea to solve all problems associated with unfavorable
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environments. Genetic adaptation is relatively a slow process which is subject to
ever-changing geological, biological, and climatic conditions (Dobzhansky 1970).
A dichotomy exists in the sense that genetic adaptation and fitness are synonymous
in terms of evolution, implying that only those who survive and reproduce for next
generations in a given set of environmental challenges are fit and thus better
adapted. A given breed of livestock species may have evolved over many gen-
erations for particular agro-ecological system and this knowledge is often ignored
due to excessive focus on short-term strategies and benefits. Indiscriminate use of
exotic breeds to improve indigenous stocks that ignored natural stratification by
climatic zones has led to inappropriate production system, severe erosion, reduced
adaptation of indigenous germplasm, and loss of indigenous genetic resources in
some regions (Rege and Gibson 2003). Emphasis on improvement of a single trait
like milk production, widespread use of artificial insemination, and embryo
transfer and intense marketing strategy has narrowed genetic diversity of Holstein–
Friesian (Wickham and Banos 1998). It is estimated that about 16% of uniquely
adapted breeds have gone extinct (Hall and Ruane 1993) and a further 32% are at
risk of becoming extinct (FAO 2000). This alarming trend alludes to the fact that
AnGR has not been properly integrated into climate change adaptation and miti-
gation strategies in a way that it truly enhance agricultural biodiversity even with
the knowledge that livestock are relatively more affected than crops. Man’s con-
cept of productivity in terms of milk, meat, and wool production may not syn-
chronize with nature’s need and sometimes may be in direct conflict. For example,
a cow should be able to produce enough milk to feed its calf especially in time of
distress and not necessarily to satisfy human needs. In fact, selection for extreme
productive functions that ignores environmental conditions in most cases lead to
sharp decline in natural fitness. Thus, natural adaptive ability developed in native
stock over many generations is an asset that deserves reassessment (Ames and Ray
1983). Widespread use of Brahman cattle in crossbreeding programs in USA
(Ames and Ray 1983), importation, development, and re-exportation of African
Boran and Tuli cattle breeds (Rege and Gibson 2003), resilience of Sahiwal breeds
in India, Kenana, Butana, and N’dama cattle breeds are some examples that
illustrate the importance of adaptability.

The need to integrate adaptive traits e.g. heat tolerance in the production
environment was first proposed by Rhoad (1940). Da Silva (1973) estimated the
genetic variation of adaptive traits in Brazilian beef cattle and observed that
increase in body temperature after exposure to sun during hottest period of the day
had a moderate heritability coefficient (0.443) and high negative genetic correla-
tion with average daily weight gain (-0.895). Heritability of sweating rate (0.222),
skin pigmentation (0.112), hair coat pigmentation (0.303) and thickness (0.233),
and hair length (0.081) of Jersey cattle in tropical region was found to be low to
medium (Da Silva et al. 1988). Moderate heritability of many adaptive traits
suggest that there is no reason why genetic manipulation to improve adaptability
and productivity is not possible. Perhaps, a trade-off between ‘economic’ and
adaptive traits may be necessary in certain regions of the world especially in
tropical countries.
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13.1.5 Farming System Evolution and Industry Trends

Evolution of farming system has played an important role in creating variation in
adaptability. Farmers share gene pools within extremely limited geographical
areas which results in few breeds becoming predominant and prominent as com-
pared to diverse AnGR with varied production systems. Factors like narrow choice
of genetic base for better ‘command and control’ with inclination to meet globally
integrated markets, commodity-specific large-scale organized production trend
(Hoffmann 2010) have made a new suborder. Organized livestock sector has made
animal breeding a ‘high-tech’ exercise. However, pastoralists appear to be the
most important catalytic agent for breeding animals adapted to extreme temper-
atures and humidity although their involvement in animal breeding is limited as
has been witnessed in Africa or Central Asia (Blench 2005).

Moreover, a great difference exists between large- and small-scale farming in
the sense that environment has been made to match the genotypes for large-scale
farming assured of reliable infrastructure and predictable price of inputs, small
scale mainly in the form of subsistence farming has evolved by imbibing genotype
for the environment. The problem has been compounded by two factors. One is the
failure to define fair value for AnGR beyond product/functions (e.g. milk, meat,
etc.) to disease tolerance and adaptive attributes. The other is using crossbreeding/
breed replacement as a tool predominantly in developing countries with the desire
to improve output of specific product as a response to market forces ignoring other
functions relevant to local environment or local community (Rege and Gibson
2003). Thus it is expected that while altered livestock production regime to
changing environmental needs will be on anvil, more system research in the form
of breed characterization, incorporation of adaptation traits to production envi-
ronment will be required.

13.2 Genetics and Adaptive Traits for Harsh Environment

Evolution is a continuous process which molds and remolds combinations of genes
in living things to adapt to changing environment. A trait is an aspect of the
developmental pattern of the organism. An adaptive trait, therefore, is an aspect of
the developmental pattern which facilitates the survival and/or reproduction in
animals in a certain succession of environments (Dobzhansky 1956). Fitness is an
important trait for any species which centers on the adaptation of individual
species in a given environment to propagate their genes in subsequent generations.
Livestock keepers throughout the world have been practicing animal husbandry
and breeding in unfavorable environment for centuries. As a result, many breeds of
the unsympathetic environment have developed many adaptive traits that enhance
survivability. Today with advancement in the scientific acumen, efforts are needed
for enhancing the competence of breeding for harsh environments and also to
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make the future planning and execution for developing strains which can withstand
the unforeseen climatic changes.

13.2.1 Climatic Stress Resistance

Climatic stress of hot and cold extremes has helped us to develop the hardy breeds
which are now resistant to the stressful environment. Raised under extensive
systems, Awassi ewes showed better adaptation traits (lower thyroxine, rectal
temperature (RT), and pulse rate levels) than those raised under intensive
management systems (Hamadeh et al. 1997). Many parts of the Saharan and sub-
Saharan areas of the world such as Gobi desert of China and the great Thar Desert
of India continually face these kinds of challenges. However, we find livestock
species such as camel and sheep living in extreme environmental conditions and
thriving well. Nomadic tribes of the western Rajasthan and Bedouin herders of
Saudi Arabia are few of well-known herders who maintain animals tolerate
extreme climatic stress. The trend of globalization has distributed the germplasm
throughout the world, which may not be suitable for future climatic changes.
Developing countries which still have a high proportion of the population in rural
areas are better placed for a future when localization will replace globalization as
the basis of sustainable lifestyles. However, developing countries still remain more
vulnerable to the effects of climate change due to their high reliance on natural
resources, very limited capacity to adapt institutionally and financially, and high
poverty levels (Thornton et al. 2006).

13.2.2 Selection of Heat Tolerant/Genetic Traits for Adaptation

Selection is the only tool available with the breeders which effectively enhances
the performance of the flock for the traits being selected. However, the rate of
genetic improvement is slow with traditional breeding tools; there is a need to look
into the genetic potential of existing species for heat tolerance. Climate change is a
slow process which allows animals adapt to the prevailing environmental condi-
tions. Breeding for climate change adaptation or mitigation will not be necessarily
different from existing breeding programs; however, the problems related to mea-
suring the phenotypes relevant to adaptation have to be overcome. Breeding indices
should include traits associated with thermal tolerance, low quality feed and disease
resistance, and give more consideration to genotype by environment interactions
(GxE) to identify animals most adapted to specific conditions (Hoffmann 2010).
Good environment favors high production whereas bad environment hampers it.
Production of any kind, milk or meat characteristics, or wool traits require congenial
environment to have better genotype and environmental interactions. Selecting
animals for heat tolerance needs a new understanding by livestock holders and
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development agencies. A fresh project at mass scale with government’s efforts will
add much more meaning to it.

In a report by the FAO’s Committee on Genetic Resources for Food and
Agriculture (CGRFA 2009), it is noted that the management of animals under
natural selection by pastoralists in marginal areas plays an essential role in their
adaptation and fitness in such environments. Genetic variability for heat tolerance
exists between breeds which are more in locally adapted breeds than exotic breeds,
characterized by metabolic heat production and ability to lose heat and this var-
iability within and between breeds needs to be exploited (Renaudeau et al. 2010).
Sansthan and Rollefson (2005) reported that indigenous livestock management
practices through social and rational breeding mechanisms among pastoral com-
munities in India have contributed to breed adaptation to unfavorable environ-
ments. There are many Indian breeds of cattle (B. Indicus) which perform equally
well in the hot climate, as they have been unknowingly selected for their ability to
survive in unfavorable environments. Patagonia region (Argentina) is known for
its harsh environment, poor rangeland and extreme climatic conditions but goat
flocks are distributed on the north and west of this region. In north and central
Neuquén, small holders breed local Criollo goat mainly for meat production.
Lanari et al. (2005) reported that directional selection practices by herdsmen were
the main factors in adaptation and micro-evolution of Criollo goat populations in
their native environments.

Genetic mechanisms influence fitness and adaptation. Adaptation traits are
usually characterized by low heritability. Selection on the basis of observation of
heat stress seems to be difficult and costly affair. Molecular markers for this trait,
however, can be exploited. Heat shock proteins 70 (Hsp70) are ubiquitously
expressed proteins which protect animals against heat shock (HS) or stress,
whether extreme hot or cold. These proteins virtually exist in all living organisms
including microorganisms. They are an important part of the cell’s machinery for
protein folding, and help to protect cells from stress. Finding the polymorphism at
genetic level for Hsp70 and their correlation with the observed heat stress resis-
tance are useful tools for discovering sturdy animals. Molecular techniques like
RFLP or sequence-based typing (SBT) for these genes can be used in combination
with the traditional breeding to discover or evaluate traits of interest. This
approach will definitely lead to production of new generation of animals which
will be more heat tolerant without much compromise for production traits.
Selection for heat tolerance based on RT measurements, skin characteristics, and
inclusion of a THI in the genetic evaluation models is promising. Genetic
antagonisms among heat tolerance, milk yield, and reproductive performance
indicate that it may be difficult to combine the traits desirable for adaptation to
high temperature environments with high production potential in the dairy sector
(Ravagnolo and Misztal 2002). Such genetic antagonisms between adaptation to
high temperature environments and high production potential seem to be less
prominent in beef cattle where improved characterization of adaptive traits, use of
reproductive technologies and molecular markers, and strategic crossbreeding are
being used in breeding programs.
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13.2.3 Impact of Stress on Production Traits

AnGR on extensive and intensive scale are affected by direct impacts of climate
change such as catastrophic events, disease epidemics, physiological stress con-
ditions, and water availability. Indirect impacts of climate change on AnGR
include fodder quality, fodder quantity, and host-pathogen interaction. Climate
change could indirectly affect livestock and dairy industries by affecting the
availability and price of crops used for animal feed (Wolfe et al. 2008). Stress
elicits multiple physiological responses. In response to stressful events, metabo-
lism gets stimulated and products of energy and protein metabolism may be altered
(Loerch and Fluharty 1999). Stress also suppress appetite, reduce growth rate, alter
digestive and rumen function, and compromise immune function (Loerch and
Fluharty 1999), suggesting its role in driving the energy balance of the body
potentially in different direction. Stress has been shown to negatively impact live
animal performance. Steers that have been heat stressed were reported to have
lower ADG, lower dry matter intake, and decreased feed efficiency than those that
received shading to mitigate heat stress (Mitlohner et al. 2001, 2002). In an
experiment on flighty steers which had a greater response to handling (the
stressor), Brown et al. (2004) found higher feed to gain ratios, and exit velocity
was negatively correlated with ribeye area. An experiment for fine wool pro-
duction by crossbreeding was adopted in the semi-arid region of Rajasthan, India
in which Rambouillet and Russian Merino were crossed with the local breeds.
However, it was seen that the environment in the semi-arid region posed con-
straints for this genotype to fully exhibit its potential. These animals were then
shifted to a sub-temperate region (Mannavanur) where already a flock of Bharat
Merino sheep was maintained (Gowane et al. 2010). It reflects the importance of
climate on the productivity of animals and the extent to which it can affect
breeding programs.

Heat stress in dairy cattle can have a long-term effect (weeks to months) on both
milk production and birthing rates (Klinedinst et al. 1993). In dairy cows tem-
perature optimum for maximum milk production in US is between 4.5 and 23.8�C.
Humidity also is an important factor as heat stress can occur at temperatures as low
as 23.8�C with a relative humidity more than 65%, or at temperatures of 26.7�C at
relative humidity [30% (Wolfe et al. 2008). Heat stress can impact animal pro-
duction and profitability in dairy cattle by lowering feed intake, milk production,
and reproduction. Climate change is also affecting survivability tactics and pat-
terns of the birds. Clutch size is an important life-history trait because it sets a hard
upper limit on offspring production. It is also the easiest life-history trait to
measure, and data on clutch size variation often are available when data on other
life-history traits are not. According to the report of Winkler et al. (2002), tree
swallows have advanced their mean date of clutch initiation (lay date) by *9 days
over the past 30 years across North America, apparently in response to climate
change. To understand the relationship between climate change and lay date, von
Haartman (1982) suggested a dichotomy in the way that birds adjust their clutch
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sizes to the timing of breeding. Taking this as a precedent we can visualize the
similar effects on all backyard poultry or other birds. However, intensification of
the poultry breeding and its industrialization has provided the microenvironments
for the birds, which hardly get any chance to interact with macroenvironment. This
by large alludes to the fear of major impact of climate change on poultry industry.

Milk productivity in dairy farming is a reflection of interactions between the
production potential of the livestock, nutritional knowledge, veterinary care,
availability of technologies, investment, active extension service, research as well
as readiness to agree and accept innovations. Productivity enhancement depends
upon definition of limiting factors at each stage and execution of appropriate
corrective steps. The specific response of an animal to stress is variable given that
some animals adapt or cope with stress more effectively than others. Identification
or measurement of an animal’s response to stress may provide a tool for identi-
fication of cattle that are not negatively impacted by stress (Falkenberg 2006).
Bonsmara cattle have been selected for production and adaptation to subtropical
environments and have been shown to produce tender beef (Strydom 1994). It has
been hypothesized that these cattle may adapt to stress more effectively than other
breeds of cattle due to their unique selection history (Falkenberg 2006). Similarly
there are genetic resources which are more resistant to stress and perform equally
better in varying environments.

How do we minimize heat stress which is a possible immediate outcome of
climate change in livestock? Wolfe et al. (2008) discusses several strategies for
minimizing the impact of heat stress. Lower cost measures such as reduction in
overcrowding, lesser time in hot holding areas, and provision of shades in sunny
areas were suggested. Moderate cost measures include improved ventilation and
fan systems, improved insulation, and installation of misters or sprinklers for
cooling. Higher cost measures include new building design and construction and
installation of thermostat controlled air conditioning systems (Wolfe et al. 2008).
Some of the increased costs for cooling in summer could be compensated for by
reduced heating requirements in winter. Chase (2011) suggested nutritional modi-
fications can lessen the effects of climate change on production performance. The
modification of feeding schedules and feed rations like feeding during cooler parts
of the day and increasing the proportion of easily digestible feeds is recommended.
Water consumption of dairy cattle can increase by 20–50% on hot, humid days,
therefore unlimited supply of water to the cattle is essential (Wolfe et al. 2008).

13.2.4 Grazing and Pastoral Systems

Nutritional stress is another important aspect of the climatic change. Transboundry
animals pass and trade are managed by the nomadic tribes making them prominent
stakeholders of the indigenous livestock. Given current trend of climate change,
there is possibility that the grazing resources will shrink and pastoral system of
animal rearing may go extinct. The stress of traveling to new locations in search of
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nutritional resources during hot weather and competing with other animals has
some negative impact on animals and will become less attractive as grazing
resources shrink. Almost all the ruminants are involved in transboundary migration
for searching of food resources in developing tropical countries and climate change
will surely have impact on this production system.

Alternative strategies for grazing such as evening to night grazing and early
morning grazing is important to animals reared in tropical, to avoid burning tem-
peratures of hot sun during afternoons. Ability of animals to reach resources and
rehydrate is very important and this leads to indirect selection of breeds with taller
legs that cover more distance in short time. Scarcity of resources in the field com-
pelled farmers to take their sheep on migration as an alternative strategy. Migration
became common during drought season (Rathore 2004). Malpura sheep was crossed
with the Marwari sheep from arid region, which resulted in the production of
crossbreds which are sturdier, have long legs and are best for migration purpose.
These sheep are now preferred whenever farmers need to go on migration (Gowane
and Arora 2010). In the future when scarcity of grazing resources may be common
and migration for food will be a necessity, these breeds may probably be common.

13.2.5 Reproduction Seasonality

World’s climate is changing rapidly and there is a concern that many species may
face extinction if new seasonal strategies are not evolved (Bradshaw and Holzapfel
2006). Seasonal breeding evolved so that animals can conceive at a particular
period in the year to facilitate birth in the spring. In most seasonal species, the
timing of reproduction is controlled by day-length photoperiod. Moving sheep or
horses across the equator will result in a reversal of breeding patterns after a period
of adjustment. In areas closer to equator, photoperiodic animals may cycle through
most of the year. The hormonal signal by which day-length acts to regulate
reproduction is melatonin, produced by the pineal gland. Melatonin is produced
only at night because light striking the retina sends a nerve impulse to the pineal
and inhibits melatonin synthesis (Rosa and Bryant 2003). Therefore, melatonin is
secreted for a long time when day-length is short and for a shorter period of time
when days are long. Where and how melatonin acts to signal day-length to the
brain is unclear but some change occurs in GnRH and LH secretion. The frequency
of GnRH and LH pulses decreases under the non-breeding season photoperiod. In
mares this occurs whether the ovaries are present or not (reviewed by Rosa and
Bryant 2003). This is called steroid independent effect of photoperiod. In ewes this
only occurs if ovaries are present and producing estrogen. This is called steroid
dependent effect of photoperiod. Estrogen becomes potent inhibitor to GnRH and
LH during the anestrous season in ewes. This is related to the changing patterns of
melatonin secretion but the exact relationship is still unknown. Considering the
fact that there are breed differences in the reproductive response of sheep to
changes in photoperiod and that seasonal reproduction is driven by the pattern of
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melatonin secretion, it could be expected that breed differences would be due to
different genetic abilities to secrete melatonin (Rosa and Bryant 2003). However,
this does not seem to be the case since Lincoln et al. (1990) report examples in
which the same pattern of melatonin secretion (i.e. the duration of the period of
elevated levels reflects the period of darkness) is found among breeds which differ
in the degree of seasonality of reproduction. Therefore, it may not be the melatonin
signal which differs between breeds but the way the signal is translated in the brain
(Rosa and Bryant 2003).

Heat stress can decrease sperm production in males and cause increased embryo
mortality if it occurs very early in development. Shading and or cooling systems
must be provided to avoid heat stress. Overcoming the seasonality of reproduction
in sheep allows the lactation (suckling lambs) during pasturing. Development of
sheep with a highly reduced seasonality of breeding has been performed using
spring fertility measurements (Notter and Cockett 2005). However, response to
selection using spring fertility remains limited due to very low levels of heritability
(\0.1) and ewe age effects on fertility and response to selection. On Mérinos
d’Arles ewes, Hanocq et al. (1999) reported 28% spontaneous ovulatory activity in
April and consistent heritability and repeatability estimates (0.37 and 0.20,
respectively). Pelletier et al. (2000) found that ovulatory activity was associated
with the polymorphism of the gene that encodes melatonin receptor. This poly-
morphism could not be used as genetic marker for selection of out-of-season
breeding ability in sheep. All latitudes find some mammals reproducing seasonally,
even in the deep tropics. The energetic costs of reproduction are huge, and when the
cost to gain ratio of foraging varies seasonally, births must occur when the muscle
and thermoregulatory costs of obtaining food are most favorable (Bronson 2009).
The mammals that will probably be most vulnerable to climate change will be the
longer lived species at the mid to higher latitudes whose reproduction is rigidly
controlled by photoperiod. The future will probably see shifts in species’ ranges to
higher latitudes as the climate warms. Probably the environmental conditions of the
tropics today are the conditions of the higher latitudes of the future (Bronson 2009).
Proper management of the livestock for regulation of stress related to reproduction
may help us to maintain them in the current reproductive status. Proper housing,
nutritional management, and seasonal variation buffering will probably add an extra
expenditure on part of livestock holder in future.

13.2.6 Disease Challenges and Associated Tolerance/Resistance

Livestock diseases adversely affect animal production throughout the world.
Changes in climatic patterns and seasonal conditions may affect disease behavior in
terms of spread pattern, diffusion range, amplification, and persistence in novel
habitats. Pathogen invasion may result in the emergence of novel disease com-
plexes, presenting major challenges for the sustainability of future animal agri-
culture at the global level (de La Rocque et al. 2008). The geographical expansion
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of vector-borne infectious diseases to higher elevations and higher latitudes will be
expected. In Himalayan ranges in India (Kumaon hills), it was impossible to find
mosquitoes few years back but with current trend in climate change, mosquitoes are
commonly found in many parts of this region. This will definitely have effect on
transmission and course of diseases such as Malaria. The change in the temperature
profile of any region can harbor the population of new vectors for new diseases, and
it is probable to see low altitude marked diseases in high altitude areas.

Climate strongly affects agriculture and livestock production and influences
animal diseases, vectors and pathogens, and their habitat. Temporal and geo-
graphical distribution of vector-borne infectious diseases such as bluetongue, West
Nile fever, vesicular stomatitis, and New World screw worm in South America are
likely to change (Pinto et al. 2008). Better prevention and intervention measures will
be required to check the impact of climate change assisted animal husbandry
calamities in South America. In Africa, the impact of climate change might be
devastating if not managed properly. While direct impacts of possible climate
change in Africa include increased ambient temperature, floods, and droughts,
indirect impacts may be the consequence of reduced availability of water, forage,
and changes in the environment that promote the spread of contagious diseases
through increased contact among animals, or increased survival or availability
of the agent or its intermediate host (Van den Bossche and Coetzer 2008).
The potential vulnerability of the livestock industry will depend on its ability to
adapt to climate changes. The Asian continent, because of its size and diversity, may
be affected significantly by the consequences of climate change, and its new status as
a ‘hub’ of livestock production gives it an important role in mitigating possible
impacts of climate variability on animal health (Forman et al. 2008). In Asia, animal
health may be affected by climate change in four ways: heat-related diseases and
stress, extreme weather events, adaptation of animal production systems to new
environments, and emergence or re-emergence of infectious diseases, especially
vector-borne diseases critically dependent on environmental and climatic conditions
(Forman et al. 2008). Strategies to mitigate these challenges include veterinary care,
controlling zoonoses, and major emphasis on prediction of possible threats.

Veterinary care is the costly and recurrent affair for tackling the probable
disease challenges due to climate change. Disease resistant breeds will reduce the
cost of veterinary care and production losses in the future. Breeds that are reported
to be resistant or tolerant to trypanosomiasis, tick burden, tick-borne diseases,
internal parasites, dermatophilosis, or foot rot will be most preferred one. Disease
resistance depends much on the type of pathogen and the hosts’ resistance or
tolerance mechanisms. Breeding for disease resistance is influenced by the
availability and costs of alternative treatment (e.g. vaccines, drugs) and antimi-
crobial resistance of pathogens. Potential exists for genetic improvement of dis-
ease resistance with the use of molecular markers and marker assisted selection.

An important approach therefore to alleviate the effects of diseases emanated
from climate change is to develop disease-resistant breeds. There are several
advantages for incorporating genetic element in the disease management strategies
as recognized by FAO (1999a, b):
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1. The permanence of genetic change once it is established;
2. The absence of the need for purchased inputs once the effect is established;
3. The effectiveness of other methods is prolonged as there is less pressure for the

emergence of resistance;
4. The possibility of broad spectrum effects (increasing resistance to more than

one disease);
5. The possibility of having less impact on the evolution of macroparasites such as

helminths, compared to other strategies such as chemotherapy or vaccination;
and

6. Adding to the diversity of disease management strategies.

The maintenance of diversity of genes underlying resistance provides an
important resource for combating effects of possible future pathogen evolution
(FAO 2007a, b). Crossbreeding for introgression of the disease-resistant genes in
the new population is a strategy or alternatively select within a population with
highly resistant individuals. Compilation by FAO (2007a) reports resistance or
tolerance to specific diseases and parasites in several breeds across livestock
species such as buffaloes, cattle, goat, sheep, pig, horse, and deer. Document
revealed many breeds resistant to one or more type of diseases such as N’Dama
cattle for infection against ticks of various species, Anaplasma marginale and
Haemonchus contortus. Sahiwal cattle against Theileria annulata, etc. Several
workers have tried to incorporate resistant genes to these diseases in their
experimental flocks. Studies have shown that Trypano-tolerant breeds are more
productive than susceptible animals under moderate to high tsetse challenge
(Agyemang et al. 1997). Similarly many breeds which are resistant to diseases are
also better in production profile as compared to other breeds in the similar envi-
ronment (Baker 1998). This property of disease-resistant breeds make them
superior to their counterparts and help them become the breed of choice for
introgression of the favorable genes in the other populations through genetic
intervention as a measure of protection against the future environmental threat.

13.2.7 Variation in Beef Cattle Adaptability

Adaptation to the environment in which any animal is being reared for production
is very important. Genetic Slippage (Dickerson 1955), a phenomenon where
performance of the individuals reared in a specific environment degrades when
forced to perform in different environment, is of utmost importance in case of beef
cattle production system. In many of the animal breeding experiments this feature
as an outcome was visible. With the knowledge of changing climate and its
possible effects on the animal production system, the beef cattle adaptability
became an issue of concern where balanced genetic potential for adaptation,
production, and product quality within specific environments is anticipated. Cattle
were domesticated in western Asia before 10,000 years (Hohenboken et al. 2005),
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and then they were migrated to several regions of the world, for utilization. Now
they are all over the world in Europe, Asia, Africa, America, and many other parts.
Domestication of the cattle was general and it hardly had any stress quotient
involved when animal production system was concerned. With advent of the
scientific knowledge and more demand for quantum and quality of the product, the
stress level has increased with more pressure on animal to adapt to the changing
environment. Beef cattle production demands more input and output on part of
rearer and reared, respectively. Change in the climate will have changing condi-
tions and therefore it will be a tough testing time for already less adapted cattle.
Genotype and environment interaction has a lot of role to play in beef cattle
production system. Burns et al. (1979) have asserted that genetic adaptation to
local environments is important in commercial beef cattle production. Evidence
supporting these recommendations was provided by their classical experiment to
investigate GxE (Hohenboken et al. 2005) which makes it clear that why adap-
tation is a critical problem in beef cattle production system.

Beef cattle production system demands intense selection, which is done at the cost
of many other things. Selection to increase sustained annual production selects
automatically for traits important to adaptation. In recent decades, however, the
application of refined knowledge of inheritance, improved information technology
and advanced reproductive techniques has allowed dramatic increases in selection
intensity and selection response. Rapid response to intense selection for increased
product can seize resources formerly utilized to support reproduction and survival.
In the coming future, this condition will be more aggravated as adaptation to the
changing climate will be next to impossible task at least for beef cattle. Improved
adaptation enhances financial well-being of beef cattle producers. Potential benefits
from improved beef cattle adaptation include enhanced animal well-being, increased
profitability for beef cattle producers, more desirable products for beef consumers,
enhanced resource conservation, and more effective forage resource utilization
(Hohenboken et al. 2005). Beef cattle production can not be profitable unless cattle
are productive, efficient, and produce a desirable end product. Selection to improve
traits contributing to these ends is desirable if not required. In addition, cattle that
are genetically adapted to their environment incur lower costs than unadapted but
otherwise comparable cattle. Profitability of beef cattle production would be
enhanced by including locally rational measures of adaptability in industry selection
schemes and breeding objectives. This may include identifying indicator traits, DNA
markers, and genes important to adaptation (Hohenboken et al. 2005). The money
saved on producing the livestock product incurs more returns to the livestock holder.

13.2.8 Environmental Manipulation

The changing scenario of animal production system and climate change needs an
overall approach for tackling the situation. Animal environment is defined as any
external factor that influences the productive response of farm animals. This would
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include, but is not limited to, effective ambient temperature, photoperiod, sound,
altitude, environmental contaminants, psychological restraint, and management
system (Ames and Ray 1983). Proper management practices such as adoption of
husbandry practices like thermal control for microenvironment, veterinary aid at
hand with all new technologies, fodder production, and availability at all time, etc.
Access to such technologies will determine the ability of producers to adapt their
herds to the physiological stress of climate change. Historically, animals have been
provided protection from climatic variables by sheds, barns, and other buildings as
a matter of humane treatment but, more recently, there has been increased use of
environmental control to enhance rate and efficiency of production (Ames and Ray
1983). Intensive livestock production systems have more potential for adaptation
through the adoption of technological changes. This may keep the high-output
breeds in such production systems. However, this type of system will be more
input demanding and therefore will be in the limited hands.

13.2.9 Impact of Climate Change on AnGR

Livestock keepers and breeders utilize AnGR for food and agriculture. Livestock
keepers remain the main custodians of AnGR diversity. Livestock production both
contributes to and is affected by climate change (FAO 2010). Geometric human
population growth with limited food resources has new threats in waiting for us.
Demand for meat, milk, and other animal product is dramatically increasing.
The sustainable use, development, and conservation of AnGR for food and agri-
culture will make a vital contribution to hunger quotient of human race. A diverse
resource base is critical for human survival and well-being, and a contribution to
the eradication of hunger. AnGR are crucial in adapting to changing socio-eco-
nomic and environmental conditions, including climate change. They are the
animal breeder’s raw material and among the farmer’s most essential inputs. They
are essential for sustainable agricultural production (FAO 2007a, b).

The climate change poses a great threat to the AnGR. Threats are numerous
starting from effect on individual animals to the population as a whole. The change
in the pattern of disease occurrence and distribution, geographical disease barrier
erosion, heat stress as a common factor demanding more heat tolerant individuals,
scarcity of the food resources and water as a general factor, overall decline in the
production level of the animals as a compensatory mechanism for stress tolerance,
reproductive disturbances, and loss of animal genetic diversity at population level
will be few among many effects of climate change on AnGR. The overall increase
in the temperature will have its impact on the physiological stress and thermo-
regulatory control, nutrition, and disease status of the animals. Species and breed
differences in reaction to these stressors have been reviewed by Hoffmann (2010).
Substantial differences in thermal tolerance lie between species; however, there are
also differences between breeds of a species. B. indicus is generally more heat
resistant than B. Taurus. In general, the high-output breeds originating from
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temperate regions that provide the bulk of market production today are not well
adapted to heat stress, partly because of increased metabolic heat production.
There are also breed differences in disease resistance that may become relevant to
buffer against the projected rapid spread of pathogens or even small spatial or
seasonal changes in disease distribution. The expected increase and often novel
disease pressure will favor genotypes that are resistant or tolerant to the diseases in
question. Many breeds are characterized as the resistant or tolerant to a specific or
a group of diseases. Some are experimentally proven; however, many are based on
the anecdotes and need verification. Information on these characteristics along
with traits like heat tolerance, greater feed conversion efficiency, etc. will help the
breeders to formulate the future breeding strategies. Adaptation to the climate
change is another phenomenon. Either breeders can adapt their animals’ genetics
to the changed environment, or adapt the production environment while main-
taining their breeds. Both the ways strategy is not so simple. Changing genetics of
the animals is time consuming and more input demanding job, however, once
done, it is supposed to be the permanent solution for the problem. Changing
production environment is also a costly affair and needs constant pumping of
resources. Although costly but it will be the choice of management in livestock
sector where intensive livestock practices such as commercial poultry production,
beef cattle production, etc. are followed.

13.2.10 Factors Accelerating Erosion of Livestock Biodiversity

Genetic erosion is a process whereby an already limited gene pool of an endan-
gered species of plant or animal diminishes even more when individuals from the
surviving population die off without getting a chance to meet and breed with others
in their endangered low population. Genetic erosion occurs because each indi-
vidual organism has many unique genes which get lost when it dies without getting
a chance to breed. Low genetic diversity in a population leads to a further
diminishing gene pool, inbreeding and a weakening immune system resulting in
eventual extinction. The 1992 United Nations Conference on Environment and
Development (Earth Summit) held in Rio de Janeiro was an important landmark.
The Convention on Biological Diversity (CBD), signed in Rio by 150 govern-
ments, committed the nations of the world to conserve their biodiversity, to ensure
its sustainable use, and to provide for equitable sharing of the benefits arising from
its use. By 2005, 188 countries had become parties to the CBD (FAO 2007a, b).
Agricultural biodiversity is the product of thousands of years of activity during
which humans have sought to meet their needs in a wide range of climatic and
ecological conditions. Well-adapted livestock have been an essential element of
agricultural production systems, particularly important in harsh environments
where crop farming is difficult or impossible (FAO 2007a, b).

Several factors are in play for the erosion of the livestock biodiversity. Focus on
very few economically important breeds is one reason. Few breeds such as
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Holstein–Friesian, Jersey, etc. are given too much importance as they contribute
directly to the exchequer. World’s best genetic improvement programs are
employed for these few chosen breeds and many known and thousands of
unknown breeds in least developed and developing countries go unsung. As a
result of this, many breeds lose their potential to compete with other breeds and
ultimately fall in the category of endangered population. The erosion of AnGR is a
long-term threat to ensuring food security and rural development. The population
status of many breeds is still unknown, and the problem may thus be underesti-
mated. Most developing countries and some developed countries do not currently
have AnGR conservation strategies or policies in place. Without strategically
planned interventions, using both in situ and ex situ conservation, erosion will
continue and may accelerate.

Factors accelerating erosion of livestock biodiversity also belong to all sorts of
human activity areas (Blench 2005). Development interventions constitute the
major factor in developing countries. Here the preference is given to the high-
input, high-output breeds developed for benign environments of the developed
countries. Commercial interests in those countries promote use of relatively
temperate-adapted breeds and create unrealistic expectations in developing
countries. This works as a double-edged sword, first it criticizes the local indig-
enous livestock as inferior and next it dilutes the native livestock with foreign
genes, least adapted for such environment. In many developing countries this
activity has created the never ending series of livestock erosion problems; India is
the best example for this phenomenon. Blench (2005) emphasizes on specializa-
tion as the factor for erosion of livestock biodiversity. Emphasis on a single
productive trait, e.g. dairying, leading to exclusion of multipurpose animals.
Many Indian cattle breeds are developed since ages as the multipurpose animals.
Bullocks are used as the work animals for draft purpose and cows for the milch
purpose; however, with advent of mechanical farming system the breeds of such
importance are loosing their place in the competition for existence. These days’
cows with more milk production efficiency are given importance and therefore the
dual purpose or multipurpose breeds are becoming endangered. Worldwide there is
a consensus on one issue among several experts that genetic introgression is the
major factor for erosion of livestock biodiversity. Crossbreeding and accidental
introgression have contributed to the greatest extent toward the loss of indigenous
breeds. Economic change in the domestic and international market has posed a lot
of challenges for the livestock products. The synthetic products are out-competing
the natural products, which in turn are devaluating the livestock resources.

In purview of the climate change, the livestock biodiversity has lot of chal-
lenges to face in the near future. Scarcity of food and water resources, change in
the temperature and humidity, walking stress, production, and reproduction stress
will add a lot to the problems of the livestock management in the coming era.
Therefore, the climate or vegetation change may make a breed unviable in a
particular habitat, leading to loss of livestock biodiversity. Natural disasters such
as floods, drought, and epizootics are also affecting the livestock population
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(Blench 2005). These disasters will preferentially affect remote or isolated human
and livestock populations.

13.3 Using Adaptability to Improve Profitability

Domestication of the animals and the agriculture laid the foundation of the human
civilization. Food and livelihood security were provided by the biodiversity in
animals and agriculture. Biodiversity, in general, is the form of life available in an
ecosystem or in the world as whole. It is the variation in the genetic composition of
the living organism. Livestock biodiversity is the variation in the livestock species.
Livestock biodiversity is the resultant of evolutionary forces (mutation, migration
selection, genetic drift, and founder effect), geographical isolation, and adaptation.
About 200 years ago, the concept of breeds emerged. But, today’s breed with their
unique combination of genes would not have emerged without continuous active
managements and selection by farmers and pastoralists over 12,000 years since the
first livestock species were domesticated (CGRFA 2009). The most decisive factor
in selection of animals in early days was adaptation to a given environment
(Gillespie 1997). Adaptation is assessed based on the ability of animal to survive,
reproduce, and produce successfully in a particular environment (Gillespie 1997).
Over the past few decades the selection pressure has increased to increase the
production via the application of modern quantitative genetics methods with little
regard to the preservation of genetic diversity. During the last decades, develop-
ment of and increased focus on more efficient selection programs have accentuated
genetic improvement in the number of breeds. Artificial insemination, embryo
transfer technology, better veterinary health facilities, and improved transportation
facilities have facilitated the dissemination of the genetic material. As a result,
high productive breeds of livestock have replaced local ones across the world. This
trend of breed replacement and breed dilution through crossbreeding has resulted
into the breed erosion (FAO 2007a, b). According to the FAO, 20% of the roughly
7,600 breeds reported worldwide belonging to the 18 mammalian species and 16
avian species are at risk and 62 breeds became extinct within the first 6 years of
the century (FAO 2007a, b).

The livestock sector is changing rapidly in response to a variety of the drivers.
Globally, human population is expected to increase from 6.2 billion today to
9.2 billion by 2020. Global demand of livestock products will increase signifi-
cantly in the coming decades (Delgado et al. 1999). Significant changes in physical
and biological systems have already occurred on all continents and in most oceans,
and most of these changes are in the direction expected with warming temperature
(Rosenzweig et al. 2008). There does not seem to have been a great deal of work
done on the direct impacts of climate change on heat stress in animals, particularly
in the tropics and subtropics. As has been observed by Easterling and Apps (2005),
that a lack of appropriate physiological models that relate climate to animal
physiology rather limited the confidence that could be placed in predictions of
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impacts, referring it to ‘‘a major methodological void’’. It is clear, however,
that warming will alter heat exchange between animal and environment, feed
intake, mortality, growth, reproduction, maintenance, and production potentially
(Standing Committee on Agriculture 1990). The potential for widespread genetic
devastation in the future as a result of inexorably rising temperatures is great.
The impacts of such losses are difficult to imagine, and the problems that will be
caused by the loss of genes for disease and pest resistance, for environmental
adaptation, and for other desirable traits in both plants and animals, cannot be
over-stressed. Animal and plant genetic resources are the ultimate non-renewable
resource; once gone, they are gone for good. Their importance is critical, but the
complexity of ecosystems means that it is extremely difficult to assess the impacts
of climate change on biodiversity. Animal and plant genetic resources have
extremely high value, and the costs associated with their loss may be simply
enormous, but to all intents and purposes neither their value nor the costs of their
loss can be realistically quantified. Given that this situation is not likely to change
very rapidly in the future, it makes much sense for any consideration of climate
change and biodiversity to emphasize conservation as well as attempting to fill
critical knowledge gaps to enable realistic assessments to be carried out on the
likely impacts of adaptation and mitigation activities on biodiversity and other
aspects of sustainable development (IPCC 2002). As CGRFA (2007) notes, pas-
toralists and smallholders are the guardians of much of the world’s livestock
genetic resources. This poses particularly challenging problems for conservation,
but there is a great deal that can and must be done. Therefore, there is dire need of
characterization, conservation, and scientific breeding of the biodiversity of
livestock as a credit for unseen and unpredictable future to have sustainable
development, livelihood, and food security of the world.

It has been realized time and again that high producing, genetically altered or
genetically engineered animals are capable of performing well only when there is
assured input, sound management system, well defined long-term policy planning,
and short-term development plan that are predominant in many developing, spe-
cially tropical, countries.

A fact that has consistently been underrated is that most of the tropical breeds of
livestock are multipurpose with products ranging from milk, meat, wool, draft,
organic manure, farm energy to hide, skin, etc. Many a fitness characters possessed
by these breeds which are either absent or possessed to a lesser degree by the
temperate breeds include lower metabolic rate that generates less heat, reduced
panting but more ready sweating that conserves energy, higher intake of poor
quality feed, higher digestibility and efficiency of feed conversion, feed intake less
affected by high environmental temperature, greater ability to retain feed and water
in the large intestine, low water requirement and better resistance to ticks, insects,
and some diseases (Wilson 2009).

To cite some of the commercially successful and thriving indigenous breeds of
livestock well adapted to often harsh production environment include Sahiwal
cattle of India (Ogilvie 1947), Kenana cows of Sudan (Alim 1960), Nandi cattle in
Kenya (Wilson 2009). Some prized tropical beef breeds are Caracu derived from
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Criollo, Indubrasil or Nellore (originally derived from Ongole cattle of India) in
Brazil (Cardellino 2000), Brahman cattle (originally from India) in USA, Boran in
Ethiopia and Kenya (Haile Mariam et al. 1998; Homann et al. 2005), Mashona
and Tuli cattle in Botswana and Zimbabwe (Moyo 1990; Homann et al. 2005).
Similarly, Haryana and Kankrej cattle in India and Afrikander cattle in South
Africa (Wilson 2009) are renowned for draft or pack purpose. Among the sheep
breeds, Chios and Awassi breeds of Near East for milk purpose, Sudan Desert for
dual purpose (milk and meat) (Wilson 2009), Awassi breed of Near East as
multipurpose (Amin and Peters 2006; Wilson 2009) and Chios breed of Near East
and eastern Mediterranean region (Hatzimimaogiou et al. 1990) are front runner in
productivity. Boer goat of South Africa (SASBA 2004), Jamunapari, Beetal, and
Black Bengal goat of India, Damascus goat in Cyprus (a native of Syria and
Lebanon) (Mavrogenis et al. 2006; Wilson 2009) are widely used for profitable
goat farming.

It is interesting to see that since 1960s, modern single purpose breeds and
modern methods of husbandry have penetrated remotest parts of the developing
counties of tropics (Wilson 2009). Against this backdrop, a weak undercurrent
nudged the conservation or preservation of native breeds since 1970s which was
initially confined to richer and developed countries e.g. Rare Breeds Survival Trust
in UK (Alderson 1990) then to developing countries though mainly in the form of
academic interest (Wilson 2009).

Crossbreeding of indigenous livestock with exotic one has been widely prac-
ticed for improving productivity pending detailed documentation of their pro-
duction potential. There have been many successful cases where well-defined
breeding policy, nutrition, management, and health coverage were ensured like as
has been cases in highlands of eastern Africa specially Kenya with Ayrshire,
Friesian, Jersey, and Guernsey cattle crossed with zebu animals (Bebe et al. 2003).
For example, Australian Milking Zebu (AMZ), a cross of Sahiwal and Red Sindhi
bulls with Jersey cows, was developed during 1960s, with milk production over
2,100 kg per lactation and 4.5% fat (Stephens 2006). But more remarkable is it
because of heat tolerance and tick resistance. Similarly, Australian Friesian Sa-
hiwal (AFS) whose development is of recent origin has better performance and
fertility than AMZ (Stephens 2006). Development of Senepol cattle (lesser known
as Nelthrop) in Caribbean Islands combined N’dama traits of heat tolerance with
higher milk production, good meat quality, and docility of Red Poll’s (Wilson
2009). Santa Gertrudis, a composite breed of 3/8 zebu and 5/8 Shorthorn devel-
oped in Texas, USA, is an excellent beef breed that has found wide acceptability in
tropical and subtropical countries also. The Droughtmaster, a composite of mainly
Brahman and Shorthorn developed in Queensland, Australia, produces quality beef
with good reproductive performances. It is also credited for docility, heat and
drought tolerance, and tick resistance. Jamaica Hope, developed through crossing
of native cows with Jersey bulls and subsequently Sahiwal bulls of India, have had
mixed success. The Droper sheep, derived from British Dorset Horn and Persian
Blackhead in South Africa, is one of the few examples of sustained success in
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small ruminant development with high prolificacy, rapid growth rate but without
wool that has found wide acceptability (Wilson 2009).

Going by the present trend, it is believed that food production systems in
developing countries are moving into marginal areas for which sustainable farming
systems and the well-adapted species and breeds of livestock species are yet to
emerge (Wilson 2009). There are some exceptions like Barca people of Eritrea
who bred their cattle for centuries for milk production and docility (Wilson 2009)
or the WoDaaBe herders in Niger where cattle breeding system has consistently
worked toward securing reliable exploitation of structural unpredictability through
three pronged approach, viz. by organizing their cattle into matrilineal lineages,
exploiting the capacity for both genetic and extra-genetic inheritance in their cattle
breeding population and relying on lineage duration rather than peak productivity
as the primary criterion for selection (Krätli 2008).

13.3.1 Characterization of Livestock Breeds

Livestock currently provides 43% of global agricultural output in value terms, with
a projected increase (FAO 2010). Traditional livestock systems based on local
breeds contribute to the livelihoods of 70% of the world’s rural poor (Hoffmann
2010). Despite the importance of livestock to poor people and the magnitude
of the changes that are likely to befall livestock systems, the intersection of
climate change and livestock in developing countries is a relatively neglected
research area. Little is known about the interactions of climate and increasing
climate variability with other drivers of change in livestock systems and in broader
development trends (Thornton et al. 2009). Effective management of farm animal
genetic resources (FAnGR) requires comprehensive knowledge of the breed
characteristics, including data on population size and structure, geographical dis-
tribution, the production environment, and within- and between-breed genetic
diversity. Integration of these different types of data will result in the most
complete representation possible of biological diversity within and among breeds,
and will thus facilitate effective management of AnGR (Groeneveld et al. 2010).

‘Breeds’ are cultural concepts rather than physical entities, and these concepts
differ from country to country, making characterization only at the genetic level
rather difficult (Boettcher et al. 2010). But FAO uses the following broad definition
of the breed concept, which accounts for social, cultural, and economic differences
between animal populations, and which can therefore be applied globally in the
measurement of livestock diversity:

Either a sub-specific group of domestic livestock with definable and identifiable external
characteristics that enable it to be separated by visual appraisal from other similarly
defined groups within the same species or a group for which geographical and/or cultural
separation from phenotypically similar groups has led to acceptance of its separate identity
(FAO 1999a, b).
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13.3.1.1 Phenotypic Characterization

‘‘Phenotypic characterization of AnGR’’ is used to refer to the process of identi-
fying distinct breed populations and describing their characteristics and those of
their production environments. In this context, the term ‘‘production environment’’
is taken to include not only the ‘‘natural’’ environment but also management
practices and the common uses to which the animals are put, as well as social and
economic factors such as market orientation, niche marketing opportunities, and
gender issues. Recording the geographical distribution of breed populations is here
considered to be an integral part of phenotypic characterization (FAO 2010).

As per the guidelines issued by CGRFA (2011), the phenotypic characterization
is further divided into primary and advanced characterization. Primary charac-
terization is used to refer to activities that can be carried out in a single visit to the
field (e.g. measurement of animals’ morphological features, interviews with
livestock keepers, observation and measurement of some aspects of the production
environment, mapping of geographical distribution). The term ‘‘advanced char-
acterization’’ is used to describe activities that require repeated visits. These
include the measurement of productive (e.g. growth rate, milk production) and
adaptive (e.g. resistance or tolerance to specific diseases) capacities of breeds in
specified production environments.

Based on the types of background data available there are two approaches to
characterization. Exploratory approach is followed if no background data related
to existence of distinct breed is available. Confirmatory approach is followed when
some base line data is available. This is used to validate breed identity. Different
types of data collected in phenotypic characterization study are:

1. Geographical distribution, population sizes, and structures
2. Phenotypic characteristics (physical features and appearance)
3. Economic traits (e.g. growth, reproduction, and product yield/quality)
4. Productive and adaptive attributes of the breeds
5. Information on the breeds’ origin and development
6. Images of typical adult males and females, as well as herds or flocks in their

typical production environments
7. Any known functional and genetic relationships with other breeds within or

outside the country
8. Biophysical and management environment (s) in which the breeds are

maintained
9. Responses of the breeds to environmental stressors, such as disease and par-

asite challenge, extremes of climate and poor feed quality, and any other
special characteristics of the population in terms of adaptation

10. Relevant indigenous knowledge of traditional management strategies used by
communities to utilize the genetic diversity in their livestock.

Geographical distribution of the animals helps in categorizing breed as local or
transboundary breed. In a recently developed classification (FAO 2007a, b), breeds
present in only one country are termed local breeds and those present in more than
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one country are termed transboundary breeds, the latter being further differentiated
into regional and international transboundary breeds depending on the extent of
their distribution. Demographic data are fundamental to the assessment of the risk
status of livestock breeds—a key step in the strategic planning of AnGR man-
agement. Risk status depends on several factors. First, it is linked to the size and
structure of the population. Effective population size (Ne) is the preferred measure
for the assessment of risk status (FAO 1992; Gandini et al. 2004). In changing
scenario of climatic condition, it is advisable to collect additional information on
non-biotic (climate, water scarcity, seasonal feed scarcity, etc.) stressors. These
may be decisive factors in tolerating the environmental shift.

Production recording helps in evaluating the production potential of the animals
in different environments. It gives fare idea of genotype environment interactions.
It is required to compare breeds performance and to predict future performance.

13.3.1.2 Molecular Characterization of Breeds

It is the method to explore polymorphism at molecular and protein level to study
the genetic variation within and among the breeds. Because of the instability and
poor polymorphism of protein, DNA markers are the markers of choice. DNA
markers can be direct/functional or indirect/neutral markers. Direct markers are the
segment of DNA present within the gene of interest or gene itself is used as
marker. Indirect markers are linked marker not within gene of interest. Most
extensively used DNA marker for study of breed diversity is microsatellite marker.
It is repeated DNA segments of 6–7 base pairs and neutral marker (Groeneveld
et al. 2010). Ideally 30 markers assigned by the FAO should be used for charac-
terization of populations. It gives more accurate result and also opportunity to
compare the results with other within and between breeds if has been carried by
using similar set of markers. Single nucleotide polymorphisms (SNPs) are now
frequently used markers as these are based on the difference of one base pair and
give more accurate result. Mitochondrial DNA (mtDNA) markers are maternal
markers used in identification of wild ancestors, localization of domestication
centers, and reconstruction of colonization and trading routes (Bruford et al. 2003;
Ajmone-Marsan et al. 2010; Groeneveld et al. 2010). Y-chromosomal markers are
Y-chromosomal variation; it is used as a powerful tool to trace gene flow by male
introgression (Petit et al. 2002). We are witnessing the revolution in genetics with
the advent of high throughput affordable genome sequencing Ajmone-Marsan and
GLOBALDIV 2010. Molecular characterization is carried out to study genetic
variability, phylogenetic relationship, gene mapping, and marker-assisted selection
and to develop DNA repository for future use.

Breed is the functional unit of conservation and characterization is used to
assess the values of the animals for its present and future use. Characterization
helps in formulating breeding and conservation plan.
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13.3.2 Conservation of the AnGR for Changing Climate

The International Union for the Conservation of Nature and Natural Resource’s
(IUCN) World Conservation Strategy has defined the need for conservation as

the management for human use of the biosphere so that it may yield the greatest sus-
tainable benefit to present generations while maintaining its potential to meet the needs
and aspirations of future generations. Thus conservation is positive, embracing preser-
vation, maintenance, sustainable utilization, restoration and enhancement of the natural
environment (IUCN 1980).

There are two methods of conservation in situ and ex situ. In situ conservation
is rearing of the animals in their natural habitat. Ex situ conservation is rearing or
preserving animals away from adopted habitat. Livestock breed conservation
should be formulated based on the prediction of future drivers of change. It is
predicted that climate change may be accompanied by natural catastrophes like
flood, earthquake, emergence of new disease, etc. There is risk of local rare breed
being lost in localized disasters (Carson et al. 2009). To secure against such
disasters, it is necessary to conserve these breeds using ex situ method of con-
servation like cryo-conservation of genetic material in gene bank. Most of the
conservation works are limited to developed country but the future security of
biodiversity lie in developing world. In developing countries, few breeds of major
species are covered by conservation programs, and the focus is typically on in vivo
conservation (FAO 2007a, b). Ex situ conservation measures should be encouraged
to prepare for uncertain consequences of climate change so that valuable geno-
types can be restored if needed.

There are two arguments for conservation of animals viz. cultural and insurance
(Simianer 2005a, b). Animal breeds development has parallel history with human
cultural development (Hanotte et al. 2002). It has political and religious impor-
tance; an example is the king’s privilege to keep a herd of white N’guni cattle in
South African Zulu tribes (Felius1995). Little is known about the interactions of
climate variability and other drivers of livestock systems (Thornton et al. 2009).
Therefore, genetic diversity of the animals can be considered as the insurance
against future change (Smith 1984).

13.3.3 Livestock System and Breed Conservation

Global livestock sector has grown into dichotomy. Intensive systems are where
animals are kept under intensive commercial production system. These are well
characterized breed of animals reared for specific purpose. Custodian of two-third
of the livestock population is smallholders and pastoralist in developing tropical
countries of Asia and Africa. Their environment is characterized by hot and humid,
hot and dry, high and low altitude, scarce water and feed resources, high disease
incidence (Solkner et al. 1998). These animals are not well characterized but have
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ability to deliver different kind of the products. They have immense range of
biodiversity. Conservation and breeding for high production have conflicting
interest, oriented toward market demand least caring for conservation of biodi-
versity. Most livestock keepers cannot afford and are not willing to safeguard
animal biodiversity without appropriate incentives (FAO 2009; LPP et al. 2010).
Many European countries have established the mechanism for supporting con-
servation activities (Hoffmann and Scherf 2010). Most countries pay breeders of
breeds at risk incentive, if breeders are a member of the relevant breed society and
follow approved breeding programs. The United Kingdom provides support to
breeders for grazing animals (Small and Hosking 2010). Other than monetary
benefit, emphasize should be given for the recognition of the breeders’ contribu-
tion to breed conservation by society (Hiemstra et al. 2010). Promoting marketing
and extra price to products derived from local breeds offer important opportunities
to promote conservation (LPP et al. 2010).

Fundamentals of breeding system to mitigate changing environment will
remain same but we need to shift our priorities. Being genetically diversified,
adapted to environment, resilient to disease and temperature gradient local breeds
may be favored for breeding. Along with the high production of animals produce
we should make sure that it is sustainable for food security and livelihood. Except
some high producing breeds of animal others are either poorly characterized or not
characterized at all. Characterization of animal resources is the need of the hour.
Before going for major change in policy to mitigate climatic change there is need
of extensive study of interaction among drivers of changes of climate and live-
stock. Model of study to asses the climate change will be more effective once it is
done in composite manner, considering not only livestock but also all related
factors which affect it directly or indirectly. In coming future there will be need to
consider several new traits like FCR, disease resistance, resilient to heat; then only
selection of animal for sustainable production will be fruitful.

13.3.4 GxE Interaction

The property of the organisms to develop systematically different phenotypes in
different environments is called phenotypic plasticity (de Jong and Bijma 2002)
which is obviously a genetic phenomenon revealed phenotypically through local
and global expression of genotypes. A variation in plasticity between different
genotypes exists when the difference in phenotypic value between animals among
different environments is not constant. This variation in phenotypic plasticity
between genotypes results in the GxE (Strandberg 2006). Statistically GxE
interaction can be put like the interaction of the genotype and environment is
greater than the sum of the individual parts, which means they are not additive.
Biologically we know that environment controls the expression of the genes in the
living system, which may be up-regulated or down-regulated depending on the
need of the expression of the genotype. In GxE interactions, the trait is partly
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influenced by different genes in different environments indicating the biased
expression patterns of the genes to varying environment. Weak GxE interactions
result in non-identical differences between animals’ breeding values whereas,
strong GxE interactions result in significant re-ranking of animals’ breeding values
in the differing environments (Wallenbeck et al. 2009). Strong GxE interactions
result in large over-prediction of economic outputs if these interactions are not
accounted for in the breeding program (Dominik and Kinghorn 2008). Due to
the varying magnitude of phenotypic change between environments there is a
re-ranking of individuals for trait expression and, consequently, selection for
superior performance in one environment will not necessarily result in enhanced
performance under other sets of environmental conditions (Falconer and Mackay
1996). In a situation where GxE interactions result in re-ranking of animals in the
genetic evaluation system, then consequences can be grave if animals are used in
totally different environment. We can also plan the breeding strategy based on the
estimate of genetic correlations between two environments for a trait. Robertson
(1959) suggested that genetic correlations of less than 0.8 were indicative of a
significant GxE. More recently, Smith and Banos (1991) and Mulder and Bijma
(2006) investigated GxE interactions in dairy cattle populations and determined
that if genetic correlations between environments are greater than 0.8–0.9, genetic
gain can be increased by selection across environments.

Here we review few experiments where GxE interaction has been studied for
different livestock species to have an insight into what exactly it means. Existence of
the GxE interaction during the fattening period for tropical Creole beef cattle was
confirmed (Vallee 2007). The fattening study in two different environments,
intensive and pasture feeding regime have shown that the performance of individ-
uals change with the environmental conditions which also resulted in re-ranking of
individuals with varying estimates of heritability. Other studies (Menendez Buxa-
dera and Mandonnet, 2006; Ceron-Munoz et al. 2004) also proved the importance of
the GxE interaction in the tropics. In another experiment, Wallenbeck et al. (2009)
evaluated GxE for growth rate and carcass leanness in organic and conventional pig
production environments. They reported weak GxE for both growth rate and carcass
leanness in organic and conventional pig production environments, and some
re-ranking of boars’ breeding values between environments. In situations where
there are weak GxE interactions in organic and conventional production systems,
Boelling et al. (2003) argued that it is possible to combine data from both systems
and operate a shared breeding program. If there are strong GxE interactions,
information from one system would be of little value in connection with the other
and separate breeding programs should be preferred (Wallenbeck 2009). Intensive
production system has always favored the layer and broiler industry. Genotype x
environment interactions have been detected for egg production in layer hens and
body weight traits in broiler chickens (Mathur and Horst 1994; Settar et al. 1999).
In an experiment in turkeys (Meleagris gallopavo) by Case et al. (2010), GxE
interaction was studied for egg production. Study indicated that seasonal environ-
mental influences affect egg production, fertility, and hatchability phenotypes to a
different extent suggesting a GxE, which was supported by the genetic correlation
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below 1.0 for each trait expressed in different seasons. Case et al. (2010), therefore,
concluded that the egg production, fertility, and hatchability in turkeys could be
considered as 2 distinct traits based on season of lay.

The GxE interaction becomes all the more important because of the global-
ization of breeding program with increased trade in frozen semen and embryos.
The INTERBULL system evaluates bulls of six major dairy cattle breeds, viz.
Ayrshire, Brown Swiss, Guernsey, Holstein, Jersey, and Simmental, on an inter-
national basis wherein 30 countries of 4 different continents are included in the
program representing different production system, for example model specialized
grazing conditions are represented by New Zealand whereas Australia and South
Africa represent the tropical parts of the world. Since the daughters of the same
bulls are spread over many a countries and environments, it becomes possible to
estimate the genetic correlations of the performances. This takes care of the GxE
interactions that exist between varying production system of different regions
while estimating the breeding values of the bulls. The program has subsequently
been expanded to include calving traits, fertility, and longevity and mastitis
resistance as components to production and conformation traits. Applying GxE
correlations, this program has so far been successful in selecting bulls according to
breeding objectives of each region and country which in turn has assured the
maintenance of larger genetic diversity.

The coming era for the animal husbandry will see lot of challenges. Changing
climate and therefore changing resources will bring altogether new set of problems
for the livestock and livestock keepers to tackle. The genes which are favorable to
individuals today may not be of much importance to the animals for tomorrow, and
therefore importance of plasticity of the genome will be important. Genotype
and environment interaction have a lot to display in the near future for animal
husbandry practices.

13.4 Animal Breeding Goals for Sustainable Systems

Our oldest domesticated animals are still capable of rapid improvement or modification
(Darwin, Origin of the species 1859)

An increase in the world population will emphasize an increase in production
and productivity per hectare and higher efficiency per unit of product. Regional
increases in human welfare will emphasize the need for producing products of high
quality, according to local cultural/social requirements (e.g. meat quality). Torp
Donner and Juga (1997) reviewed studies suggesting that under current low and
intermediate production levels, increased yields and efficiency will be more
environmentally sustainable than extensive goals. However, very intense pro-
duction systems relying on fossil fuels involved in production and transportation
carry with them some ecological and economical risks (Heitschmidt et al. 1996).
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This illustrates the need for whole-system analysis when considering sustainability
in animal breeding. An overall definition of sustainable animal breeding is

the extent to which animal breeding and reproduction, as managed by professional or-
ganisations, contribute to the maintenance and good care of AnGR for future generations
(Gamborg and Sandøe 2005).

Francis and Callaway (1993) summarized the elements of sustainability:

Table 13.1 Probable characteristics of future agricultural systems and potential animal breeding
strategies

Characteristic of development Animal breeding strategy

Technical and ecological aspects
Increased human food requirement

(larger population and more welfare)
Increase production and productivity; higher

efficiency per unit product; increased intake and
utilization of non-human-food components;
improve product quality

Higher energy and nutrient costs;
more use of marginal land

Improve utilization of local feeds; reduce costs by
improved health, fertility, and other functional
traits; increase intake of (bulky) roughage, and
adaptation to low-energy-input systems

Diversification in systems adapted to
specific locations and conditions

Reduce environmental sensitivity of animals
(increased robustness and capacity of
adaptation); diversification of breeding goals

Regulations on compounds such as
nitrate and phosphate

Increase biological efficiency in broader terms (not
only energy, but also protein and minerals/
elements)

Reduced use of chemical medications Improve genetic disease resistance in general and
tolerance to particular infections and parasites

Genetic and biotechnology methods Introduce more risk-averse strategies after high-
level ethical considerations; aim at low
inbreeding and maintaining genetic diversity

Cultural/social and personal aspects
Concerns about animal welfare Improve tolerance to metabolic stress; improve

health, fertility, and longevity; improve/maintain
adaptation to improved management systems
(e.g. floor systems for hens).

Use of intellectual property rights Alliances and cooperation; competitive associations
Increased concern about animal-

mediated human diseases
Improve genetic disease resistance in general and

tolerance to particular infections and parasites
Privatization of breeding companies,

international trade, increased
competition

Alliances and co-operation; competitive
associations with local or market-oriented and
diverse breeding goals, including cultural/social
aspects and recognition of personal preferences

Concerns about loss of historical,
cultural breeds, and genetic diversity

Develop conservation programs for breeds not under
selection (in situ and ex situ); maintain or
increase effective population sizes of active
breeding populations, and aim for broad
breeding goals

Source Olesen et al. (2000)
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1) Resource efficiency: most efficient possible use of non-renewable resources
and, whenever possible, substituting local renewable resources for those
imported from outside the farm;

2) Profitability: economically profitable in both the short and the long term;
3) Productivity: maintaining and enhancing the productivity of all basic resources

rather than destroying or degrading them;
4) Environmental soundness: minimal negative impact both on the farm and

beyond the farm borders;
5) Social viability: equitable systems favoring owner/operator farms, contributing

to viable rural economy, infrastructure, and community, supporting and inte-
grating with overall society.

Key words characterizing sustainable animal breeding are product quality,
genetic diversity, efficiency, environment, and animal health and welfare. We need
animals that can contribute to optimizing the system. Where land is restricted, we
should rather focus on animals that can contribute to increase the farms’ pro-
duction per hectare rather than focusing on increased production per animal.
Breeding objectives should be concerned with the individual producer’s interest
because the producer’s primary reason for buying certain breeding stock at a
certain price will be based on an assessment of how the animals will contribute to
the efficiency of a farm (Harris 1970). For example, in temperate zones, breeding
objectives for intensive milk production have, therefore, been developed for
producers rather than for national programs; hence, emphasis is put on profit
maximization (Pearson 1986). The socio-economic (market) attitude of the deci-
sion maker influences the perspective (ontology and epistemology) to be consid-
ered and is, therefore, crucial in defining the breeding goal. A common interest for
the society as a whole may not be a sufficient incentive for an individual farmer
making breeding decisions (Brascamp et al. 1998).

Olesen et al. (2000) listed probable characteristics of future agricultural systems
relevant to animal breeding. These are given together with potential animal
breeding strategies in Table 13.1. In order to promote breeding goals based on a
holistic, long-term perspective, including many of the characteristics of
Table 13.1, additional governmental policies are required. Legislation (as the
environmental legislation in Western Europe), taxes, and user charges may con-
tribute to such incentives for the individual farmer, especially when, for example,
the environmental costs are not captured in the marketplace (Goodland and Daly

Table 13.2 Important traits to include in a breeding goal according to the constraints on feed
resources and environmental stress of the production system

Environmental stress Constrained feed resources Unconstrained feed resources

High Adaptability Adaptability
Feed efficiency Productivity

Low Feed efficiency Productivity
Product quality Product quality

Source Amer et al. (1998)
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1996). Naylor et al. (1998) also stressed the need for incentives through regulation,
pollution taxes, or reduction of financial subsidies to improve the efficiency and
reduce the environmental impacts of shrimp and salmon farming.

A clear understanding of farmers’ perceptions of traits related to animal
adaptation to extreme environments is crucial for the design of breeding strategies
for climate change adaptation for pastoral communities. Many of the potential
animal breeding strategies mentioned (Table 13.1) refer to a broader definition of
breeding goals, not aiming at higher production levels per animal only, but bal-
ancing higher productivity with improved functional traits such as health, fertility,
and feed intake capacity.

13.4.1 Breeding Goal According to the Constraints on Feed
Resources and Environmental Stress of the Production
System

Genetic improvement is a biological and technological development. The essence
of these developments is to improve the efficiency of a production system, saving
inputs of production factors per unit product and a change toward the use of
cheaper production factors. Saved production factors can either be used in the
system where they are saved (and thus expand product output of this system) or
can be transferred to another system (e.g. via the market) (Willer 1967). Different
constraints on the production system give rise to alternative uses and, therefore,
alternative values of saved production factors. Therefore, breeding for high-input
systems in only the western and industrialized world is not sufficient, nor is it
culturally and socially acceptable simply to transfer such high-input systems to
developing countries together with the breeding stock. Table 13.2 summarizes
important traits that should be emphasized in a breeding goal according to the
environmental stress and feed constraints of the production system. When the feed
resources are constrained, feed efficiency traits become more important, whereas
adaptation and functional traits are more critical for systems with high environ-
mental stress. Again, adaptation to local natural and social conditions is important.
With fewer constrained feed resources and low environmental stress, product
quality becomes more important.

13.4.2 Community-Based Breeding: A New Approach
to Genetic Improvement

One such approach that has recently stimulated global interest is a community-
based breeding strategy. Indigenous livestock management practices through
social and rational breeding mechanisms contributed to breed adaptation to harsh
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environments. Pastoral communities have clear-cut breeding objectives which are
multi-faceted, and include the animal’s ability to survive in harsh environments.
In such situations farmer’s participation become beneficial while preparing any
breeding project. These programs take into account, from inception, the farmers’
decisions and participation which are determinant for their success. These include
proper consideration of farmers’ breeding objectives, infrastructure, participation,
and ownership (Sölkner et al. 1998). Designing a community-based breeding
program is much more than genetic theories and increased productivity. It is a
matter of infrastructure, community development and an opportunity for improved
livelihood of livestock owners through better animals and markets for their
products.

13.4.3 Global Approach of Adaptive Traits
for Harsh Environment

To address the undesirable effect of environmental stressors, the most productive
and adapted animals for each environment need to be identified for breeding
purposes. This in turn will ensure increased food production without further
expansion of animal numbers with subsequent effect of land degradation
(Philipsson et al. 2006). However, increasing productivity including fitness and
adaptive traits with minimized environmental impact and maintaining diversity
at the same time is not an easy task. Bridging socio-economic demands, often
with limiting resources in low-input production system additionally need to
consider sustainability issue and maintaining genetic diversity. It has been
estimated that 50% of the total genetic variation is accounted for by variation
among breeds within species (Hammond 1994). With each livestock species
generally performing particular functions, focus of conservation of AnGR has to
be within species (Rege and Gibson 2003). It is to be remembered that con-
servation of AnGR is not justified for the sake of biological resources only, but
to contribute to human livelihoods. As it has been normally observed that the
breeding programs in the hands of farmers’ cooperative, often with governmental
support, have been successful for most of the livestock species throughout the
world (Ahuya et al. 2004). Continuity of this success trend as well as their
participation can be ensured provided the breeding program is flexible,
integrated, simple, and reliable. The principle of ‘KISS’ (keep it simple to be
sustainable) has been emphasized by Philipsson et al. (2006). Since there is a
natural stratification of livestock breeds by climatic zones, strategy shall be to
identify a suitable breed from the available indigenous breeds for which popu-
lation structure, detailed phenotypic descriptions, and relationship between the
breeds must be known. It has also been observed that improving indigenous
breeds and progressively substituting the breed with another indigenous breed as
the strategies for genetic improvement of cattle in the tropics have largely been
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ignored (Payne and Hodges 1997; Philipsson et al. 2006). In addition, the
additive genetic variation which seems to be large within the indigenous breeds
has not been exploited optimally.

As has been discussed earlier, whether to select animals for important traits
e.g. production, reproduction along with adaptive traits in harsh environment, is
debatable. It is evident that physiological adaptability is expressed in performance,
hence the question arises whether selection of animal on the basis of performance
in given environment (stressors) alone will be sufficient or not. Favorable corre-
lation suggests that if we place major importance on performance traits (e.g.
reproduction, growth etc.) in stressful environments, adaptability traits would not
be compromised (Burrow et al. 1991) and will lead selection of most favorable
animals (McDowell 1972; Turner 1984). Addition of adaptive traits as such might
not be that rewarding because firstly, estimates of heritability of adaptability traits
in most of the population is not available; secondly, since genetic correlation
between adaptive and productive traits is normally not very high, genetic progress
for individual traits may slow down with inclusion of additional traits. Analysis of
the history of breeding schemes of developing countries suggests that the breeding
schemes shall be kept as simple as possible avoiding complicated selection criteria
(Kosgey et al. 2006).

13.4.3.1 Breeding for Climate Change Adaptation and Mitigation

The IPCC has defined ‘‘Adaptation’’ as ‘‘initiatives and measures to reduce the
vulnerability of natural and human systems against actual or expected climate
change effects’’. There are many ways in which producers can adapt to climate
change.

Breeders can follow two alternative strategies: adapt the environment to the
need of the animals as is the case in industrial animal production systems or keep
animals that are adapted to the respective environment as is the case in low-input
smallholder and pastoral systems.

Although the direct effects of climate change on the animals are likely to be
small as long as temperature increases do not exceed 3�C (Easterling et al. 2007),
projections suggest that further selection for breeds with effective thermoregula-
tory control will be needed. This calls for the inclusion of traits associated with
thermal tolerance in breeding indices, and more consideration of GxE to identify
animals most adapted to specific conditions. Breeding for climate change adap-
tation will not be fundamentally different from existing breeding programs;
however, the problems related to measuring the phenotypes relevant to adaptation
have to be overcome. In the past decade, breeding goals in many commercial
breeding programs have broadened through changes in selection indices and aim to
improve production, longevity, and functional traits simultaneously—for example
in dairy cattle, pigs, and layer chickens (Wall et al. 2008). As a result, correlations
between breeding values with broader indexes that include functional traits are
lower than those with production traits only (Mulder et al. 2006).

13 Genetic Adaptability of Livestock to Environmental Stresses 351



Correlations between the performances of genotypes in different environments
are less than unity because of GxE, differences in trait definitions, and differences in
data collection and analysis procedures (Zwald et al. 2003). Such correlations
between breeding values are lower in high temperature countries suggesting that heat
stress plays an important role in GxE (Zwald et al. 2003). Biologically important GxE
is assumed if the correlations between the performance of the same genotype in
different environments are below 0.8 (Robertson 1959). A single breeding program
with progeny testing of sires in different environments and applying index selection
to simultaneously improve performance in those environments is recommended for
genetic correlations between environments higher than 0.6. At lower genetic cor-
relations between environments, environment-specific breeding programs are nec-
essary to breed for special adaptability (Mulder et al. 2006).

Heat Tolerance

While substantial differences in thermal tolerance lie between species, there are
also differences between breeds of a species. Ruminants generally have a higher
degree of thermal tolerance than monogastric species.

Finocchiaro et al. (2005) proposed the use of heat-resistant individuals in a
sheep breeding program as a main strategy to improve animal welfare and pro-
ductivity in hot climates. Various physiological and blood parameters differ
between local and exotic cattle breeds in Brazil (McManus et al. 2008). Collier
et al. (2008) suggested that there is some opportunity to improve heat tolerance
through manipulation of genetic mechanisms at cellular level. Selection for heat
tolerance in high-output breeds based on rectal temperature measurements and
inclusion of a THI in genetic evaluation models are promising. Different param-
eters, such as THI or dry bulb temperature measurements, are used as indicators
for heat stress (Finocchiaro et al. 2005; Bohmanova et al. 2007; Dikmen and
Hansen 2009). Different THI definitions were found prefable in the US, depending
on the extent of natural and artificial evaporative cooling (Freitas et al. 2006;
Bohmanova et al. 2007). The genetic variance due to heat stress was substantial at
high THI (Ravagnolo and Misztal 2002).

However, in the dairy sector it may be difficult to combine the traits desirable for
adaptation to high temperature environments with high production potential
because there seem to be different physiological and metabolic processes control-
ling heat tolerance and milk yield on one hand, and heat tolerance and reproductive
performance on the other (Ravagnolo and Misztal 2002). In beef cattle, the genetic
antagonisms between adaptation to high temperature environments with high pro-
duction potential seem to be more limited than in dairy, and improved character-
ization of adaptive traits, use of reproductive technologies and molecular markers,
and strategic crossbreeding are being incorporated into programs, for example in the
Australian Beef Cooperative Research Centre (Prayaga et al. 2006).
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Productivity and Feed Efficiency

Increasing productivity is a condition sine qua non for all production systems
because of the need to make efficient use of the available inputs and to reduce the
livestock sector’s environmental footprint. In addition to selection for increased
production per se, any selection that reduces mortality and increases early matu-
rity, fertility, and longevity tends to contribute to reducing greenhouse gas (GHG)
emissions per unit of output (Hoffmann 2010). Breeding for high performance and
improved FCR, and reduced mortality due to better hygienic management, have
significantly reduced the amount of feed (and land needed to produce this feed) per
unit of product—more in monogastrics and in dairy cattle than in beef cattle, or
sheep (Flock and Preisinger 2002; Capper et al. 2009). Jones et al. (2008)
investigated the role of genetic improvement in a Life-Cycle-Analysis model in
the UK and found that the annual reduction in GHG emission ranged from 0.8% in
pigs and dairy cattle to 1.2 and 1.3% in broilers and layers, respectively. The
largest contributions in broilers came from improved FCR, and in pigs from
improvements to growth rate and fertility. Genetic gain in milk performance has
considerably reduced the environmental impact of diary production in the USA
(Capper et al. 2009). Future options for selection in ruminants lie in the host
components of rumen function, in post-absorption nutrient utilization and in dis-
ease resistance. In pigs and poultry, the genetic variation in digestion parameters
can be exploited (Warkup 2007). In addition to potential for fertility improvements
in ruminants, for example decreasing the age of first-calving in zebuine cattle,
there is sufficient genetic variability in feed intake, independent of liveweight and
daily gain (Flachowsky and Brade 2007) to permit selection for this trait.
Assuming that future dairy systems may become more reliant on pasture than grain
feeding, Hayes et al. (2009) proposed to select sires whose daughters will cope
better with low feeding levels and higher heat stress. They identified markers
associated with sensitivity of milk production to feeding level and THI in Jersey
and Holstein. Because feed-efficient animals are also more cost-effective and
productive, the Australian beef industry now includes net feed efficiency as an
integral part of its breeding program (Beef CRC 2008). Alford et al. (2006) cal-
culated that CH4 could be reduced by up to 16% in 25 years if residual feed intake
(RFI) were included in beef selection programs. Initial costs to identify individuals
with low RFI are however, high, particularly in grazing animals (Arthur et al.
2004). Because of the above-mentioned differences in feed quality, productivity
improvements in pasture-fed ruminants in the tropics will result in higher relative
CH4 reductions than in ruminants grazing more digestible temperate pastures
(McCrabb and Hunter 1999). Possible synergies between plant and animal
breeding need to be better developed (FAO 2008).
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Disease Resistance

Experiments in domestic species have shown that there are often genetic differ-
ences in response to disease challenge (Bishop et al. 2002). Some of this variation
is caused by single genes and some by multiple genes each with small effect. There
is potential for genetic improvement of disease resistance, and various commercial
breeding programs already include resistance against helminthosis, ticks, mastitis,
E. coli, or scrapie. FAO (2007a, b) lists breeds, mainly from developing countries,
that are reported to be resistant or tolerant to trypanosomiasis, tick burden, tick-
borne diseases, internal parasites, dermatophilosis, or foot rot (59 cattle breeds,
33 sheep breeds, 6 goat breeds, 5 horse breeds, and 4 buffalo breeds). Again, many
of these reports are based on anecdotal evidence rather than scientific studies, and
the underlying physiological and genetic mechanisms are not well understood.
Various studies have been undertaken to map genes (e.g. Regitano et al. 2008) and
study gene expression (e.g. Berthier et al. 2008) in relation to these diseases, but
no reports verifying causal mutations have been produced.

Extensive research on the genetics and breeding for worm resistance has been
carried out in Australia, New Zealand, South Africa (de Greef 2009), and also in
India (Singh et al. 2009). Tick counts, fecal worm egg counts (FEC), rectal
temperatures, and coat scores have been used as indicator traits of adaptability of
beef cattle to assess the suitability of particular genotypes to tropical environment.
Singh et al. (2009) evaluated Avikalin (Rambouillet x Malpura) breed for fecal egg
count at naive and exposed stage of natural infection (predominantly Haemonchus
contortus) and two divergent lines were created by selecting progenies from sires
with low (R line) and high (S line) mean fecal egg count (FEC). The performance
of selected animals from both the lines was compared over the years and no
untoward effects on different performance traits were observed. Breeding for
disease resistance depends very much on the type of disease and the hosts’
resistance or tolerance mechanisms, the availability and costs of alternative
treatment (e.g. vaccines, drugs) and antimicrobial resistance of pathogens. In any
case, the importance of molecular markers and marker-assisted selection in such
breeding programs will increase (Bishop et al. 2002; Prayaga et al. 2006).

Studies in sheep to detect quantitative trait loci (QTL) for nematode resistance
or detect associations with candidate genes are now well advanced in NewZealand,
Australia, Kenya, US, and Europe (UK, France, Italy, and Spain) although results
are not readily available in the public domain (Bishop and Morris 2007) and much
success has not been achieved in this area (e.g. Marshall et al. 2009). Several
studies have also looked at associations between specific genes or markers and
FEC. Coltman et al. (2001) found significant associations with a microsatellite
within the interferon gamma gene in feral sheep, and various associations with
microsatellites in or near the major histocompatibility complex (MHC) have been
observed (Schwaiger et al. 1995; Janssen et al. 2002).

In many a studies, somatic cell count (SCC) has been used as a marker to select
for increased resistance to mastitis though recent estimates of heritability for SCC
are found to be generally low ranging from 0.1 to 0.2 (Legarra and Ugarte 2005;
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Bishop and Morris 2007). The review by Mrode and Swanson (1996) summarized
many genetic estimates, concluding that the heritability of mastitis incidence in
dairy cattle is low (*0.04), as also is the heritability of SCC (0.11 ± 0.04), but the
genetic correlation between the two is high at *0.70. Attention is now turning to
the mapping of QTL for SCC in dairy ewes, in both experimental crosses and
commercial breeding programs, as described by Barillet et al. (2005).

Trypano-tolerant N’Dama cattle respond more rapidly and with a greater
magnitude to infection compared to the trypano-susceptible Boran cattle. Gorman
et al. (2009) showed major gene expression differences exist between cattle from
trypano-tolerant and trypano-susceptible breeds. Using bovine long oligonucleo-
tide microarrays and real-time quantitative reverse transcription PCR (qRT-PCR)
validation, they analyzed peripheral blood mononuclear cells (PBMC) gene
expression in naive trypanotolerant and trypanosusceptible cattle experimentally
challenged with Trypanosoma congolense across a 34 day infection time course.
Trypanotolerant N’Dama cattle displayed a rapid and distinct transcriptional
response to infection, with a 10-fold higher number of genes differentially
expressed at day 14 post-infection compared to trypano-susceptible Boran cattle.

Resource Allocation Theory

The resource allocation theory argues that under selection within a particular
environment, the resources used by the animal are optimally distributed between
the important traits for breeding and production within that environment (Beil-
harz et al. 1993). This implies that any additional selection mediated increase in
performance of a production-related trait, without a concurrent increase in
resources, must lead to decline in other traits due to a re-allocation of resources.
The decrease in these traits is proportional to the heritability of the ‘‘allocation
factor’’, defined as the proportion of resources devoted to production vs. fitness
(Van der Waaij et al. 2004).

13.4.4 Genes Involved in Stress

13.4.4.1 Heat Shock Factors

A transcription factor family known as the heat shock factors (HSF) has been
implicated as important first responders during the onset of elevated cell tem-
perature (Page et al. 2006). They regulate HSP expression through interaction with
a specific DNA sequence in the promoter—the heat shock element (HSE). The
HSE is a stretch of DNA located in the promoter region of susceptible genes
containing multiple sequential copies (adjacent and inverse) of the consensus
pentanucleotide sequence 50-nGAAn-30 (Morimoto 1998) and has been found in
both HSPs and in a number of other genes. These transcription factors coordinate
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the cellular response to thermal stress and affect expression of a wide variety of
genes including HSPs (Akerfelt et al. 2007). Three HSFs have been identified in
mammalian systems: HSF-1, HSF-2, and HSF-4 (Morimoto 1998). A fourth HSF,
HSF-3, is present in avian species but not in humans. The HSF1 gene has been
mapped to chromosome 14 in cattle (Winter et al. 2007). HSF-1 is involved in the
acute response to heat shock; after activation by thermal stress, HSF-1 is found
primarily in the nucleus in trimeric form, concentrated (in human cell lines) in
granules (Sarge et al. 1993). It is this activated trimeric form of HSF-1 that binds
to the HSE and is involved in increased HSP gene transcription during heat stress
(Sarge et al. 1993), hence primarily responsible for inducing HSP gene expression
during hyperthermia (Pirkkala et al. 2001).

13.4.4.2 Heat Shock Proteins

HSPs were originally identified as proteins whose expression was markedly
increased by heat shock (Lindquist 1986). Several HSPs are expressed even in
unstressed cells and play important functions in normal cell physiology. Although
the intensity and duration of the heat stimulus needed to induce HSP expression
vary considerably from tissue to tissue, a typical in vitro exposure involves heating
mammalian cells to 42–45�C for 20–60 min and then reverting them to normo-
thermic temperatures (37�C). The HSPs are traditionally classified by molecular
weight. As proteins, HSPs possess three principal biochemical activities. The first
activity is chaperonin activity (Georgopoulos and Welch 1993). HSPs with this
function help prevent misaggregation of denatured proteins and assist the refolding
of denatured proteins back into native conformations. The prototypical chaperonin
HSPs are the members of the HSP40, HSP60, HSP70, and HSP90 families of
proteins. The second activity is regulation of cellular redox state, of which the best
example is HSP32, better known as heme oxygenase-1 (HO-1) (Otterbein and
Choi 2000). The third principal biochemical activity of HSPs is regulation of
protein turnover (Parsell and Lindquist 1993). An example is ubiquitin, which is
expressed in unstressed cells, up-regulated by heat shock, and that serves as a
molecular tag to mark proteins for degradation by proteasomes.

A study conducted by Basiricò et al. (2011) was aimed to investigate the
association between inducible Hsp70.1 SNPs and heat shock response of PBMC in
dairy cows. Results indicated that the presence of SNPs (C/- and G/T) in the
5’-UTR region of inducible Hsp70.1 ameliorates heat shock response and toler-
ance to heat of bovine PBMC. These mutation sites may be useful as molecular
genetic markers to assist selection for heat tolerance.

13.4.4.3 Halothane Gene in Pigs

The porcine stress syndrome (PSS) gene is found to cause malignant hyper-
thermia (heat shock) when pigs are exposed to environmental stressors. This
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gene is commonly referred to as the halothane gene because the PSS condition
can be triggered by exposing pigs to the anesthetic, halothane gas. The PSS
condition is an inherited disorder in swine. Inheritance of the PSS gene is at a
single locus and there are two alleles, one dominant (N) and one recessive (n).
Swine inheriting the n allele are more sensitive to stress. The nn pigs are
known as stress susceptible and typically produce PSE meat, whereas NN ones
produce lesser (Monin et al. 1999). PSE meat is characterized by its pale color,
lack of firmness, fluid (exudates) dripping from its cut surfaces and denaturing
of muscular proteins (Franck et al. 2003). The nn pigs also develop malignant
hyperthermia which is a muscle disease characterized by an abnormal response
to stress, exercise, and anesthetics (Klip et al. 1986; Monin et al. 1999).
In most purebred pedigrees this trait is selected against and not allowed in
the breed.

Khazzaka et al. (2006) highlighted the relationship between HAL genotypes,
Hsp70, and Ca2+ responses to a heat stress. HAL genotypes significantly affected
the Hsp70 induction after HS. The concentration of Hsp70 increased significantly
in NN pigs’ blood, 2 h after the heat stress start whereas this significant increase
occurs from 1 h after the stress induction starts in Nn ones. The Hsp70
expression in nn animals did not differ significantly from the basal concentration
after heat stress. Normal (NN) and heterozygote (Nn) had increased levels of
Hsp70 in blood after heat stress indicated that the presence of one allele N
probably plays a role in promoting cell survival in response to stressful
conditions.

13.4.4.4 Slick Hair Gene in Cattle

Evidence was found that supports the existence of a major gene (designated as the
slick hair gene), dominant in mode of inheritance, that is responsible for producing
a very short, sleek hair coat (Olson et al. 2003). Cattle with slick hair were
observed to maintain lower RTs. The gene is found in Senepol cattle and Criollo
(Spanish origin) breeds in Central and South America. This gene is also found in a
Venezuelan composite breed, the Carora, formed from the Brown Swiss and
a Venezuelan Criollo breed. Data from Carora 9 Holstein crossbred cows in
Venezuela also support the concept of a major gene that is responsible for the slick
hair coat of the Carora breed. The effect of the slick hair gene on RT depended on
the degree of heat stress and appeared to be affected by age and/or lactation status.
The decreased RT observed for slick-haired crossbred calves compared to normal-
haired contemporaries ranged from 0.18 to 0.4�C.

13.4.4.5 Nramp1 Gene

Natural resistance associated macrophage protein 1 (Nramp1, previously known as
Lsh/Ity/Bcg gene) has been identified as a major gene in many species (Vidal et al.
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1993). Nramp1 gene is expressed in late endosomes of macrophages. Functional
studies have revealed that Nramp1 regulates antimicrobial activity of macrophages
(Barton et al. 1995). In mouse, a point mutation in the coding region of the gene
Nramp1 causes a single amino acid change from Gly to Asp at position 169 resulting
in a susceptibility phenotype of mice in the early phases of infection with S. enterica
serovar Typhimurium, Leishmania donovani, or various species of Mycobacterium
(Vidal et al. 1995). Recently (GT)n microsatellite polymorphism at 30-UTR in
Nramp1 has been found to be associated with resistance/susceptibility to Brucella
abortus (Adams and Templeton 1998; Barthel et al. 2001), Salmonella, Paratuber-
culosis (Pinedo et al. 2009) infection in cattle and buffalo (Ganguly et al. 2008).

13.4.4.6 Other Genes

The number of reported genes involved in the cell stress response to heat is rapidly
increasing, as more is learned about the cellular processes affected by HS and
those that interact with HSPs. Additionally, gene chip arrays, which allow
researchers the ability to investigate the expression of thousands of sequences
simultaneously, are likely to substantially increase the number of genes known to
be involved in the cellular response to HS. Several gene chip array experiments
have been performed that specifically examined the role of HS on gene expression.
An experiment reported in 1996 (Schena et al. 1996) used an array containing
1,000 genes to examine changes in gene expression in human T cells and dem-
onstrated the feasibility of using this technology to identify new candidate heat
responsive genes. Approximately 50 genes not traditionally considered to be HSPs
have been found by Sonna et al. (2002) to undergo changes in expression in
response to heat stress. Several genes with well established physiological functions
have been reported to be induced by cold stress. Two genes likely to play
important roles in cell physiology during cold exposure are cell cycle proteins p53
and p21, which are induced by exposure to temperatures that produce cell cycle
arrest (Matijasevic et al. 1998; Ohnishi et al. 1998). Importantly, p53 appears to
play an integral role in the cold-induced cell cycle arrest, as cells lacking a wild-
type p53 gene escape this arrest both in human fibroblasts (Matijasevic et al. 1998)
and in glioblastoma cell lines (Ohnishi et al. 1998).

Liu et al. (2010) examined the genetic polymorphism of the ATP1A1 gene in
160 Holstein cows using strength single-strand conformation polymorphism and
DNA sequencing methods. G to A at position 14,103 in exon 14 and C to T at
position 14,242 in intron 14 of the bovine ATP1A1 gene were identified having a
significant correlation between ATP1A1 gene polymorphism and the coefficient of
heat tolerance (P \ 0.01) and with respiratory rate (P \ 0.01). Genotype AC was
the most favorable genotype for heat tolerance.

In poultry there are several genes that affect heat tolerance. Some genes, such as
the dominant gene for naked neck (Na), affect the trait directly by reducing feather
cover, while others, such as the sex-linked recessive gene for dwarfism (dw),
reduce body size and thereby reduce metabolic heat output. The frizzle (F) gene
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may be useful in stocks that have to perform under hot humid conditions. This
gene reduces the insulating properties of the feather cover (reduced feather weight)
and make it easier for the bird to radiate heat from the body.

13.4.4.7 QTL for Stress

A QTL is a genomic region that is associated with or modulates the variation in a
measurable phenotype (Williams et al. 1998). A QTL analysis is an invaluable tool for
examining the genetic bases for quantifiable and complex phenotypic measures.
In understanding genetic variation associated with complex phenotypes, it is believed
that a multitude of genetic loci where each share a relatively small modulation of such
traits (Lande 1981) are involved with some of these loci expected to have a more
substantial effect on observed phenotypes (Lai et al. 1994). In particular, certain QTLs
may account for a comparatively large portion of the variance in different complex
traits, which could be analyzed by studying the pattern derived when separating
alleles from opposing spectrums at a major QTL (Williams et al. 1998).

13.4.4.8 Stress and Anxiety QTL

Numerous studies have performed QTL analyses to investigate genomic regions
that may be associated with stress and anxiety phenotypes. As stress and anxiety
are complex phenomena, researchers have examined various behavioral and
physiological measures of stress and anxiety using mouse or rodent models. When
examining the genetic basis of stress and anxiety using QTL analyses, numerous
researchers consistently found significant QTLs on Chromosme 1, 4, and 15.
Significant loci on Chromosome 15 have been shown to influence anxiety-related
behaviors (Flint et al. 1995; Turri et al. 2001), emotionality (Flint 2002), and
restraint stress (Tarricone et al. 1995), as well as avoidance behavior (Turri et al.
2001), suppression of activity in anxiogenic or threatening environments (Flint
2001; Henderson et al. 2004), stress-induced hyperthermia (Thifault et al. 2008),
and acoustic startle response (Joober et al. 2002). With regard to significant QTLs
on Chromosome 4, significant association have been found to influence stress
responsiveness, including corticosterone levels 7 h after EtOH administration
(Roberts et al. 1995), stress-induced hypothermia (Thifault et al. 2008), and tail-
suspension test induced hyperthermia (Liu et al. 2007).

Many studies have found significant QTLs on Chromosome 5 associated with
stress and anxiety-related phenotypes, including restraint stress open field rearings
(Tarricone et al. 1995), corticosterone levels 1 and 7 h following EtOH admin-
istration (Roberts et al. 1995). In addition, a study by Dai et al. (2009) revealed
that the GABAA receptor a2 (Gabra2) gene on Chromosome 5 plays a critical role
in the stress response.

Collier et al. (2006) evaluated the effects of thermal stress on mammary
development and gene expression by microarray technique using a bovine
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mammary epithelial cell collagen gel culture system. Acute thermal stress was
characterized by inhibition and regression of the ductal branches. Gene expression
profiling revealed an overall upregulation of genes associated with the stress
response and protein repair. In contrast, genes associated with cellular and
mammary epithelial cell-specific biosynthesis, metabolism, and morphogenesis
were generally downregulated by thermal stress.

Lilja et al. (2000) identified four QTL with significant effect, in F2 generation of
wild boar—Yorkshire intercross, one influencing stress-induced alterations in number
of neutrophils (chromosome 8), one influencing spontaneous proliferation after
stress (chromosome 2), one influencing mitogen-induced IL-2 activity after stress
(chromosome 6) and one influencing stress-induced alterations in mitogen-induced IL-
2 activity (chromosome 12). The stress protocol induced a decrease in number of
circulating neutrophils and in spontaneous proliferation in vitro, whereas phagocytic
capacity, mitogen-induced proliferation and spontaneous IL-2 activity increased.

In poultry as an alternative to vaccination control, increased genetic resistance
to Marek’s disease (MD) represents an attractive solution for lowering disease
outbreaks. Genetic mapping of QTL affecting susceptibility to MD virus-induced
tumors was conducted by Vallejo et al. (1998) who for the first time reported the
mapping of non-MHC QTL involved in MD susceptibility in chickens. Two sig-
nificant and two suggestive MD QTLs were detected in four chromosomal regions,
explaining 11–23% of the phenotypic and 32–68% of the genetic MD variation.
A genome-wide scan using 119 microsatellite loci allowed Zhu et al. (2003) to
map QTLs associated with resistance to avian coccidiosis to GGA1. QTL asso-
ciated with immune response to SRBC, Newcastle disease virus and E. coli, and
with survival were investigated by Yonash et al. (2001). Three markers were
shown to be significantly related to these traits.

The genetic variation in many aspects of host resistance to nematodes is well
documented. However, the use of molecular information (mainly QTL) that has
long been advocated as a promising tool to improve difficult traits, contributed
little to genetic improvement in livestock breeding schemes up to now (Bijma
2009). Reasons are that QTL have often been detected in experimental crosses, the
number of QTL soon becomes impractically large, linkage phase between markers
and QTL may change over time, and QTL effects may change over time. A major
step forward will come from the implementation of marker-assisted breeding value
estimation (MA-BVE) using dense maps covering the entire genome (Meuwissen
et al. 2001). Furthermore, microarray studies do have the ability to detect genes
differentially expressed between ‘resistant’ and ‘susceptible’ animal, with path-
ways implicated in these differences including the development of acquired
resistance and the structure of the intestinal smooth muscle (Diez-Tascon et al.
2005). The interest in MA-BVE approach is solely in the breeding value of the
candidates with the objective to estimate the breeding value with the highest
possible accuracy using all phenotypic and genomic information. There is no
interest in the location or effect of individual QTL. Using a mixed model, the
method gives an estimate for each marker haplotype and the breeding value of an
individual is the sum of the effects of its markers or haplotypes (Bijma 2009).
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13.4.5 Developing Breeding Schemes to Assist Mitigation

In today’s world, livestock production systems have a dual role, not only in food
production, but also in the provision of public goods objectives including biodi-
versity and landscape value. However, agriculture also generates external costs or
negative public goods; for example, diffuse pollution to air and water. Mitigating
GHG emissions from livestock is increasingly recognized as a necessary part of
meeting worldwide climate change obligations.

Essentially there are five main routes, identified by Wall et al. (2010), through
which genetic improvement can help to reduce GHG emissions:

13.4.5.1 Improved Productivity and Efficiency

Typically, selective breeding can achieve annual rates of response of between 1 and
3% of the mean in the trait (or index) under selection (see Simm et al. 2004 for a
review). Selection for productivity and efficiency helps mitigate GHG production in
two ways. Firstly, higher productivity generally leads to higher gross efficiency as a
result of diluting the maintenance cost of the productive (and non-productive) ani-
mals, for example the select line of Holstein dairy cows in long running Langhill
experiment have 17% higher yield per lactation and a 14% higher gross efficiency
(Veerkamp et al. 1995). Secondly, a given level of production (e.g. a national milk
quota) can be achieved with fewer high yielding animals and followers.

13.4.5.2 Reduced Wastage

Many fitness traits have been shown to have a genetic component and so there is
scope to improve them via genetic selection. Selection for fitness traits (e.g.
lifespan, health, fertility) will help to reduce emissions by reducing wastage of
animals. Improving lifespan in dairy cows and maternal line animals (i.e. ewes and
beef cows) will reduce wastage by reducing the number of followers. Improving
health and fertility will reduce involuntary culling rates. This reduces emissions
from dairy, beef, and sheep systems (increased maternal survival) by reducing the
numbers of followers required.

13.4.5.3 Direct Selection to Reduce Emissions

Direct selection for methane emissions and their reduction would ideally be based
on direct measurement of methane emissions. It is important to note that direct
measurement of all sources of methane emissions from individual animals
(exhaled by the animal due to enteric fermentation, manure management, and
flatulence) may prove difficult. In pig, there is the example of the ‘Enviro Pigs’
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(Trade marked) developed at Guelph in Canada which have been genetically
modified to excrete 60% less phosphorus.

13.4.5.4 Developing New Indices for Selection on Emissions

Broader breeding goals have become the norm in many livestock species, i.e.
selection is usually on a combination of production and ‘‘fitness’’ (health, fertility,
longevity) traits. Breeding goals can be built in a number of ways including the
popular method of creating an index by weighting traits by their relative economic
value (REV). But, the ‘valuation’ of traits may be complex as there are several
different scientific approaches. These include the use of restricted or desired gains,
the use of REVs, the adaptation of economic values based on ‘conjoint’ analyses
and total farm modeling, where trait changes are related to environmental impact.

13.4.5.5 Exploiting Genetic Resources

There is a growing awareness about the potential long-term importance of
domestic AnGR. One of the key reasons for maintaining these resources is that a
‘pool’ of genes and gene combinations will be available for the future, acting as an
insurance policy if ‘modern’ genotypes fail in a particular environment or have
low gene frequencies in a desired trait.

13.5 Future Considerations

13.5.1 Resource Conservation

Future of the animal production system has lot of challenges to face. Changing
climate, temperature variation, genetic erosion, mechanization of the agriculture
and heavy industrialization will have a lot of impact on deciding and framing the
future policies regarding animal husbandry practices worldwide. Genetic adapt-
ability of livestock to harsh climate will probably see the narrowing of the genetic
resources, as fewer breeds with more tolerant genes will have upper hand in the era
of changing climate. Apart from this, in the environmentally protected husbandry
practices, where intensification of the animal production system is practised, there
is a chance that only few breeds with higher genetic potential for production traits
will be retained. Multinational companies with specialized breeding objectives as
in case of poultry breeding will certainly have a very limited and narrowed down
genetic diversity. This is so because a breed with high genetic merit for a particular
trait will be more beneficial to maintain for an entrepreneur than to maintain a
stock of genetically diverse group of animals. This is clearly seen in poultry
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industry where White leg horn breed of poultry is preferred by many companies
for their high egg laying capacity. Within poultry stocks, very large population
sizes are coupled with intense selection. Effective population sizes remain sub-
stantial (Warren 1996), but rates of inbreeding are generally not reported (Notter
1999). Similar threats are faced in pig industry. Reduced breed diversity in U.S.
swine seems inevitable. The industry which has moved toward a single confine-
ment production system and a single lean pork market (Notter 1999) will pose
similar threats. Certainly it augurs there is a threat well speculated that this kind of
monotonous genome rule will always be susceptible to the sudden wipe out of the
resources due to an unpredictable epidemic. We have already experienced this
kind of havocs in recent past as in poultry industry where whole population of
birds was at stake due to bird flu. One major reason behind these kinds of threats is
loss of genetic diversity or plasticity of the population.

Demand for the variability of the genetic resources is in waiting and its
importance is really much sought after. Diversity of the production milieu, the
importance of adaptation to the variety grazing conditions, the production of
multiple products such as meat, milk, and fiber, medicinal products and special
ethical values from particular animals, social value of the livestock to particular
community requires and asks for the use and maintenance of various genetic
resources. Although intensification of the animal production system seems to take
us toward reduced genetic diversity, but efforts to maintain it are urgently required.
Notter (1999) suggested some of the recommendations for maintenance of the
genetic diversity in US, which can be modified and made suitable for whole animal
genetic diversity in the world. Development of the appropriate organizational
structures and adequate funding levels to support a worldwide animal germplasm
system can be a first step. Efforts by FAO and many other government and non-
government agencies are already in pipeline to raise the funds and maintain the
livestock genetic biodiversity. However, still major thrust in some Asian and
African countries is required, which of course needs a worldwide support finan-
cially as well as intellectually. Another major step in this regard as Notter (1999)
puts is the close monitoring for the rates of genetic change and inbreeding in
intensively managed, highly selected populations and to develop efficient, strategic
mechanisms for conservation of genetic diversity. This strategy is very important
and in many farms where intensive selection is being practised, the monitoring of
the inbreeding rates is well accounted for. Apart from this global awareness
regarding genetic diversity of animals, and understanding the needs of real pro-
tector of the livestock diversity that is farmer himself in developing countries is
very essential. Programs which mutually benefit the farmers and the objectives of
maintenance of animal genetic diversity must go hand in hand.
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13.5.2 Animal Welfare, Intensification, and Logical
Decision-Making

During last five decades or so especially in the western part of the world, inten-
sification of the animal production system has taken place, which has definitely
perpetuated to rest of the world, but not with the same zeal. Poultry, rabbit, pig
were the species which were benefited with the concept of intensification, whereas
large animals took a pretty long time to enjoy these benefits. In the south and
eastern part of the world, bovine farming is still an extensive system task, and in
very few places it has been intensified. Similarly for sheep and goat the scenario of
the production system has not changed till now, and by large they are reared on
extensive system of management. In the event of adaptability of livestock to harsh
environment, the intensification of the animal production system has a greater role
to play along with several other issues of animal welfare and decision making in
the animal production system.

Adaptability of the livestock to the environmental stresses is a complex phe-
nomenon. Various mechanisms suggested for this task such as environmental
manipulation, animal system modification, and genetic manipulation leads to several
debates regarding animal ethics and welfare. The animal production system for
adaptation in the harsh environment has lot of facets. As far as environmental
manipulation at micro level is concerned, confinement of the animals is very
important aspect. Changing temperature and increasing stress factors add to the
hurdles in the production system. Therefore, the confinement of the animals to a well-
suited place which is controlled for environmental factors can be a better alternative.
Also the factors responsible for care and management of the animals such as
detection and treatment of the diseases and prevention of the major diseases along
with proper feed and fodder supply will serve to ameliorate the situation. The world is
divided in broadly two parts, one where resources are not the problem in animal
production system and most of the western part of the world falls in this category.
The poor countries and developing part of the world are still held up with the
problems of too many mouths and less food. So in this particular part of the world
animal production system cannot be improved from the extensive style to intensive
style, excluding the poultry or similar profit fetching sectors.

In the other strategy where genetic manipulation of the animals for making
them more adaptive for environmental stresses is concerned, the task is again
uphill. As discussed in the manuscript, the change brought up by this method will
be permanent and hopefully fruitful. Many projects for developing the more
resistant and tough-hardy breeds with no loss of productivity will be blessings in
the coming future.

Decision making for animal production system is very important characteristic
where a producer craves for the profit and he also needs to keep in his mind the
animal ethics and welfare issues. In such a scenario, the future of the animal
production system especially for the intensification for specially derived traits will
depend much on how logically we make decisions. Inclusion of the animal welfare
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issues in the intensive animal production system were suggested by Fraser (2005).
He suggested that strong animal care values can be encouraged and sustained in
the intensive animal farming. Producers may also be protected from the market
pressures which force the cost cutting strategies leading to animal welfare viola-
tions. Organic concept of farming with open non-confinement animal production
system can also be an alternative where farmers of traditional agrarian mentality
can take the lead. Logical decision-making provides a structured and sequenced
approach to decision making. Such an approach can help to ensure discipline
which subsequently builds consistency into the decision-making process. Well
structured plan for implementation of the animal welfare program in the intensive
production systems will lead to better future of inclusive interest.

13.5.3 Research Needs

With regards to future considerations in animal production systems, there are several
research issues which must be given due importance. Coming future will have a
burning basic issue to solve in front of all the research and development agencies, and
that will be food resources. Especially in developing and least developed part of the
world, the increasing human population and decreasing food reserves, along with
challenges posed by climate change will have a war-like situation, for which we need
to search solutions right now. Change in the structure of the population, variability
crisis in AnGR, food resource scarcity for livestock as a result of vanishing of common
property resources (CPR) will add much to the problems associated with food animal
husbandry practices in developing countries. However, for developed part of the
world, the situation may not be so severe. Building and maintenance of the CPRs with
local bodies and their sustainable use seems to be a very important area of research.
Many economists and agro-foresters do work on this issue, but government forced
agencies with will and capital needs to work on this issue to have better future of
animal husbandry in developing countries. Apart from this, researchers also see a
major problem associated with the animal husbandry sector, and that is production of
the GHG. The major research force must help to strike a balance between emissions of
the GHG from the livestock in coming future. There is one more challenge due to
climate change in coming future; it may bring changes in disease epidemiology. They
are likely to increase the importance of genetic resistance and tolerance in disease
control strategies. So epidemics of the disease, its re-emergence in new parts of the
world as suggested already in this chapter, its prevention and cure pose a new area of
research in coming future. Intensification of the animal production system will
demand a lot of technological know-how, and therefore it will also be an area to be
explored by researchers keeping pace with climate change. One of the most important
researchable issues will be maintenance of the global animal genetic diversity.
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13.5.4 Challenges and Opportunities

Future has a lot of surprises in waiting for us. As discussed throughout this chapter,
future of the animal husbandry keeping in view the changing climate and adap-
tation for the environmental stress will be challenging both for the animals as well
as livestock holder and common man. Livestock breeding and production systems
are complex and knowledge intensive. The question posed by Hoffmann (2010)
can be put forth here again as the biggest challenge in coming future. How can
AnGR cope with and adapt to climate change while continuing to contribute to
food security and rural livelihoods? Now this remains the major challenge ahead
of us, around which all other issues revolve. With change in the climate, the
temperate countries think of introducing the genetic component from tropical
animals into their breeds by strategic crossbreeding. Now this seems to be a big
challenge as this is not a small task to be done. However, it has a big opportunity
of taking the whole of animal husbandry to a new scale, where animals will have
better adaptive capacity in the changing climate. Such changes in the species or
breed mix may potentially lead to a reverse in the current flow of genetics
(Hoffmann 2010). Another major challenge with regards to climate change and
adaptation to environmental stress is disease management, which will be the real
punishment for farmer as well as exchequer. Rural livelihood is totally dependent
on the agriculture and animal husbandry practices, and in most of the places
livestock is integral to the socio-economic and cultural way of life of the rural folk.
Sustainability of the livestock therefore is very much important for maintaining the
lifeline of rural society. Nevertheless future has lot of challenges for us, but it has
also hidden opportunities for experiencing altogether new facet of the animal
husbandry practices. We have a chance to mitigate the effects of the climate
change, and to sustain the AnGR. Need to search for alternate feed resources for
animals, heat tolerance, disease resistance, disease control, strategic breeding,
CPRs, and many such issues will bring lot of knowledge led revolution throughout
the world which can change the shape of future animal husbandry practices.
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Chapter 14
Genes Involved in the Thermal
Tolerance of Livestock

Robert J. Collier, Kifle Gebremedhin, Antoni R. Macko
and Kajal Sankar Roy

Abstract Although there is a good amount of knowledge about the physiological
aspects, the effects of heat stress at the cellular and genetic level still remain
unrevealed. Functional genomics research is providing new knowledge about the
impact of heat stress on livestock production and reproduction. Using functional
genomics to identify genes that are up- or down-regulated during a stressful event
can lead to the identification of animals that are genetically superior for coping
with stress and toward the creation of therapeutic drugs and treatments that target
affected genes. Given the complexity of the traits related to adaptation to tropical
environments, the discovery of genes controlling these traits is a very difficult task.
With the development of molecular biotechnologies, new opportunities are
available to characterize gene expression and identify key cellular responses to
heat stress. These new tools will enable to improve the accuracy and the efficiency
of selection for heat tolerance. Studies evaluating genes identified as participating
in the cellular acclimation response from microarray analyses or genome-wide
association studies have indicated that heat shock proteins are playing a major role
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in adaptation to thermal stress. Additional genes of interest which two or more
studies have identified are the genes for fibroblast growth factor, solute carrier
proteins, interluekins, and tick resistance genes. Genes which have only been
identified by microarray analysis but not by genome-wide association studies
include genes associated with cellular metabolism (phosphofructo kinase, isoci-
trate dehydrogenase, NADH dehydrogenase, glycosyltransferase, transcription
factor, and mitochondrial inositol protein). Other genes of importance were thyroid
hormone receptor, insulin-like growth factor II, and annexin.

Keywords Acclimation � Thermal tolerance � Functional genomics � Heat stress
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14.1 Interaction of Animals with Their Environment

Of importance in the livestock industry are the complex physiological adaptive
responses of the stress and how they affect the ability of domestic animals to
reproduce and produce on an economic basis (Scott 1981). These adaptive
responses have been evaluated and measured using two different research
approaches; field observations under different seasons, and laboratory experiments
using only a given part of the complex climatic factors encountered in the natural
environment. Both approaches are necessary for a better understanding of the
optimal environmental conditions which yield the highest economic productivity
of livestock. Not only are responses of livestock under continued investigations,
but emphasis is given to the mechanisms controlling these responses. In addition,
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new attention is being directed toward modeling of the complex interactions
between the physiological responses and the thermal environment. Many large
gaps remain to be bridged, but important accomplishments have been made to
ameliorate environmental impacts in improving livestock industry in regions
where climatic stress prevails for a significant part of the year (Yousef 1984).

The physical factors that are important to productivity of livestock include air
temperature, humidity, solar radiation, and wind speed. Therefore, the microcli-
mate around an animal is thought of as a four-dimensional space (e.g., hot, humid,
sunny, windy or hot, dry, sunny, and calm) in which the four independent
environmental variables are acting simultaneously and are each time dependent.
Mammals may survive, thrive, or die in an unfavorable thermal environment
depending on their limit of tolerance and ability to utilize efficient physiological
and behavioral mechanisms to maintain a heat balance between their bodies and
the environment.

Thermal energy is exchanged between an animal and its environment by
radiation, conduction, convection, and evaporation. A conceptual picture of the
streams of energy flowing to and from a cow outdoors is shown in Fig. 14.1.

The outermost surface of skin and hair coat of the animal is the transducing
surface across which the environment interacts with the internal physiology. As
such, the energy flow is a function of the physical properties (hair length, hair-coat
thickness and density, color) and optical properties (absorptivity, transmisivity) of
the hair coat. Hair-coat and skin characteristics are under genetic and seasonal
(acclimatization) control. Animals have developed coping mechanisms to mini-
mize the impact of these environmental stressors on their biological systems.
These responses are termed acclimation, acclimatization, and adaptation. Accli-
mation is defined as the coordinated phenotypic response developed by the animal
to a specific stressor in the environment (Fregley 1996) while acclimatization
refers to a coordinated response to several simultaneous stressors (e.g. tempera-
ture, humidity and photoperiod, Bligh 1976). Generally, there is hardly ever an
example under normal environmental conditions where only one variable is
changing. Therefore, typically an animal is undergoing acclimatization to a
changing environment. Acclimation and acclimatization are induced by the
environment and are considered phenotypic and not genotypic change and the
responses decay if the stress is removed. Acclimation and acclimatization act to
improve the fitness of the animal to the environment. In many cases the response is
induced by sudden environmental change such as heat or cold stress. In other
examples the acclimation response is driven by seasonal changes in photoperiod or
other environmental cues such as the lunar cycle which permit the animal to
‘‘anticipate’’ the coming change in the environment leading to seasonal acclima-
tion adjustments in insulation (coat thickness, fat deposition), feed intake or
reproductive activity in advance of the actual environmental change. However, in
every case, the process is driven by the endocrine system and is ‘‘homeorhetic’’
meaning metabolism is coordinated to support a specific physiologic state
(Bauman and Currie 1980). In this case the specific physiologic state is the
‘‘acclimatized animal’’. If the environmental stressors are present for prolonged
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periods of time (e.g. years) these metabolic and physiologic adjustments can
become ‘‘fixed genetically’’ and the animal is considered ‘‘adapted’’ to the envi-
ronment. For example, Bos indicus breeds of cattle have evolved under conditions
of high temperature and humidity and display a number of genetic differences
which endow them with improved thermotolerance compared to Bos taurus breeds
of cattle which evolved under temperate weather conditions. B. indicus cattle have
greater thermoregulatory capability than B. taurus. As pointed out by Hansen
2004, B. indicus cattle produce less heat, have increased capacity to lose heat
toward the environment, or a combination of both. This suggests that low
metabolic rates resulting from reduced growth rates and milk yields of many

Fig. 14.1 Routes of heat exchange between a cow (outdoors) and its thermal environment
include radiation, conduction, convection, and evaporation (from the skin and respiration) as the
four basic modes of heat transfer
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indicus breeds is a major contributing factor to thermotolerance. The basal met-
abolic rate of B. indicus is infact lower than for B. taurus. (Finch 1985). The
physiological and cellular basis for this difference have not been identified. One
possibility for improved heat loss in B. indicus is that the density of arteriovenous
anastomoses is higher in B. indicus. Since these structures have lower resistance to
flow than vascular passages involving capillary networks they facilitate increased
blood flow to the skin during heat stress (Hales et al. 1978).

The vascularity and degree of insulation of the skin and quality of the hair coat
(hair and skin coat color, thickness and density of hair fibers) also contribute to the
effectiveness of heat loss in cattle (Gebremedhin et al. 2008, 2010). All of these are
affected by breed and contribute to well-known genotype x environment effects.

14.2 Heat Loss

14.2.1 Sensible Heat Loss

Heat loss from the animal is divided into sensible heat loss and evaporative heat loss.
Sensible heat loss comprises heat loss by conduction, convection, and radiation.

Radiant energy exchange occurs between two surfaces as each surface emits
energy at wavelengths that are dependent on the temperature of the emitting surface.
Infrared radiation refers to radiation of wavelengths longer than those in the visible
portion of the spectrum. Convection, however, is heat loss from a surface of an
object by fluid (air) flowing over the surface. Convection could be natural (also
called free convection) or forced. Free convection occurs when temperature
difference in the boundary layer of air surrounding an object causes a movement of
the air in response to changes in air density, but forced convection occurs when
external pressure difference cause wind to blow past the object. Conduction heat
transfer results from the exchange of energy from higher temperature to lower
temperature by direct contact of the two surfaces. The heat loss by conduction would
be very small when the animal is standing but the surface area in contact to the
ground would be about 20% of the total surface area when lying down (Moen 1973).
Cows are, however, more likely to stand in sun than lying down because their body
temperature increases when lying down because of reduced effective surface area
exposure for convective evaporative cooling (Gebremedhin et al. 2011).

Increasing ambient temperature lowers the temperature gradient between the
animal and air and consequently decreases the sensible heat loss. Increased air
velocity (between 0.5 and 3.0 m/s) over the cow’s surface increases convective
heat loss by reducing the insulation of the boundary layer, or by reducing the
insulation of the hair coat if the velocity is greater than 3.0 m/s (Berman 2004).
Higher velocities penetrate into the hair coat and thus increase the convective heat
loss from the fur layer and skin surface.
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14.2.2 Cutaneous Heat Loss

Various behavioral and autonomic thermoregulatory mechanisms are utilized by cattle
to relieve heat stress. A distressed animal may seek shade, change its orientation to the
sun, and increase water intake (Blackshaw and Blackshaw 1994). Sweating and
panting are two of the primary autonomic responses exhibited by cattle under heat
stress. Sweating leads to evaporative heat loss from the skin surface, whereas in
panting, sensible heat is used to heat the water vapor and remove heat in the form of
vaporized moisture from the lung.

At low ambient temperature, evaporative heat loss represents a small fraction of
metabolic heat production. When air temperature is between 10 and 20�C, heat
loss by cutaneous evaporation accounts for 20–30% of the total heat loss but when
the temperature is greater than 30� C, cutaneous evaporation becomes the primary
venue for heat loss, accounting for approximately 85% of the total heat loss, while
the rest is lost by respiratory evaporation (Maia et al. 2005). When ambient
temperature equals internal body temperature, sensible heat loss is zero and
evaporative heat loss via sweating and panting becomes the only available venue
for heat loss. Both sweating and panting have the undesirable side effect of
depleting body-water reserves.

Cutaneous evaporation is affected by wind velocity, ambient temperature,
relative humidity, and thermal and solar radiation. Other factors that affect the
efficacy of evaporative cooling from the skin surface are hair-coat physical and
optical properties such as hair density, hair length, hair-coat thickness, and hair
color. Some of these properties such as hair and skin color may enhance solar
absorption and thus increase solar heat load on the skin surface. Other properties
such as hair-coat density, which is necessary to provide insulation during cold
weather, obstruct free evaporation of water from the skin surface during hot
weather resulting in heat stress (Gebremedhin et al. 2008).

Wind greatly increases evaporative heat loss from the skin surface. Wind
penetrates the hair coat and reduces the effective thickness of the coat (McArthur
1987). Thermal resistance decreases linearly in hair coat with an increase in air
velocity. Increasing air velocity over the hair-coat surface from about 0.2 m/s to
about 0.9 m/s raised sweating rate from about 75 g/m2-h to about 350 g/m2-h and
no further increase in sweating rate occurred as air velocity was increased to
2.2 m/s (Hillman et al. 2001).

Sweating moistens the skin surface and usually leaves the hair-coat layer dry.
Wetting the hair coat with a mist of water adds water to the coat surface and
penetrates deep down to the skin surface and wets it. The process of evaporative
cooling is a complex interaction of humidity and temperature difference between
air and skin, air velocity, and hair-coat characteristics such as density and depth.
A model incorporating these variables has been developed, where evaporative heat
loss resulting from wetting the hair coat as the more effective means of heat loss
than sweating (Kimmel et al. 1991). Hillman et al. (2005) reported that heat-
stressed cows actively stand under water spray to wet their hair coat. They further
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reported that this process lowered core-body temperature. A faster drop in core-
body temperature was recorded when the hair coat was sprayed with water at short
time intervals between sprays. The decrease in core-body temperature occurred at
a faster rate when the spraying is combined with blowing air over the hair coat
(Brouk et al. 2003; Hillman et al. 2001).

Gebremedhin et al. (2008) reported that cutaneous moisture production (sweating
rate) ranged between 189 ± 84.6 and 522 ± 127.7 g/m2-h for solar load exposure
[500 W/m2 (average 833 ± 132 W/m2), average THI of 82.7 ± 1.64, air velocity
between 0.8 and 1.2 m/s, and body (rectal) temperature[38.8�C (threshold for heat
stress). The same report indicated that in a hot and dry environment, evaporative
cooling was profoundly increased (from 68 g/m2-h before wetting to 508 g/m2-h
after wetting the skin surface, exposed to 0.2 m/s air velocity, and without solar
load), and the rate was further increased (from 296 g/m2-h before wetting to 961 g/
m2-h after wetting) when air velocity over the wetted skin surface was increased to
0.9–1.0 m/s. In a hot and humid environment, however, the increase was relatively
modest (from 258 g/m2-h before wetting to 490 g/m2-h after wetting) for an air
velocity of 0.9–1.0 m/s and a solar load[600 W/m2. Moisture production is higher
in hot and dry conditions than in hot and humid because of higher moisture gradient
between the skin surface and ambient air.

A prolonged (extended) exposure to a hot and dry condition or exposure to 3 h
of 850 W/m2 of solar load caused rectal temperature to rise above 40.0�C and
respiration rate to rise above 125 breaths/min. Under these conditions, black or
predominantly black cows were observed foaming in the mouth, sticking their
tongues out, and drooling (Gebremedhin et al. 2010). During these events,
immediate intervention with water spray of the body helps to alleviate heat stress.
A physiological upper limit of moisture production, which is different for each
cow, seems to exist. The maximum sweating rate was about 660 g/m2-h for dairy
cows and feedlot heifers, and the driving force for moisture production seems to be
skin temperature (Gebremedhin et al. 2010).

14.2.3 Respiratory Heat Loss

Sweating and panting appear to be under independent control. Energy is lost by
vaporizing water within the respiratory tract. The amount of water lost in grams
per unit time when multiplied by the latent heat of vaporization of water at the
appropriate temperature gives the rate of water loss in energy units.

Maia et al. (2008) developed a model for calculating the heat loss by respiratory
evaporation (QR, W m-2) and is expressed as:

QR ¼
kVFðwE � wAÞ

60A
ð14:1Þ
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where, k = 2500.7879 - 2.3737 * tA is the latent heat of vaporization (Jg-1);
A = the body surface area; V (m3 breath-1) = tidal volume; F = respiratory rate
(breaths min-1); wA, wE (g m-3) are absolute air humidity of the atmosphere and
expired air, respectively, and they are given by:

wA ¼
2166:87 � Pp tAf g

273:15 þ tA
ð14:2aÞ

wE ¼
2166:87 � Pp tEf g

273:15 þ tE
ð14:2bÞ

where, PP{tA} and PP{tE} are the partial vapor pressures (kPa) of ambient air and
expired air, respectively; tA and tE are temperatures (Celsius degree) of ambient
and expired air, respectively.

Stowell (2000) suggested that a respiration rate of 80–90 breaths/min was a
clear indication of a cow experiencing heat stress.

14.3 Modeling Heat Exchange Between an Animal
and the Environment

It is impossible to describe mathematically all of the dynamic thermal relation-
ships between a biological object and its thermal environment, but research on the
thermal energy exchange of both plants and animals has provided insight into the
mechanisms involved. The climatic energy demands (food and water) for an
animal is inherently a coupled heat and mass transfer problem (Fig. 14.2). The
energy balance is the diagonal in the figure, and the horizontal expressions rep-
resent the food ingested and water consumed (Gebremedhin et al. 1984).

It is obviously impractical to examine experimentally all the possible combi-
nations of radiation, air temperature, wind velocity, animal size, metabolic rate,
evaporative water loss, and hair-coat physical and optical properties. There are
considerable experimental difficulties in measuring accurately animal thermal
responses in their natural habitat. Therefore, mechanistic models have to be
developed to simulate the energy exchange between the animal and its environ-
ment and be able to evaluate what if conditions.

The analysis given below is for a steady-state situation. However, much of the
time, an animal is in a transient energy state as it moves about in the environment.
While in transient states, the energy budget for an animal must average within the
environmental limits permitted by the steady-state requirements for survival. An
animal may search for food in an environment which is intolerable to it as a
steady-state situation, provided it is in this environment for a short period of time
compared to the body-time constant of the animal.

A basic concept of a one-dimensional mechanistic heat transfer model through
artificial fur layer was described by Kowalski and Mitchell (1979) and through
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animal hair coat by Gebremedhin et al. (1983). The model is a function of envi-
ronmental parameters and hair-coat physical properties. The absorbed solar radi-
ation, q

00
solar,within the hair coat was incorporated into the model as an internal heat

generation source. The model describes the energy transport through the hair coat
and the solution provides the temperature profile through the hair coat. The model
is developed from basic principles where conduction heat flux, q

00
c, and radiation, q

00
r

heat flux enters into and leaves out of the element at both the top and bottom of a
section of hair coat (Fig. 14.3). The effective conductivity, keff, accounts for the
physical properties of the hair coat.

An energy balance on the incremental element yields the differential equation
which describes the temperature profile through the hair coat. After solving for the
temperature profile, the heat loss through the hair coat can be determined from an
energy balance on the skin surface (Gebremedhin et al. 1983). Heat loss is directly

Fig. 14.2 Climatic energy demand (feed and water) for livestock (Gebremedhin et al. 1984)
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related to metabolism and, therefore, to feed requirements for survival, production
(or growth), and reproduction potential. The energy balance is expressed as

keff

d2T

dx2
�

|fflfflfflfflfflffl{zfflfflfflfflfflffl}

Conduction term

dq
00
r;þðxÞ
dx

þ
|fflfflfflfflfflffl{zfflfflfflfflfflffl}

Inward flux

dq
00
r;�ðxÞ
dx

þ
|fflfflfflfflfflffl{zfflfflfflfflfflffl}

Outward flux
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Long�wave irradiation

q
00

solar
|ffl{zffl}

Solar

¼ 0 ð14:3Þ

Two boundary conditions are needed to solve Eq. 14.3 and are expressed
below:

at z ¼ zL �keff

dT

dz

�

�

�

�

zL

¼ hcðTðzLÞ � TairÞ ð14:4aÞ

at z ¼ 0 Tð0Þ ¼ TSkin ð14:4bÞ

In the first boundary condition, the energy conducted to the hair-coat-air
interface equals the energy convected from that surface. This boundary condition
couples the outer hair-coat surface to the prevailing wind conditions through the
convective heat transfer coefficient, hc, and ambient air temperature, Tair. The
second boundary condition is the temperature at the skin surface, z = 0. It may be
either specified or measured. More details of this model is given in Gebremedhin
et al. (1983).

Fig. 14.3 Heat flow within
an incremental element of
hair coat
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14.4 Effects of Hair Coat Physical and Optical Properties
on Heat Exchange

Hair and feathers do not merely provide insulation from the cold, but from heat as
well. They tend to ameliorate the thermal regime of the body proper by buffering
the thermal variations.

The effect of direct solar radiation on the radiant temperature over the entire
surface of an animal is not uniform because both the color of this surface and the
angle of the rays striking the surface are important in determining just how much
solar energy is absorbed. The relationship between hair color and solar absorption
for four breeds of heifers is shown in Fig. 14.4.

In a study on the effect of hair color on thermoregulation, Hillman et al. (2001)
reported that when black Holstein cows were exposed to direct sunlight, their
surface temperature increased by 4.8�C, and by 0.7�C for white cows. The
difference in temperature between black and white is because of higher solar
absorption by black than white. They also reported that rectal temperature
increased at a rate of 0.7�C/h for black cows and 0.3�C/h for white cows. In
another study (Hillman et al. 2005), they reported an increase in sensible heat flux
in the order of 26% for dark-red, 22% for black, 5% for tan, and 4% for white.

Da Silva et al. (2003) investigated radiative properties of the skin and hair coat
of various breeds of cattle with respect to shortwave radiation. The study

Fig. 14.4 Relationship between hair color and solar absorption for four breeds of heifers (black
Angus, dark-red MARC III, tan-colored MARC I, and white Charolais) (Gebremedhin et al.
2011)
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concluded that light-hair coats exhibited much higher reflectivity than dark-hair
coats for wavelengths ranging from 300 to 850 nm.

The presence of a hair coat conserves heat by entrapping air. The entrapped air
serves as insulation in the case of cold environments but becomes an obstruction to
evaporation of moisture from the skin surface in the case of hot environments. This
was substantiated by measuring sweating rates from shaved and unshaved areas of
a cow (Gebremedhin et al. 2007). Sweating rates from the shaved areas were
higher than those from the unshaved areas, regardless of hair-coat color
(Fig. 14.5). On the average, sweating rate from black shaved areas was 1.84 times
higher (655 g/h-m2) than that from unshaved black hair coat (356 g/h-m2). Sim-
ilarly, sweating rate from a white shaved area was 1.64 times higher (509 g/h-m2)
than that from unshaved white hair coat (310 g/h-m2). On the shaved areas, the
conversion of sensible heat to latent heat is unobstructed because sweat (water) on
the skin surface is exposed directly to ambient air and solar radiation. On the
unshaved areas, however, the presence of hair coat above the sweat glands might
be acting as a moisture trap creating locally a more humid environment. Thus, the
presence of moisture in the hair coat results in lowering the moisture gradient
between the skin surface and the hair layer above it, causing less evaporation to
take place, and consequently depressing heat loss from the skin surface. The
presence of a hair coat, therefore, becomes a liability i.e., obstructing evaporative
cooling of the skin surface in hot environments. That is perhaps why cows shed
some of their hair during summer.

Fig. 14.5 Average sweating rates of cows with black and white hair coats shaved or unshaved
under direct sunlight at zero air velocity, and 1.0 m/s (Gebremedhin et al. 2007)
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14.5 Genetics of Hair Coat

Several loci and some genes have been identified as having involvement in coat
color and quality as well as heat dissipation, Olson et al. (2006). These changes are
all adaptive in nature and are genetically fixed in their populations.

14.6 Acclimation and Adaptation to Thermal Stress

When animals are adapted, the physiologic differences between them and non-
adapted animals do not disappear when the environment changes. This is not the
case in acclimation where differences do disappear if the stress is removed.
However, it is becoming apparent that the systems which are involved in accli-
matization are the same systems which endow animals with thermotolerance or
adaptation to heat. Therefore, obtaining a better definition of the gene networks
up- and down-regulated in response to environmental stress will also lead us to
those pathways which offer promise to improve thermotolerance.

Acclimatization is a homeorhetic process which requires several days to weeks
to fully develop. There is a hormonal link between the central nervous system and
the effector cell types involved and the end result of the hormonal change is to alter
the responsiveness of the effector cells to environmental change (Blighs 1976).
These key features are hallmarks of a homeorhetic process where metabolism of
multiple tissues and organs are coordinated to support the new acclimatized state
as contrasted to a homeostatic process, (Bauman and Currie 1980, Collier et al.
2005), where regulation is occurring around a set point. We then should consider
the stages of acclimation, the hormones that are driving acclimation and what
changes are occurring in effector tissues to accomplish development of the
acclimatized state.

14.7 Stages of Acclimatization

Acclimatization is generally considered to occur in two stages; acute or short term
and chronic or long term (Johnson and Vanjonack 1976; Horowitz 2002; Garrett
et al. 2009). The acute phase includes the shock response at the cellular level,
(Carper et al. 1987; Sonna 2002) and homeostatic endocrine, physiological, and
metabolic responses at the systemic level while the chronic or long-term phase
results in acclimation to the stressor and involves reprograming of gene expression
and metabolism, (Horowitz 2002; Collier et al. 2006b).

In agricultural animals there is typically a loss in productivity as animals
progress through the acute phase and some or even all of this productivity is
restored as animals undergo acclimation to the stress.
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14.7.1 Systemic Response

The systemic response to environmental stress is driven by two systems—(1) the
central nervous system (CNS) and (2) peripheral nervous system and endocrine
components (Charmandari et al. 2005). The central component is comprised of
nuclei in the hypothalamus and the brainstem which releases corticotrophin-
releasing hormone (CRH) and arginine vasopressin (AVP). The peripheral
components of the stress system include the pituitary-adrenal axis, the efferent
sympathetic-adrenomedullary system, and components of the parasympathetic
system (Habib et al. 2001). However, relative to environmental stress and accli-
mation the initial phases of the response involve receptor systems at the periphery
which drive autonomic and endocrine responses to the changing environment such
as skin thermoreceptors and photoreceptors in the retina.

Sweating and panting are two of the primary autonomic responses exhibited by
animals under heat stress. Sweating results in increased evaporative heat loss from
the skin surface, whereas in panting, sensible heat from the body core is used to
heat the water vapor and expel heat in the form of vaporized moisture from the
lungs. However, these responses are likely driven more by surface than core-body
temperatures, evaporative heat loss from skin and the respiratory tract is highly
correlated with skin temperature. In fact, skin temperature is more highly corre-
lated with these parameters than core temperature suggesting that thermal recep-
tors in the skin initiate the autonomic systemic response to thermal stress. Another
potential route of information flow from the surface to the whole system would be
via secreted heat shock protein released from skin epithelium during heat stress
which would act as an alarm system to assist in mobilizing the acute response to
thermal shock. An examination of the relationship between skin temperature and
expression of the gene for inducible heat shock protein 70 revealed that gene
expression is increased several fold as skin temperature approaches 35�C which is
below body temperature but represents the upper limit of the thermoneutral zone
of cattle. Berman (2005) estimated that the stress response system in cattle would
be activated at effective temperatures at and above 35�C. Previously, it has been
demonstrated that evaporative heat loss and rectal temperature rise dramatically
above an effective environmental temperature of 35�C, Collier et al. 2008a). It is
now apparent that the heat shock response in bovine skin epithelial tissue is
activated at effective environmental temperature of 35�C as well. Activation of the
heat shock response in cells in many cases leads to secretions of HSP’s into the
extracellular space and plasma, Ireland et al. 2007)

Recently, secreted HSP was identified in plasma of cattle. Kristensen et al.
(2004) and Gaughan and Bonner (2009) have demonstrated that secreted HSP
concentrations rise in plasma when the effective environmental temperature
exceeds 35�C.

Thus, activation of the heat shock response in cells also leads to secretion of
Hsps into the extracellular space and plasma, (Ireland et al. 2007). It has been
hypothesized that secreted heat shock protein acts as an alarm signal for the
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immune system and several measures of innate immunity are increased following
increases in secreted heat shock protein in blood (Fleshner and Johnson 2005).
Secreted heat shock protein has also been shown to improve survival of neural
cells subjected to environmental and metabolic stressors, (Tytell 2005; Guzhova
et al. 2001).

Thus, the acute response in cattle is initially driven by thermal receptors in skin
which activate the central nervous system and subsequently, the endocrine system
and the peripheral components of the autonomic system. This response is augmented
by secreted heat shock proteins which rapidly rise in plasma and are believed to
provide protective effects to a variety of cell types as well as activating the innate
immune system. At a skin surface temperature of 35�C the respiration rate of cattle
will reach or exceed half maximal which is about 60–70 breaths/min. At this point,
the animal is entering the acute phase of the stress response.

During the acute phase there is rapid decline in productivity of domestic ani-
mals and this is especially true in high producing dairy cows. The decline in
productivity begins on the day the stress is initiated but is not maximal until 48 h
following the initiation of the stress (Collier et al. 1981). This suggests that there
are intermediate events between the rise in body temperature and the reduction in
milk yield. Rhoads et al. (2009) demonstrated that reduced feed intake only
accounted for 40% of the decline in milk yield and that other factors were likely
involved in the rapid decline in production due to severe heat stress. They pos-
tulated that reduced glucose availability could potentially reduce lactose synthesis
rates and contribute to the reduced milk volume. Silanikove et al. (2009) reported
that acute heat stress reduced milk secretion in lactating cows by up-regulating the
activity of a milk-borne negative feedback regulatory system, specifically an
n-terminal fragment of b-casein. They also reported that this fragment has an
inhibitory activity on the mammary epithelial cell potassium channel. Identifica-
tion of the exact mechanisms by which milk yield is reduced in response to heat
stress offers potential in improving productivity of animals in warm climates.

After 5–7 days of continuous stress, animals enter the chronic ‘‘acclimation’’
phase of the stress response. During this phase there is a reprograming of
metabolism resulting in altered responses to homeostatic signals. The overall
impact of these changes is a reduction in the impact of the stress on the animal.
The transition of animals from the acute to the chronic phase of the stress response
has been extensively studied in laboratory models by Horowitz and coworkers
(Horowitz 2002; Horowitz et al. 2004; Maloyan et al. 2005; Horowitz 2007).
These changes are driven by the endocrine system and result in global changes in
gene expression as well as post-translational alterations in protein function. Hor-
mones which have been identified as being homeorhetic regulators are also linked
to acclimation responses to thermal stress and changes in photoperiod related to
season. These include somatotropin, prolactin, thyroid hormones, glucocorticoids,
and mineralocorticoids. Several of these hormones are known to contribute to
regulation of HSP gene expression.
The changes which occur at the cellular level which provide improved cytopro-
tection are described in the section on the cellular response to heat stress.
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At the systemic level, metabolism is coordinated to support a new physiological
state. Some of the changes which occur include a lowering of the threshold for
vasodilation and evaporative cooling (Roberts et al. 1977), reduced metabolic rate,
increased resistance to thermal injury, and improved cardiac performance,
(Horowitz 2002). Endocrine changes occurring with acclimation to heat stress in
cattle include increased plasma prolactin, reduced glucocorticoid, somatotropin,
and thyroxin concentrations, increased progesterone concentrations and decreased
estrone sulfate concentrations in pregnant cattle (Collier et al. 2005). Somatotropin
is a homeorhetic regulator and has been shown to be beneficial in improving
evaporative heat loss and thermal balance in cattle during summer heat stress
(Manulu et al. 1991).

Despite large reductions in feed intake and energy balance during heat stress there
appears to be a tighter coupling of the somatotropin-IGF axis during summer
resulting in higher IGF concentrations during summer months compared to winter
months and only slight decreases in plasma IGF to severe heat stress even when
somatotropin concentrations are reduced, (Collier et al. 2008b; Rhoads et al. 2009).
This fact reinforces the importance of somatotropin in dealing with environmental
stress, (Collier et al. 2005). Additionally, the somatotropin response to GRF is not
affected by severe heat stress, (Rhoads et al. 2009). The seasonal variation in

Table 14.1 Genes associated
with heat shock response and/
or acclimation to warm
climates

Gene References

Heat shock proteins 1, 2, 3
Interleukins 1, 3
Keratins 1, 3
Fibroblast growth factor 1, 2
CD antigen 3
Solute carrier family 1, 3
NADH dehydrogenase 1
Tick resistance genes 1, 3
Collagen, type VI 1
Kinesin family 1
Selenium binding protein 1
Annexin 1
Glycosyltransferase 1
Protein kinase C 1
Transcription factor 1
Bcl2 associated anthanogene 3 1
Zinc finger 1
Thyroid hormone receptor 1
Mitochondrial inositol Protein 1
Isocitrate dehydrogenase 1
Butyrophilin 3 1
Phosphofructo kinase 1
Insulin-like growth factor II 1

References: 1. Collier et al. 2006b; 2. Hayes et al. 2009; 3. Chan
et al. 2010
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coupling of the growth hormone-IGF axis is also associated with effects of increased
photoperiod on growth rate and milk yield in cattle, (Collier et al. 2006a).

14.7.2 Cellular Responses

Heat tolerance at the cellular level is directly related to the ability of the cell to
maintain elevated levels of heat shock proteins (HSP’s). As stated by Horowitz and
Assadi (2010) ‘‘A hallmark of the acclimation process is the enhancement of
cytoprotective networks-that of the heat shock proteins, anti-oxidative and apop-
totic-and the stabilization of the Hypoxia Inducible Factor- Ia, the master regulator
of oxygen homeostasis’’.

The heat shock response of bovine embryos and mammary epithelial cells to
heat stress has been described (Edwards et al. 1997; Jousan and Hansen 2004;
Collier et al. 2006b, 2008a). The dramatic effect of heat shock on mammary
epithelial cell growth and structure has been well described (Collier et al. 2008a).
Heat shock acutely downregulates DNA synthesis and adversely affects the ability
of cells to maintain their cytoskeleton leading to a collapse of cell structure.

The transcriptome profile of heat-shocked bovine mammary epithelial cells
indicated down-regulation of genes involved in cell structure, DNA synthesis, cell
division, metabolism, biosynthesis, and intracellular transport while genes associ-
ated with cellular and protein repair and degradation were up-regulated. The heat
shock response is induced by accumulation of mis-folded proteins in the cytoplasm
and is mediated by heat shock transcription factors (HSF), (Voellmy and Boellmann
2007; Horowitz and Robinson 2007). There are four forms of HSF but HSF-1 is
considered to be the primary transcription factor involved in the heat shock response,
(Akerfelt et al. 2007). Regulation of HSF-1 activity has been reported to be largely
controlled post-translationally and not at the level of synthesis/degradation of the
transcription factor, (Voellmy and Boellmann 2007). Once activated the HSF-1
monomer trimerizes with other HSF-1 molecules which is essential for DNA
binding (Sarge et al. 1993). The activated complex can then enter the nucleus and
initiate transcription of heat shock proteins.

Genes currently identified as participating in the cellular acclimation response
are shown in Table 14.1. These genes were either identified from microarray
analysis (Collier et al. 2006b) or genome-wide association studies (Hayes et al.
2009; Chan et al. 2010). All three studies indicate that HSPs are playing a key
role in acclimation and adaptation to thermal stress. Additonal genes of interest
which two or more studies have identified are the genes for fibroblast growth
factor, solute carrier proteins, interluekins, and tick resistance genes. Genes
which have only been identified by microarray analysis but not by genome-wide
association studies include genes associated with cellular metabolism (phosp-
hofructo Kinase, isocitrate dehydrogenase, NADH dehydrogenase, glycosyl-
transferase, transcription factor, and mitochondrial inositol protein). Other genes
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of importance were thyroid hormone receptor, insulin-like growth factor II, and
annexin.

Thermal acclimation and thermal adaptation is associated with increased basal
levels of HSPs (Carper et al. 1987; Kregel 2002; Maloyan et al. 1999). Thermal
acclimation and cyclopentenone prostaglandins have been shown to increase the
DNA-binding activity of HSF-1 leading to increased HSP gene transcription
(Amici et al. 1992; Strauss and Glass 2001; Ianaro et al. 2003; Buckley and
Hofmann 2002). Several investigators have shown that heat acclimation also
provides cross-tolerance against other types of stress such as hypoxia, ischemia,
acidosis, and energy depletion, (Horowitz 2002; Kregel et al. 2002) and that HSF-1
is involved in this process.

Although there is little evidence for endocrine regulation of HSF-1 gene
expression activity, there is substantial evidence that expression of heat shock
proteins and other cytoprotective proteins are modulated by the endocrine system
(Xu et al. 1996)

The separate evolution of B. taurus, B. indicus, and Sanga cattle has resulted in
differing genotypes of B. indicus and Sanga cattle that confer improved thermo-
tolerance compared to B. taurus cattle in both beef and dairy populations (Paula-
Lopes et al. 2003; Hansen 2004). In addition, large genotype x environment
interactions in dairy cattle for milk yield (Cerón-Muñoz et al. 2004; Ravagnolo
et al. 2000; Bohmanova et al. 2006) of Holstein cattle indicates that there is
considerable opportunity to improve thermal resistance and performance in dairy
cattle. These differences include thermoregulatory capability, feed intake, and
production responses and cellular differences in heat shock responses, (Hansen
2004; Collier et al. 2008a).

There are genetic differences in cellular resistance to elevated temperature in
cattle. It is possible that the same gene or genes conferring cellular thermotoler-
ance are present in Indicus, Senepol, and Romosinuano, especially because of the
contribution of B. indicus genotypes to these two other breeds (Magee et al. 2002).
An alternative explanation is that distinct thermotolerance genes are present in the
different genotypes. Identification of the genes conferring cellular thermotolerance
offers the possibility of transferring these genes to heat-sensitive breeds to improve
reproduction and other physiological systems compromised by hyperthermia.
Little is known regarding the molecular basis for the improved cellular resistance
to elevated temperature in thermotolerant cattle. There were no detectable dif-
ferences between Indicus, Senepol, and Angus in the amount of heat shock protein
70 (HSP70) in heat-shocked lymphocytes (Kamwanja et al. 1994) although the
tendency for lower cellular concentration of HSP’s in Brahman and Senepol may
indicate that protein denaturation in response to elevated temperature (one of the
signals for HSP70 synthesis; Shamovsky and Nudler 2008) is reduced in Brahman
and Senepol. The capacity for transcription in response to elevated temperature
seems to be important for expression of genetic differences because there were no
differences between Indicus and Holstein embryos in resistance to elevated tem-
perature at the two-cell stage, a time when the embryonic genome is largely
inactive, (Hansen 2004). Also, in vitro effects of elevated temperature on
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spermatozoa were similar for Indicus, Indicus-influenced breeds, Angus, and
Holstein (Block et al. 2002).

The cellular thermotolerance of crossbred embryos is dependent upon the
genotype of the oocyte and not the spermatozoa. Embryos produced by insemi-
nation of Brahman oocytes with Angus spermatozoa were more thermotolerant
than embryos produced by insemination of Holstein oocytes with Angus semen
(Block et al. 2002). In contrast, there were no differences in thermotolerance
between Indicus 9 Holstein embryos and Angus 9 Holstein embryos. These
results indicate that either genes conferring thermotolerance are paternally
imprinted (only the maternal allele being expressed) or that thermotolerance in
embryos depends upon some genetically controlled factor produced in the oocyte.
Regulation of body temperature is the most critical factor for genetic differences
in reproductive function during heat stress since the depression in fertility per unit
increase in body temperature is the same for B. indicus 9 B. taurus crossbred
cows as for Hereford 9 Shorthorn cows (Hansen 2004).

New genomics tools are also beginning to provide information on specific gene
networks associated with thermotolerance. Lillehammer et al. (2009) identified
single nucleotide polymorphisms (SNPs) that were associated with gene by
environment interactions for production traits in cattle. Hayes et al. (2009) also
reported on a genome-wide association study aimed at identifying differences
related to adaptation to environmental change. It is envisioned that, in the not too
distant future, use of SNP markers will lead to greater progress in improving
thermotolerance of high producing dairy breeds.

Acclimation is a homeorhetic process driven by the endocrine system which
enables animals to respond to a stress. The resulting cellular, metabolic, and
systemic changes associated with acclimation reduce the impact of the stress on
the animal and allow it to function more effectively in the stressful environment.
These changes are lost if the stress is removed, so the process is not based on
changes in the genome. However, if the stressful environment is not removed over
successive generations these changes will become ‘‘genetically fixed’’ and are
referred to as adaptations. A better understanding of genetic differences between
adapted animals will contribute useful information on the genes associated with
acclimation. Likewise, study of gene expression changes during acclimation will
assist in identifying genes associated with improved thermotolerance.

14.8 Reproduction

The primary objective of the reproductive process is to produce a viable and
healthy offspring. Heat stress has been shown to negatively impact livestock
reproduction. Over 50% of the world’s livestock reside in tropical regions where
temperature or more specifically, the temperature humidity index often exceeds
thresholds reaching levels that have been shown to impair reproduction as well as
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other aspects of livestock performance. As compared to European breeds, zebu
cattle experience less severe reduction in reproductive function (Hansen 2004).

However, differences exist between a multitude of genomic and environmental
factors as well as their interactions determine animal performance by affecting
several major components involved in male and female reproductive function.
Heat stress, in general, has deleterious effects on the reproductive process across
mammalian species. However, certain breeds have adapted genetically to cope
with heat stress and experience less severe reductions in reproductive function due
to elevations in temperature. Recent improvements in management and feeding
strategies in livestock have stemmed from improved understanding and ability to
regulate physical environment surrounding the animal and elucidation of physio-
logical mechanisms that govern animal nutrition, metabolism, reproduction, and
lactation. Emerging research in the field of genomics is uncovering additional,
promising avenues by which to improve animal production, breeding

There is a general belief that the appendages of B. indicus cattle contribute to
the superior thermoregulatory ability of these cattle since they increase the surface
area per unit body weight as compared to B. taurus. The actual importance of these
anatomical features is not likely to be crucial for thermoregulation; because sur-
gical removal of the dewlap or hump of Red Sindhi bulls did not have a mea-
surable impact on thermoregulatory ability (McDowell 1958). Additionally,
differences in regulation of rectal temperature in response to heat stress were
observed between Jersey and Red Sindhi 9 Jersey even though surface area per
unit body weight or metabolic body weight was similar between the two
genotypes.

14.8.1 Placenta

14.8.1.1 Ruminant Placenta

Heat stress has long been known to impair reproductive function in cattle, sheep,
and swine species. These losses are largely attributed to failure of embryonic
implantation and early embryonic loss as a result of heat stress during early
pregnancy. However, it has become apparent that that heat stress during mid- and
late-gestation also contributes significantly to reductions in fetal survival and birth
weight which are associated with decreased placental weight. Although the exact
mechanism by which heat stress reduces fetal survival and birth weight are not yet
known, several studies have identified maternal, fetal, and placental molecular
deficiencies and differences in gene expression that may serve as lead to the
development of screening methods for genetic markers to improve breeding and
other management practices by identifying and exploiting genes associated with
thermal tolerance traits.

The placenta is a temporary organ, present only in eutherian animals during
pregnancy, is comprised of cells from both maternal and fetal origin and facilitates
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fetal-maternal exchange of nutrients, gasses, hormones, and waste products. The
placenta begins to form early during pregnancy and attaches to the uterus in a
process referred to as implantation. The second trimester is characterized by rapid
placental growth and development, which precedes and facilitates the subsequent
rapid fetal growth phase that defines the third trimester. In mammals, 95% of birth
weight is accumulated by the fetus during the second half of gestation.

Our current understanding of the ruminant placenta and its function has been
gained from observations on the effects of environmental heat stress on livestock
animal reproduction in production settings as well as in controlled experimental
investigations utilizing various animal models of placental insufficiency and fetal
growth restriction. The ruminant placenta is classified as cotyledonary and typi-
cally contains 60–100 placentomes in sheep and 70–120 placentomes in cattle.
The placentome is composed of a maternal component, the caruncle, and a fetal
component, the cotyledon, which together comprise a fetal-maternal exhchange
unit, the placentome, which is characterized by an intricate capillary network that
serves to facilitate fetal-maternal exchange of nutrients, electrolytes, gasses, hor-
mones, and waste products, while serving as a barrier to prevent the passage of
larger items such as blood cells, immune system components, and large molecules
(Mossman 1987).

Fetal growth is directly related to placental mass (Reynolds et al. 2005; Myers
et al. 1982) and importantly also to the proper development of the placental
microvasculature (Kingdom and Kaufmann 1997; Grazul-Bilska et al. 2010,
2011). Heat stress exerts deleterious effects on placental mass, microanatomical
development, and function of the placentome (Kingdom and Kaufmann 1997;
Regnault et al. 2002). The degree to which heat stress impairs placental mass and
function depends on the timing, duration, and severity of the heat stress (Hafez
1964). In the ewe, heat stress prior to breeding and during the first trimester is
associated with increased embryonic loss and disruptions in the process of
implantation (Dutt 1963) reflected by a reduction in the number of placentomes
formed.

Heat stress initiated at the onset and limited in duration to the second trimester
(approximately 40–95 days gestation in the sheep, term = 148 days), a period
beginning after implantation has completed and ending prior to the onset of the
rapid fetal growth, is sufficient to elicit a greater than 50% reduction in placental
mass (Bell et al. 1989) and is associated with decreased placental mass, altered
placentome morphology, and decreased placental transport function (Alexander
and Williams 1971). Microscopic imaging of placentomes of heat-stressed preg-
nant ewes reveals increased tortuosity and sinusoidal structuring of the micro-
vasculature (Hafez et al. 2010), which is thought to be a compensatory mechanism
to increase surface area and decrease resistance to blood flow thereby increasing
exchange efficiency of the smaller placenta.

Although reductions to placental mass due to heat stress occur during the
second trimester, the effects on fetal growth restriction become apparent and
progressively worsen over the course of the third trimester. It is thought that even a
compromised placenta is capable of transporting an adequate supply of oxygen and
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nutrients to meet fetal demands for the first two trimesters, but becomes insuffi-
cient when challenged by rapid increases in fetal nutrient and oxygen demands that
coincide with the fetal growth during the third trimester. Some studies suggest that
fetal growth restriction is secondary to the effect of heat stress on placental mass
while other studies in which heat stress was initiated during the second trimester
and prolonged into the third trimester revealed additional fetal and placental
growth restriction (Galan et al. 1999) demonstrating that the timing and duration of
heat stress during gestation is a direct determinant of fetal growth restriction.

In addition to the impact on placental mass and morphology, heat stress alters
the maternal endocrine profile and in cows this is associated with reduced calf
birth weight and subsequent milk yield (Collier et al. 1982). Catecholamines are
markedly elevated in the heat stress-induced PI-IUGR fetus and alter cotyledonary
blood flow and fetal glucose metabolism (Yates et al. 2011). In addition to
hemodynamic changes, heat stress induces alterations to the regulation of gene
expression of angiogenic factors such as vascular endothelial growth factor
(VEGF) and placental growth factor (PlGF) (Regnault et al. 2002) which play
major roles in vascular development within the placentome (Ahmed et al. 2000).

During normal placental development, capacity for nutrient and gas exchange
increases with gestation as fetal demands increase over the third trimester. This
increase in placental capacity is achieved by increasing uterine blood flow
(Christenson and Prior 1978), but also, importantly, by branching and expansion of
the microvasculature within the placentome to increase capillary surface area for
exchange (Leiser et al. 1997). Heat stress, in addition to decreasing uterine blood
flow (Regnault et al. 2007), disrupts all major routes for placental nutrient and gas
exchange, namely, diffusion, facilitated diffusion, and active transport. Diffusion
capacity for oxygen across the placenta is markedly reduced in the ovine model of
heat stress-induced placental insufficiency induced intrauterine growth restriction
(PI-IUGR) (Regnault et al. 2007), which is reflected by fetal hypoxemia (Thureen
et al. 1992) and this is associated with decreased expression of VEGFR-1 mRNA
in the fetal cotyledon and increased expression of Growth Factor (PlGF) in the
maternal caruncle (Regnault et al. 2003). Interestingly, when oxygen transport is
normalized to fetal weight, no difference in oxygen transport between PI-IUGR
and normal animals exists (Ansari et al. 2003) suggesting that oxygen availability
is sensed by the fetus or placenta and may be an important determinant of fetal
growth.

The mammalian fetus relies heavily on glucose as an energy source for growth
and development (Battaglia and Meschia 1978). Fetal glucose supply is derived
almost exclusively from maternal circulation via facilitated diffusion across the
placenta via glucose transporter proteins (Olson and Pessin 1996). Fetal plasma
glucose concentrations are reduced in PI-IUGR sheep fetuses compared to control
fetuses, and the deficiency becomes increasingly pronounced as the third trimester
progresses and fetal mass and demand for glucose increases (Bell and Ehrhardt
2002). The expression of glucose transporter protein isoforms GLUT-1 (Limesand
unpublished data) and GLUT-8 (Limesand et al. 2004) is decreased in the placenta
of heat-stressed ewes, representing specific mechanisms by which thermal stress
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alters placental function and fetal nutrition. Additionally, active transport pro-
cesses have been shown to be impaired by heat stress as placental amino acid
transport (De Vrijer et al. 2004), (Ross et al. 1996), and utilization rates (Regnault
et al. 2005) are reduced in heat stress-induced PI-IUGR. In a rat model of nutrient
restriction induced PI-IUGR, placental active transport of amino acids are asso-
ciated with down-regulation of mRNA expression of a number of placental
essential amino acid transporters (Jansson and Powell 1998; Norberg and Jansson
1998).

In summary, heat stress during gestation exerts deleterious effects on the
ruminant placenta. Placental mass, transport function, and the consequential
effects on fetal growth have been well documented. Recent studies have identified
specific molecular mechanisms and altered gene expression induced by heat stress,
representing potential targets to improve breeding and management practices.

14.9 Fetus

Offspring that are born small for gestational age tend to exhibit substandard per-
formance in terms of growth and carcass qualities and are more likely develop
metabolic complications postnatally (Barker et al. 1993), resulting in less accretion
of lean soft tissue and more adipose tissue. Additionally, the effects of fetal growth
restriction have been shown to be intergenerational as growth-restricted female
offspring tends to produce smaller offspring of their own and both have an
increased risk of cardiovascular and metabolic complications in adolescence and
adulthood (Drake and Walker 2004).

Heat stress has negative impact on several aspects of livestock animal repro-
duction. However, within a species, breed differences in thermal tolerance and
associated degrees of impairment to various aspects of male and female repro-
ductive function highlight the importance of genetics. Animals that are adapted to
warm climates generally exhibit less impairment of reproductive functions due to
heat stress which is in part due to enhanced ability to regulate body temperature
and dissipate heat during periods of increased temperature and humidity. Inter-
estingly, cells isolated from these animals and studied in vitro continue to exhibit
enhanced survival and function compared to cells from breeds not adapted to
thermal stress despite isolation from total body thermoregulatory effects. This
phenomenon indicates that at least one component of thermal tolerance is regu-
lated at the cellular level independently of total body thermal regulatory functions.
Current studies aim to elucidate the genetic basis and molecular mechanisms by
which cells from certain breeds are exceptionally resistant to thermal stress while
cells from less-adapted breeds experience high losses in cell function and survival.
Additionally, heat stress during gestation has been shown to alter fetal gene
expression, metabolism and subsequently growth. The effects of heat stress on
fetal growth restriction have been shown to persist into adulthood, which, from a
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livestock production standpoint, translates to decreased animal performance and
carcass qualities.

14.9.1 Fetal Gene Expression

The effects of heat stress on livestock reproduction in terms of conception,
embryonic survival, and birth weight have long been known. Recent advances in
the physiological understanding of processes that regulate animal reproduction
highlight the importance of genetics as a target for strategies to enhance breeding
programs and production management practices. Additionally, research utilizing
facilities where environmental conditions such as temperature, humidity, and
ultraviolet radiation can be experimentally manipulated have led to major
advances in our understanding the effects of heat stress on various aspects of
livestock reproduction and fetal development.

The increased metabolic expenditure associated with pregnancy generates
copious amounts of heat in the ruminant. As a result, fetal temperature in a normal
pregnancy is approximately 0.3–1.0�C higher than maternal body temperature
(Power 1989). Under thermal neutral conditions, maternal thermoregulatory
mechanisms adequately dissipate heat such that the additional heat generated by
the fetus and placenta is effectively transferred to the environment and tolerable
heat load is maintained. However, in hyperthermic environmental conditions,
thermoregulatory mechanisms such as decreasing feed intake, and maternal
evaporative and respiratory heat loss strategies, which rely on a temperature or
humidity gradient, become compromised, maternal and fetal core-body tempera-
tures become elevated (Hahn 1999). Modest increases in maternal core-body
temperature of approximately 0.5–1.0�C for prolonged periods during mid-
gestation are associated with placental insufficiency and intrauterine growth
restriction (PI-IUGR) as reflected by 30–50% reductions in placental mass and up to
50% reduction to fetal weight near term (Leos et al. 2010; Limesand et al. 2006).

The mammalian fetus relies extensively on the availability of glucose and
oxygen for growth (Owens 1991). PI-IUGR is characterized by an asymmetrical
growth pattern (Galan et al. 1999) in which brain growth and nervous tissue
function, which absolutely require glucose, are protected at the expense of somatic
growth as reflected by increased fetal skull to abdominal diameter ratio, decreased
fetal limb length, decreased skeletal muscle mass, and liver mass. Glucose
transporter isoform GLUT-1 mRNA expression is increased in the brain of the PI-
IUGR sheep fetus (Sadiq et al. 1999) while glucose utilization capacity is reduced
in peripheral tissues. Fetal hypoglycemia and hypoxia both of which are present in
the heat stress-induced PI-IUGR fetus are potent stimuli for fetal norepinephrine
secretion from the chromaffin cells of the fetal adrenal medulla (Cohen et al.
1991). These cells become functional during mid-gestation (Comline and Silver
1966) and secrete predominantly norepinephrine due to relatively low fetal
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expression, of the enzyme phenylethanolamine N-methyltransferase (PNMT)
which converts norepinephrine to epinephrine (Adams and McMillen 2000).

Norepinephrine is 4 to 5-fold elevated in the heat-stressed fetal sheep which is
both hypoglycemic and hypoxic (Limesand et al. 1984). In the PI-IUGR sheep
fetus, norepinephrine plays a major role in nutrient distribution (Green et al. 2011)
by mediating widespread glucose sparing effects to promote fetal survival via three
routes by; (1) increasing fetal hepatic gluconeogenic capacity, (2) mobilization of
fuels such as fatty acids and amino acids that can be metabolized peripherally in
lieu of glucose, and (3) suppressing insulin sercretion. Insulin is the major anabolic
hormone that coordinates fetal nutrient availability with fetal growth (Gluckman
and Liggins 1984). Fetal pancreatic ß-cells are nutrient sensing cells that secrete
insulin in response to increases in plasma concentrations of glucose and amino
acids (Fowden 1992). Catecholamines increase hepatic gluconeogenic capacity,
which is associated with up-regulation of mRNA of key gluconeogenic enzymes
phosphoenolpyruvate carboxy kinase (PEPCK), and glucose -6-phosphatase (G6P)
as well as increased mRNA expression of peroxisome proliferator-activated
receptor-c coactivator-1a increased phosphorylation of cAMP response element
binding protein (Thorn et al. 2009). Reductions in fetal glucose oxidation rates
further promote gluconeogenesis by increasing lactate availability as a substrate
for hepatic gluconeogenesis (Yates et al. 2011). Catecholamines bind ß-adrenergic
receptors on the plasma membrane of adipose cells and initiate intracellular sig-
naling cascades that result in activation of hormone-sensitive lipase and mobili-
zation of fatty acids. Chronic exposure to catecholamines upregulates mRNA
expression of the ß2 adrenergic recepetor isoform and leads to adrenergic
desensitization of perirenal adipose tissue in the fetal sheep and this defect persists
postnatally leading to metabolic complications, excess fat accumulation, and
unfavorable body composition. Norepinephrine suppresses fetal insulin secretion
by binding to adrenergic receptor alpha-2 isoforms which are coupled to G-protein
signaling pathways that suppress insulin secretion by decreasing intracellular
cyclic AMP and/or calcium. Chronically elevated norepinephrine, as measured in
the heat stress-induced PI-IUGR sheep fetus, is associated with increased mRNA
expression of adrenergic receptor isoforms alpha1D, alpha2A, and alpha2B (Leos
et al. 2010) explaining persistent impairment fetal ß-cell function (Green et al.
2010). Furthermore, ß-cell replication is diminished and therefore ß-cell mass is
reduced in PI-IUGR sheep fetuses (Limesand et al. 2005). Additionally, mRNA
expression of insulin receptor (Thorn 2009) and glucose transporter isoforms
GLUT-1 and GLUT-4 (Hay 2006) were found to be increased in the skeletal
muscle of PI-IUGR sheep but intermediate insulin signaling elements phospho-
inositide-3 kinase (p85) and protein kinase B (Akt2) were decreased (Thorn et al.
2009). Glucose utilization rates were found to be increased along with insulin
sensitivity in fetal sheep with PI-IUGR (Limesand et al. 2007). This fetal
programing adaptation which has been found to persist postnatally, may partially
explain the observed phenomenon of ‘‘catch up’’ growth in PI-IUGR offspring.

While the metabolic adaptations described elsewhere by the frugal phenotype
or thrifty phenotype may be advantageous for fetal survival in heat stress-induced
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PI-IUGR, these adaptations have detrimental effects postnatally when nutrients
and oxygen are no longer restricted. In this case animal exhibits ‘‘catch-up’’
growth and tends to accumulate disproportionally large amounts of fat compared to
lean soft tissue which translates to lower carcass quality from a production
standpoint. In summary, a better understanding of the genes affected by heat stress
and the mechanisms by which their expression affects fetal and postnatal growth
will elucidate opportunities improve practices to improve thermal tolerance and
production in livestock.
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Chapter 15
Impact of Climate Change on Livestock
Production

Lance H. Baumgard, Robert P. Rhoads, Michelle L. Rhoads,
Nicholas K. Gabler, Jason W. Ross, Aileen F. Keating,
Rebbeca L. Boddicker, Sangeeta Lenka and Veerasamy Sejian

Abstract Livestock production is the world’s dominant land use, covering about
45% of the Earth’s land surface, and much of it in harsh and variable environments
that are unsuitable for other purposes. Climate change (CC) can impact the amount
and quality of produce, reliability of production, and the natural resource base on
which livestock production depends. Climate is an important factor of agricultural
productivity and CC is expected to severely impact livestock production systems.
Furthermore, global demand for animal protein will rise as populations become
more affluent and eating habits change. Therefore, animal production plays (and
will continue to do so) a key role in the food supply chain. While the increasing
demand for livestock products offers market opportunities and income for small,
marginal, and landless farmers, livestock production globally faces increasing
pressure because of negative environmental implications, particularly because of
greenhouse gas (GHG) emissions. Agriculture is one sector which is important to
consider as it both impacts CC as well as is influenced by CC. Higher tempera-
tures, potentially caused by GHG, would likely result in a decline in dairy pro-
duction, reduced animal weight gain, reproduction, and lower feed-conversion
efficiency in warm regions. Incidence of diseases among livestock and other
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animals are likely to be affected by CC, since most diseases are transmitted by
vectors such as ticks and flies (development stages of ticks and flies are often
dependent on ambient temperature). Cattle, goat, horses, and sheep are also
vulnerable to an extensive range of nematode worm infections, most of which
have their development stages influenced by climatic conditions. CC will have
far-reaching consequences for dairy, meat, and wool production systems that
rely primarily on grass and rangelands and this will likely detrimentally affect vul-
nerable pastoral communities which are engaged in extensive livestock production
systems in drylands. Although the direct effects of CC on animals are likely to be
small (as long as temperature increases do not exceed 3�C), CC will affect animals
indirectly through physiological stress and thermoregulatory control, nutrition, and
disease stress. Because livestock products are an incredibly important human food,
and because animal farming is a significant source of income for millions of farmers,
it is necessary to identify CC mitigation strategies and solutions.

Keywords Heat stress � Metabolism � Disease � Epigenetics
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15.1 Introduction

Animal productivity is optimized within narrow environmental conditions. When
the temperature is either below or above the threshold values for peak animal
production, efficiency is compromised because nutrients are diverted to maintain
euthermia as a means of maintaining body temperature which invariably takes
priority over product synthesis such as milk, meat, fetus, etc. Heat stress negatively
impacts a variety of productive parameters including milk yield, growth, repro-
duction, and carcass traits. In addition, heat load increases healthcare costs and
animals can succumb to severe thermal stress (especially lactating cows and sows).
Therefore, environmental heat stress is a significant financial burden to the
industry given that about $900 million/year for dairy and over $300 million/year
each in beef and swine are lost to heat stress in the U.S. alone (St. Pierre et al.
2003; Pollmann 2010). Advances in management (i.e., cooling systems, barn
construction) have alleviated some negative impacts of thermal stress on animal
agriculture (Armstrong 1994; Burgos et al. 2007; Stowell et al. 2009) although
production is still compromised during the summer.

The detrimental effects of environmental heat stress on animal welfare and
production will likely become more of an issue in the future if the Earth’s climate
continues to warm as some predict (IPCC 2007; Bernabucci et al. 2010). In
addition, the human population continues to increase, especially in the tropical and
subtropical areas of the globe (Roush 1994). Consequently animal agriculture in
these warm areas will need to expand (Renaudeau et al. 2008) to keep pace with
the global appetite for high quality protein. However, many countries in these
geographical areas are still developing and may lack facilities and resources
required for effective heat abatement strategies. Consequently, heat stress is likely
one of the primary (if not the principal) factors limiting efficient animal protein
production and may continue to compromise food security in developing countries.

Basal/metabolic heat production increases with enhanced production [i.e.,
enhanced milk yield (Spiers et al. 2004) and lean tissue accretion (Brown-Brandl
et al. 2004)]. Therefore, genetic selection based upon traditional production traits
may increase susceptibility of animals to thermal stress. Consequently, an animal or
a breed’s annual productivity needs consideration before introducing novel genetics
into a particular geography. Understanding the biology and mechanisms of how
heat stress jeopardizes animal performance, therefore, is critical in developing
compatible approaches (i.e., genetic, managerial, nutritional, and pharmaceutical)
to ameliorate current challenges facing animal production and future mitigating
strategies to improve animal well-being, performance, and economics.
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15.2 Animal Production

15.2.1 Lactation

Milk synthesis appears to be more sensitive (compared to growth models) to
thermal stress as decreased yields of up to 35–40% are common (West 1999).
Detailed description of how cows accumulate and dissipate heat and how, when,
and where cows become heat stressed has already been published elsewhere
(Berman 2003, 2004, 2005). It was traditionally thought that lactating cows
become heat stressed when conditions exceed a temperature humidity index (THI)
of 72 (Armstrong 1994). However, recent climate controlled experiments indicate
that milk yield starts to decrease at a THI of 68 (Zimbleman et al. 2009) which is
supported by field observations that evaluated the THI when cow standing time
(a classic response to a thermal load) increases (Cook et al. 2007). The lower THI
at which cows are thought to become heat stressed is consistent with the
hypothesis that higher producing cows are more susceptible to a thermal load.

Heat stressed animals reduce feed intake and this is presumably a survival
strategy as digesting (especially in ruminants) and metabolizing nutrients gener-
ates heat (i.e., thermic effect of feed). A popular opinion contends that inadequate
feed intake caused by the thermal load was responsible for decreased milk pro-
duction (Fuquay 1981; Beede and Collier 1986; Silanikove 2000; West 1999;

Fig. 15.1 Effects of heat
stress (HS) or pair-feeding
(PF) on a DMI and b milk
yield in lactating Holstein
cows. Solid lines with
diamonds represent PF cows
and dashed lines with squares
represent HS cows. The mean
value from day 1 to 9 of the
TN ad libitum period (P1)
was used as a covariate and is
represented by P1 on the X
axis. The day 1–9 results are
from P2 when cows were
exposed to HS or exposed to
TN conditions and PF with
the HS cows. Adapted from
Rhoads et al. 2009
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DeShazer et al. 2009). However, our recent experiment demonstrated disparate
slopes in feed intake and milk yield responses to a cyclical heat load pattern
(Shwartz et al. 2009). This led us to hypothesize that heat stress reduces milk
synthesis by both direct and indirect (via reduced feed intake) mechanisms
(Baumgard and Rhoads 2012). To examine this theory, we designed a series of
pair-feeding experiments enabling us to evaluate thermal stress while eliminating
the confounding effects of dissimilar nutrient intake. Employing this type of
approach is required to differentiate between direct and indirect effects (e.g.,
reduced intake) of environmentally induced hyperthermia because both heat
stressed and malnourished animals share common responses (i.e., reduced milk
yield, growth, etc.). Our experiments demonstrate that reduced feed intake only
explains approximately 35–50% of the decreased milk yield during environmental-
induced hyperthermia (Fig. 15.1, Rhoads et al. 2009; Wheelock et al. 2010). These
results agree with previous data (Bianca 1965), and suggest that when overall heat
stress (extent and duration) exceeds a given threshold (as of yet unidentified) the
cumulative thermal load disrupts the nutrient intake:milk production relationship
and milk yield declines beyond expected levels.

15.2.2 Growth

15.2.2.1 Beef

In general, heat stress-induced production losses in beef cattle are not as severe as
those for the dairy industry. It is not entirely clear why growing cattle tolerate higher
THI conditions and exhibit a greater heat strain threshold than lactating dairy cows,
but likely possibilities may involve: (1) increased surface area to mass ratio, (2)
reduced rumen heat production (because of the mostly grain diet), and (3) reduced
overall metabolic heat production (on a body weight basis). In addition, beef cattle
will often experience compensatory gain after mild or short periods of heat stress
(Mitlöhner et al. 2001). The combination of these factors translate into heat-related
reduced gain that is typically less than 10 kg, which amounts to *7 extra days on
feed (St. Pierre et al. 2003). Furthermore, the impact of heat stress on reproductive
indices is typically not as severe in beef cattle as in dairy cattle due to the seasonal
nature of breeding programs (often occurring during the spring in the US).

15.2.2.2 Swine

Although accurately estimating the heat-induced economic loss is challenging, a
recent assessment suggests poor sow performance alone (not including reduced
growth, carcass quality, etc.) costs the US swine industry $330 million annually
(Pollmann 2010). Even if optimal heat stress abatement strategies were imple-
mented by all pig producers at all stages of production, losses to heat stress would

15 Impact of Climate Change on Livestock Production 417



still cost the American pig industry about $300 million annually (St. Pierre et al.
2003). The economic losses caused by a sustained thermal load include reduced
growth and efficiency, increased healthcare costs, decreased carcass value
(increased lipid and decreased protein), and increased mortality (especially sows
and market hogs) and this typically coincides with the time of year that has the best
market prices. Interestingly, the fact that pigs reared in heat stress conditions have
reduced muscle mass and increased adipose tissue has been documented frequently
over the past 40 years (Close et al. 1971; Verstegem et al. 1978; Stahly et al. 1979;
Heath 1983, 1989; Bridges et al. 1998; Collin et al. 2001). This phenomenon is not
unique to pigs, as heat stress also alters carcass composition similarly in rodents
(Schmidt and Widdowson 1967; Katsumata et al. 1990) and growing poultry
(Baziz et al. 1996; Geraert et al. 1996; Yunianto et al. 1997; Lu et al. 2007).

A dramatic reduction in feed intake (up to 50%) is an obvious sign of heat stress
and is thought to be primarily responsible for the negative effects heat stress has on
pig performance (Collin et al. 2001). It is counter-intuitive that heat stress stim-
ulates a decrease in nutrient intake and depresses growth, yet increases carcass
lipid accretion and decreases carcass nitrogen content. In thermal neutral (TN)
conditions, pigs consuming a restricted diet will deposit protein at the expense of
lipid accretion (i.e., the carcass lipid to protein ratio decreases, meaning the car-
cass becomes leaner) and the quantity of lipid deposited per unit of energy con-
sumed decreases (Le Dividich et al. 1980; Van Milgen and Noblet 2003; Oresanya
et al. 2008). The hallmark of heat stress in swine, therefore, is increased lipid
deposition at the expense of protein. Hence, the reduced feed intake to body
composition relationship is exactly opposite in pigs reared in heat stress conditions
and is independent of plane of nutrition. Surprisingly, despite the enormous eco-
nomic impact of heat stress on swine, little is known about how heat stress directly
(not mediated by reduced nutrient intake) and indirectly alters metabolism and
nutrient partitioning in pigs.

15.3 Reproduction

15.3.1 Swine

The swine industry suffers considerably due to impaired reproductive performance
during periods of seasonal infertility, particularly during late summer and early
autumn months (Pollmann 2010). The impact is quite visible in the US with day 28
pregnancy rates reaching their lowest levels in August to October and reduced
farrowing rates in November and December. This phenomenon is not limited to
specific regions and occurs internationally (Auvigne et al. 2010; Pollmann 2010).
Several factors such as photoperiod and temperature can contribute to seasonal
infertility and deciphering the precise contribution of each factor on swine
reproductive performance is challenging. Despite that, heat stress has been
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repeatedly demonstrated to negatively impact reproductive efficiency in pigs by
affecting germ cell development, pregnancy establishment, maintenance of ges-
tation, and lactation performance.

15.3.1.1 Heat Stress During Oogenesis and Early Embryo
Development in Pigs

The impact of heat stress during oocyte maturation and early embryonic devel-
opment is evidenced in sows that are exposed to heat stress for 5 days following
breeding have a reduced (38%) number of viable embryos after day 27 of gestation
(Tompkins et al. 1967). In a related study, heat stress was administered following
breeding, which generally occurs prior to ovulation and complete oocyte matu-
ration, as pigs typically ovulate in the mid to latter half of estrus (Soede et al.
1992).

Difficult to study in vivo, characterization of heat stress during oocyte growth
and maturation and early embryonic development in pigs has been demonstrated in
in vitro oocyte maturation and embryo culture systems. Some evidence of in vitro
heat stress models during the transition between germinal vesicle breakdown
(GVBD) and the 4-cell stage of development demonstrates the susceptibility of
this stage to heat stress. A 9 h culture of pig embryos at 42�C following porcine in
vitro fertilization reduced blastocyst formation rate from 20�6 to 8�8% (Isom et al.
2007) and heat shock of 41�5�C for 4 h following in vitro maturation also reduced
the developmental ability of parthenogenetically activated oocytes (Tseng et al.
2006). However, it has also been demonstrated that parthenogenetically activated
pig oocytes that are exposed to 9 h of heat shock at 42�C following activation have
accelerated MAPK dephosphorylation and improved developmental competency
in vitro (Isom et al. 2009a, b).

The impact of in vitro heat stress during oocyte maturation and developmental
competency has also been demonstrated (Wright and Ross, unpublished). Oocytes
exposed to heat stress (41�C) during the first half (21 h) or complete duration
(42–44 h) of maturation process in vitro demonstrated impaired ability to reach
metaphase II arrest while oocytes exposed to heat stress during the second half
(21 h) of in vitro maturation experienced normal maturation rate (Wright and
Ross, unpublished data). In addition, following in vitro heat stress, metaphase II
arrested oocytes had impaired developmental competency compared to oocytes
matured at 39�C. We have subsequently used this model to demonstrate differ-
ences in gene expression in developing 4- to 8-cell embryos as a result of heat
stress conditions during in vitro maturation (Wright and Ross, unpublished data).

15.3.1.2 Gestation

The effect of heat stress during pregnancy in pigs is variable, as different stages of
gestation can be more severely affected than others. This is demonstrated by a
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study conducted by Omtvedt et al. (1971) as they exposed pregnant gilts to heat
stress for 8 days during different stages of gestation. In this study, compared to
sows in TN conditions, heat stress beginning either on day 0 or day 8 of gestation
reduced the number of viable embryos at day 30 of gestation. Interestingly, the
same conditions on days 53–61 did not affect farrowing performance while heat
stress during late gestation (days 102–110) reduced the number of piglets born
alive (Omtvedt et al. 1971). However, a more moderate, cyclic heat stress on bred
gilts beginning on day 3 and extended to either day 24 or day 30 of gestation did
not impact embryo survival (Liao and Veum 1994).

15.3.1.3 Lactation

Heat stress during lactation can also have a profound impact on production. Tem-
peratures exceeding the evaporative critical temperature (ECT) during lactation
reduces feed intake, and consequently, decreases milk production (Black et al. 1993).
It was hypothesized that elevated core body temperature results in the redirection of
blood flow from the mammary gland toward the skin in an effort to facilitate heat
dissipation. In response, lactation and piglet growth during lactation are significantly
reduced (McGlone et al. 1988; Black et al. 1993; Johnston et al. 1999). It is of interest
to determine whether heat stress alters post-absorptive metabolism and lactation
parameters similarly in pigs as it does cows (Wheelock et al. 2010). In addition to
reduced lactation performance, heat stress during lactation can also reduce the
number of sows returning to estrus within 15 days post weaning (Johnston
et al. 1999).

15.3.1.4 Semen Quality

While the effects of heat stress on pig reproduction is notable, it is not clear
whether heat stress affects boars differently from the way it does sows. Whereas it
is clear that reproductive parameters in gilts and sows are negatively affected by
heat stress. Exposure of boars to elevated ambient temperatures can also be det-
rimental to swine reproduction through impaired semen quality. Boars subjected to
heat stress for 90 days had reduced motility and increased percentage of abnormal
sperm within 2 weeks from the initiation of heat stress (Wettemann et al. 1976).
Utilizing semen from heat stressed boars reduced the number of embryos on day
30 post insemination when compared to TN boars (Wettemann et al. 1976;
Cameron and Blackshaw 1980).
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15.3.2 Ruminant

The physiological effects of heat stress on productivity are financially devastating
to animal production systems. During heat stress, dry matter intake (DMI)
decreases and maintenance requirements increase as livestock attempt to dissipate
excess heat load (West 1999). In addition, changes in blood flow and the
production of various hormones ultimately result in decreased reproductive per-
formance. During summer months, conception rates can decline 20–30% (Rensis
and Scaramuzzi 2003). This reduced fertility is attributed to several factors,
including a reduction in estrus detection rates, early embryonic death, inhibition of
follicular dominance, and reduced ovarian steroidogenic output (Putney et al.
1988a, b; Wolfenson et al. 2000; Rensis and Scaramuzzi 2003). Thus, heat stress
has a wide range of reproductive effects beginning with the development of follicle
through early embryonic development. The biological mechanisms that mediate
these effects, however, are not completely understood.

15.3.2.1 Reproductive Cycle

Inevitably, the decrease in DMI that occurs during periods of heat stress is accom-
panied by changes in circulating concentrations of several metabolic hormones.
Consequently, these metabolic adaptations alter the production and secretion of the
hormones controlling the reproductive cycle (Wolfenson et al. 2000). Such conse-
quences are far-reaching and may involve detrimental effects on ovarian follicular
development, oocyte competence, early embryonic development, and the maternal
recognition of pregnancy.

During heat stress, the development of the dominant ovarian follicle is attenuated
and circulating concentrations of estradiol are reduced. In addition, the luteal phase
of heat stressed cattle is extended and follicular wave dynamics are altered (Wilson
et al. 1998). These changes in ovarian function appear to be the result of decreased
pulse amplitude of luteinizing hormone (LH) (Gilad et al. 1993). LH is directly
involved in the processes of follicular growth, estradiol production, ovulation, and
progesterone production. These changes in LH pulsatility during heat stress may
simply be a consequence of inadequate nutrient consumption as decreased feed
intake is associated with changes in circulating insulin, leptin, and ghrelin, all of
which affect LH pulsatility in several species (Szymanski et al. 2007).

These heat stress-induced changes in ovarian dynamics ultimately result in the
production of substandard oocytes and pose unique challenges in reproductive
management. Many producers now rely on timed artificial insemination (AI)
programs during periods of heat stress because estrus detection rates decrease
significantly during the warm summer months. Indeed, mounting activity declines
by nearly half and is likely the result of lower circulating estradiol concentrations
(Hansen and Aréchiga 1999). Extended luteal phases during heat stress also make
it more difficult to predict when individual animals will come into estrus. Use of
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timed protocols alleviates these challenges by allowing the producer to control the
time of ovulation (de la Sota et al. 1998; de Rensis et al. 2002).

15.3.2.2 Oocyte and Embryo

The detrimental effects of heat stress on oocyte quality are not easily mitigated.
Preovulatory oocytes can be damaged directly by heat stress, and indirectly by
prolonged estrous cycles. These longer estrous cycles presumably result in the
ovulation of an aged oocyte that has reduced potential for developmental com-
petence. Oocytes contained within antral follicles appear to be the most susceptible
to the damaging effects of heat stress (Roth 2008). As a result, conception rates
remain depressed well into the fall as the oocytes that were damaged during the
summer heat stress are cleared from the ovary via ovulation or degradation.

In particular, one management technique has shown promise for overcoming
the oocyte-specific problems associated with heat stress. Conception rates are
markedly increased by transferring fresh in vitro-produced embryos into heat
stressed cattle (Al-Katanani et al. 2002; Stewart et al. 2011). This allows the
producer to completely bypass the challenges associated with substandard oocyte
quality. However, the advantage is only evident with the use of fresh embryos.
Utilizing frozen embryos during heat stress yields conception rates similar to timed
AI. This presents a logistical challenge since few producers have access and
technical know-how for effective use of fresh in vitro-produced embryos. The
source of the oocytes is also a concern if the offspring is needed as replacement
animals. Two sources of oocytes which are readily available are genetically
superior donor females (housed in a cool environment) and indiscriminate
collection of oocytes from ovaries at the slaughterhouse. Depending on the
geographical region, animals sent to the slaughterhouse vary widely in breed and
genetics, and therefore would not be desirable as replacement animals. Future
advances in in vitro embryo production and freezing will make this technique a
viable alternative for use during periods of heat stress.

Clearly the effects of heat stress on reproduction are not limited to the estrous
cycle and oocyte. Even with the use of timed embryo transfer, conception rates
during periods of heat stress still lag behind herd averages during the cooler seasons.
Most other effects of heat stress on fertility are attributed to a compromised uterine
environment. Effects of temperature, blood flow, and hormone concentrations on
uterine environment have been previously investigated (Lewis et al. 1984; Biggers
et al. 1987; Putney et al. 1988a, 1988b). Each of these factors is capable of causing
embryonic death and certainly lethal to the embryo when combined.

15.3.2.3 Semen Quality

Male fertility also suffers during periods of heat stress. Bull sperm concentration,
motility, and morphology are all affected by increased testicular temperatures.
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Morphological defects include various maladies affecting both the head and tail
regions of the spermatozoa. The observed decrease in quality of the ejaculate
occurs irrespective of testosterone concentrations, as both circulating and testicular
concentrations of testosterone are unaffected by heat stress (Minton et al. 1981;
Barth and Bowman 1994). The observed decrease in semen quality is, however,
associated with an increase in the production of reactive oxygen species (ROS)
during periods of heat stress (Nichi et al. 2006).

15.3.3 Plasma Urea Nitrogen and Fertility

Although poorly understood, heat stress increases circulating plasma urea nitrogen
(PUN) concentrations (Shwartz et al. 2009; Rhoads et al. 2009). This phenomenon
may be a consequence of increased skeletal muscle breakdown rather than sub-
optimal rumen nitrogen efficiency. A better indicator of muscle catabolism is
3-methyl-histidine, which is reported to increase in heat stressed poultry and is not
caused by heat-induced reduced DMI (Yunianto et al. 1997). Direct effects of heat
stress on muscle breakdown (3-methyl-histidine or creatine) have been reported in
exercising men (Febbraio 2001), rabbits (Marder et al. 1990), and lactating cows
(Schneider et al. 1988; Kamiya et al. 2006). Other factors that may contribute to
increased PUN are increased digestibility of the diet (due to decreased passage
rate; West 1999) and decreased blood flow to the kidneys for urea excretion
(Kenney and Musch 2004; Lee et al. 2005). The end result of these physiological
changes is elevated PUN concentrations in heat stressed cows, irrespective of
changes in diet formulation or declining DMI.

The conception rates of both dairy cows and heifers plummet dramatically in
response to elevated PUN concentrations (Ferguson et al. 1988, 1993; Elrod and
Butler 1993; Butler et al. 1996). Reproductive processes that are likely to be affected
by excess PUN concentrations include follicular, luteal, and embryonic develop-
ment. Circulating urea concentrations equilibrate within reproductive fluids and
increase proportionally with increasing concentrations of PUN (Leroy et al. 2004;
Hammon et al. 2005). Elevated urea concentrations within the uterus may affect
embryonic development and survival by altering the uterine environment (especially
secretory activity). For example, uterine luminal pH on day 7 after estrus is slightly
lower in cows with high PUN concentrations (Elrod and Butler 1993; Elrod et al.
1993; Rhoads et al. 2004) During embryo culture, lowering the pH of the culture
media to similar levels reduced cleavage rates and almost completely inhibited the
development of embryos to the blastocyst stage (Ocon and Hansen 2003). When
embryos were flushed from donor cows consuming high or low protein diets, no
quantitative or qualitative differences were observed (Garcia-Bojalil et al. 1994;
Rhoads et al. 2006). However, appearances can be deceiving: when those embryos
were transferred, those collected from the high PUN donors resulted in fewer
pregnancies than the embryos collected from moderate PUN donors (11 vs. 35%
pregnancy rate). Interestingly, there were no differences in pregnancy rate based on
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the PUN concentrations of the recipient animals (Rhoads et al. 2006). Since preg-
nancy rates were only affected by the PUN concentrations of the donor animals, we
can conclude that either the oocyte or embryo is damaged by high PUN concentra-
tions on or before day 7 of pregnancy (the day that embryos were collected from
donors), resulting in decreased long-term viability. Similar effects on embryonic
development have been reported in ewes (Bishonga et al. 1996). Mechanistically, the
embryos from ewes fed with high urea diets used more glucose and experienced up to
a 2.8-fold increase in metabolic rate compared to embryos from ewes fed with low
urea diets (McEvoy et al. 1997). The availability of nutrients to the embryo that
would be needed to support such an accelerated metabolic rate may be a factor
contributing to the observed decrease in embryo survival.

15.3.4 Heat Stress, Reproduction, and Heat Shock Proteins

The impact of increased environmental temperature on mammalian reproduction are
well recognized and include detrimental effects on oogenesis (Putney et al. 1989),
spermatogenesis (Kunavongkrit et al. 2005), puberty suppression (Kurowicka et al.
2006), ovulation (Rozenboim et al. 2007), conception (Christenson 1980; Putney
et al. 1989), and embryogenesis (Putney et al. 1989; Hansen 2009). This section will
highlight impacts of hyperthermia on signaling mechanisms and specifically
heat shock proteins (HSP) in reproductive tissues. It is also important to mention
detrimental effects of elevated body temperature on male reproductive function.
The testis is located in a scrotal sacral pouch which is designed to maintain the
temperature at a lower temperature than the body *34–35�C. This reduced tem-
perature is vital for spermatogenesis to occur (Martti 1967) because elevated body
temperatures can have detrimental effects on male reproductive function. Damage to
spermatocytes and spermatids occurs at temperatures of 43�C for 15 min, while a
further two degree increase results in widespread damage and germ cell apoptosis
(Jegou et al. 1984). Recovery of spermatogenesis takes approximately 50 days after
thermal stress (Setchell 1998); however, if the primary germ cells are destroyed, the
damage can be permanent. Hyperthermia can also impact male hormone production
(Kuhn-Velten 1996).

It is proposed that ghrelin is thought to play a role in counteracting hyper-
thermia-induced testicular damage. For example, ghrelin is hypothesized to act as
an endogenous antioxidant by increasing antioxidant enzyme activity and to
reduce lipid peroxidation in the testis and ovary (Kheradmand et al. 2009a, b, c,
2010). In addition, ghrelin partially reverses the negative effects of heat stress on
testicular and epididymal mass, testicular germ cells, and mitotic activity of
seminiferous tubules (Kheradmand et al. 2011).

The heat shock response that mediates the detrimental effects of hyperthermia
can also be activated in response to other stressors, such as chemical exposures.
HSP are the central mediators in the heat shock response and have been classified
into seven groups based on their functional role: (1) the molecular chaperones
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(Ellis et al. 1989), (2) proteolytic enzymes, (3) DNA and RNA modifying enzymes
alterations (Jantschitsch and Trautinger 2003), (4) metabolic enzymes (Voit and
Radivoyevitch 2000; Malmendal et al. 2006), (5) regulatory proteins (Al Refaii
and Alix 2009), (6) cellular structural proteins, e.g., cytoskeletal proteins, and (7)
transport, detoxifying, membrane-modulating proteins (Welker et al. 2010).
Across species, approximately 50–200 of these proteins are upregulated in
response to thermal stress (Richter et al. 2010). The HSP genes that were upreg-
ulated are classified into the seven HSP groups described above. It is noteworthy
that no genes involved in DNA/RNA repair were altered. It is also worth noting
that these cells were a transformed lymphoma cell line, and therefore results may
not accurately represent changes to HPS’s that occur in normal, non-diseased cells.
Additionally, this was a mild heat stress for a short period of time; however, it is
notable that there were changes in 104 genes, and that many of these genes have a
known function in mediating the heat shock response (Tabuchi et al. 2008). This
family of proteins, which include several subgroups, is classified based on their
molecular weights. A transcription factor, heat shock factor (Hsf1), is a critical
regulator of the heat shock response (Wu 1984; Wu et al. 1986). Hsf1 binds to the
heat shock element in target genes to initiate transcription.

15.3.4.1 Role of Heat Shock Protein in Reproduction

Hsp90: In Drosophila, HSP90 mutant alleles have a variety of ovarian defects,
including blocked egg chambers, problems in transfer of nurse cell cytoplasm into
the developing oocytes, decreased nuclear degeneration at end of dumping pro-
cess, and smaller size of mature eggs (Pisa et al. 2009). HSP90 is thought to
regulate the estrogen receptor (ER) (Ruden et al. 2005) and has been demonstrated
to inhibit aromatase expression in bovine dominant follicles (Driancourt et al.
1999). Since aromatase is a critical enzyme in Estradiol synthesis, HSP90 may
play a role in ovarian steroidogenesis. A role for auto-antibodies in HSP90 in
premature ovarian failure (POF) patients has recently been demonstrated (Pires
and Khole 2009). In cows, HSP90 has a widespread ovarian distribution (Velaz-
quez et al. 2010), and has been shown to be unaffected by thermal stress in bovine
follicular fluid (Guzeloglu et al. 2001). HSP90, therefore, is known to be important
for ovarian function although the effect of thermal stress on its expression and
activity remains unclear.

Hsp70: HSP70 plays an important function in refolding misfolded proteins and
directing those misfolded proteins that are beyond repair toward apoptosis (Weber
and Janz 2001). Conversely, HSP70 has an anti-apoptotic role (Mallouk et al.
1999; Beere 2004) and is increased in ovarian tertiary follicles relative to primary
and secondary follicles (Velazquez et al. 2010). Bovine cystic follicles have
increased expression of HSP70 relative to healthy follicles (Velazquez et al. 2010),
and HSP70 was increased in heat shocked rat (Narayansingh et al. 2004) and quail
(Sahin et al. 2009). In porcine ovaries, HSP70 protein is expressed in granulosa
cells and is elevated in response to high temperatures (Sirotkin and Bauer 2011).
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Further, thermal stress increases the stability of Hsp70 mRNA (Theodorakis and
Morimoto 1987), and may represent a protective event in the ovary. In contrast to a
protective ovarian role, elevated HSP70 is associated with complications during
pregnancy (Molvarec et al. 2010). Increased circulating HSP70 is found in human
patients with pre-eclampsia (Padmini and Lavanya 2011) and in those who
experience preterm labor (Molvarec et al. 2010).

Mutation of the gene encoding HSP70 leads to defects in spermatogenesis and
causes arrest at prophase I phase of meiosis, resulting in loss of spermatocytes by
apoptosis (Mori et al. 1997). Also, loss of DNAJA1, which is a co-chaperone of
HSP70, causes severe spermatogenesis defects (Terada et al. 2005).

Hsp60: HSP60 is localized to the human uterus and fallopian tube (Lachance
et al. 2007). Additionally, the role of HSP60 in placental steroidogenesis has been
determined (Olvera-Sanchez et al. 2011). In Drosophila, Hsp60C is expressed
during oogenesis and lack of Hsp60C results in severe oogenesis defects and
female sterility (Sarkar and Lakhotia 2008). In mice, lack of Hsp60 is embryon-
ically lethal (Christensen et al. 2010), while heterozygosity for the mutant allele
results in increased numbers of male offspring due to altered genotype of sper-
matogonia (Christensen et al. 2010).

In males, HSP60 is located in spermatogonia in the seminiferous tubule,
interstitial cells, and in the mid-piece region of sperm cells (indicating a mito-
chondrial location) (Lachance et al. 2010). Interestingly, LPS/endotoxin exposure
increases testicular HSP60 expression (Metukuri et al. 2010).

Small heat shock proteins (sHSPs): sHSPs including HSP27 have been studied
in female reproductive tissues and is highly expressed in the corpus luteum during
pregnancy in rats (Maizels et al. 1998). In the ovary, HSP27 is localized to the
oocyte cytoplasm and nucleus. During oocyte maturation, HSP27 increases dra-
matically, and injection of HSP27 into mouse oocytes increased the rate of GVBD
(Liu et al. 2010). Similar to HSP70, expression of HSP27 is increased in placentas
from pre-eclamptic women (Alterovitz et al. 2010), and may have a pathogenic
role during pregnancy.

HSPA4 is detected in many adult tissues with highest expression level in the
spleen, testis, and ovary (Kaneko et al. 1997). Lack of Hspa4 results in impaired
male fertility (Held et al. 2011) with reduced spermatozoa and testicular defects.

It is clear that a number of proteins in the HSP family play important roles in
reproduction, regardless of hyperthermia. The role of individual HSPs during
hyperthermia exposure remains to be clearly delineated.

15.4 Epigenetics

Literally translated to mean ‘‘above the genome’’, the study of epigenetics is the
study of DNA modifications capable of impacting gene expression, and subse-
quently the cellular phenotype that is not a result of differences in DNA base pair
sequence. Modifications which impact the ‘epigenetic code’ include DNA
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methylation, histone regulation, chromatin state, miRNA expression, etc. Prenatal
and postnatal environmental factors can alter the epigenetic profile thereby altering
future cell-specific responses to environmental stimuli and metabolic conditions.
These changes may be transient or static and can be heritable for multiple gen-
erations. The type of epigenetic modification determines the duration and nature of
the epigenetic response.

15.4.1 DNA Methylation

Methylation is a stable, long-lasting DNA modification that can be inherited by
offspring or acquired throughout an animal’s lifetime. DNA is methylated by the
enzymatic transfer of a methyl group from the methyl donor, S-adenosyl methio-
nine, through the action of DNA methyltransferases (DNMTs). Methylation often
occurs by addition of a methyl group to the cytosine of CpG dinucleotides,
the cytosine- and guanine-rich regions located upstream of gene promoters.
Hypermethylation of CpG islands in promoter regions of genes typically suppresses
gene expression through recruitment of DNA binding proteins that result in inter-
ference of transcription factors causing transcriptional repression. Alternatively,
non-CpG methylation of DNA can confer more variable regulation patterns. Two
classes of DNMTs exist with the distinct purposes of de novo or maintenance
methylation (Klose and Bird 2006). Maintenance methylation is essential for
copying existing methylation patterns during replication and development. De novo
methylation, in contrast, introduces new methylation patterns to previously unme-
thylated DNA. De novo methylation may occur in response to environmental stress
and is therefore a possible mechanism for potentiating a long-term or imprinted
response to stress.

15.4.2 Histone Modifications

Histone modifications alter gene expression through regulation of histone inter-
actions with DNA and control of histone structure. Histones modifications, unlike
DNA methylation, can be reversible or static (Turner 2007). The primary post-
translational modifications of histones are acetylation, methylation, and phos-
phorylation. Acetylation is catalyzed by histone acyltransferases (HATs) and
generally acts to weaken the histone-DNA bond thereby promoting transcription.
Acetylation primarily targets lysine residues and can be reversed, or deacetylated,
by histone deacetylases (HDACs). HDACs restore the interaction between DNA
and histones causing repression of transcription. Phosphorylation of histones tar-
gets serine and threonine residues and is controlled by the opposing action of
kinases and phosphatases. It is currently unknown how phosphorylation alters
histone function. Histone methylation of lysine and arginine is reversibly regulated
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by methyltransferases and demethylases. Methylated residues can be mono, di, or
trimethylated. Less common histone modifications also modify histone function
including ubiquitylation, sumoylation, and ADP ribosylation. Histone modifica-
tions can impact histone-DNA binding and regulate further histone modifications.

15.4.3 Chromatin State

The regulation of histone structure by the covalent modifications described above
has a direct impact on chromatin state. Typically, chromatin exists in one of two
states: the restricted state, heterochromatin or the relaxed state, euchromatin. While
distinct associations have not been made between specific histone modifications and
chromatin state, it is clear that chromatin state impacts gene expression.

15.4.4 miRNA

miRNA are 18–25 nucleotide non-coding RNAs that confer post-transcriptional
gene regulation (PTGR) following binding with specific regions on the target mRNA
which results primarily in mRNA degradation and/or translational repression.
Although miRNA is not classically considered in an epigenetic event, miRNA is able
to participate in epigenetic regulation through a feedback loop with the epigenetic
regulators, DNMTs and HDACs (Sato et al. 2011). In this regulatory circuit, the
expression of miRNAs is regulated epigenetically by DNMTs and HDACs. Subse-
quently, miRNAs regulate transcript expression of DNMTs and HDACs.

15.4.5 Genomic Imprinting

Following fertilization, both paternal and maternal genomes undergo global
demethylation yielding a one cell totipotent zygote. As development progresses
through a series of holoblastic cleavages, cells begin differentiation leading them
toward specific cell lineages (Reik 2007). The mechanism controlling the
molecular programming of these cells is not well understood but is largely
attributed to differences in DNA methylation of CpG islands as well as alterations
in histone methylation and acetylation patterns (Kelly and Trasler 2004).
Continued differentiation and programming of cells during prenatal development
is largely the result of continued modifications of DNA methylation patterns.
During cellular differentiation, epigenetic modifications can be altered while
others remain more permanent, such is the basis of numerous disease statuses as
the result of abnormal epigenetic imprints. Functionally, epigenetic modifications
can improve the plasticity of the genome to improve responses to specific
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environmental conditions. We hypothesize that epigenetic modifications estab-
lished in utero in response to maternal heat stress can influence the postnatal
development.

15.4.6 Epigenetic Response to Heat Stress

Heat stress during early postnatal development has been shown to cause histone
modifications that extend into adulthood. This epigenetic conditioning then results
in thermotolerance to heat stress later in life. This phenomenon has been best
demonstrated in chickens, where heat stress at 3 days of age conferred protection
against acute heat stress-related mortality during adulthood (Yahav and McMurtry
2001). This protective effect has been characterized by analysis of histone modi-
fications and resulting epigenetic memory (Kisliouk et al. 2010). In chickens that
were acutely heat stressed 3 days post hatching and again 1 week later, increases
in H3K9 acetylation and H3K9 dimethylation were observed during heat stress
exposure at developmental stage. Histone modifications in response to chronic heat
stress have also been reported in rodents (Tetievsky and Horowitz 2010). In this
study, histone H3 phosphorylation and subsequent H4 acetylation occurred in the
promoters of Hsp-70 and Hsp-90 after heat acclimation. This resulted in a cyto-
protective effect that was mediated through constitutively elevated expression
of HSP-70 and increased HSP-90 protein in response to heat acclimation and
reacclimation. This cytoprotective response to heat stress has been replicated in
cell culture where a conditioning heat load increased survival of mouse fibroblasts
in response to a lethal heat load (Luft et al. 2001).

15.4.7 Evidence of Epigenetically Programmed Response
to Maternal Stress

15.4.7.1 Intrauterine Growth Restriction

Intrauterine growth restriction (IUGR) is caused by insufficient fetal nutrient and
oxygen supply and placental development and has been associated with low birth
weight and numerous adverse outcomes in affected offspring. The epigenetic
programming that occurs in IUGR has been studied primarily in rodent models.
Characterization of experimental-induced IUGR in rodents revealed global
genome-wide hypomethylation and respective perturbations in methyl group
metabolism in the liver (MacLennan et al. 2004). In pancreatic islets, experi-
mentally induced IUGR caused alterations in the methylation profile and
histone modification of genes responsible for insulin and glucose regulation
(Raychaudhuri et al. 2008; Thompson et al. 2010). Many metabolic consequences
have been reported in response to IUGR in rodents, humans, and agricultural
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species. IUGR and nutrient malnutrition prior to weaning caused impaired beta
cell development in rats which is retained into adult life (Garofano et al. 1998). At
9 months of age, the effects of IUGR resulted in upregulation of hepatic lipogenic
transcription factors and enzymes as well as upregulation of hepatic CRP
expression in rats (Magee et al. 2008).

15.4.7.2 Metabolic and Hormonal Imprinting

Similar to IUGR, metabolic imprinting describes a lasting epigenetic imprint in
response to the prenatal metabolic environment (Waterland and Garza 1999). This
imprint is characterized by changes in organ and tissue structure, cell number, and
differentiation. The phenomenon of metabolic imprinting is best illustrated by
Csaba et al. (1984). In this study, the injection of parental rats with insulin altered
the offspring’s response to insulin. Metabolic and hormonal imprinting has since
been demonstrated through the study of obesity-prone offspring born from diabetic
mothers in rodents and humans (Poston 2011).

15.4.7.3 Maternal Heat Stress

Epigenetic programming and hormonal changes in IUGR animals is somewhat
similar to that observed in animals exposed to prenatal heat stress. This change is
likely a result of alterations in metabolism, uterine blood flow, and reproduction
caused by heat stress. The effects of maternal heat stress on offspring may range from
developmental deficits to an altered response to heat stress later in life. In mice and
guinea pigs, prenatal exposure to heat stress resulted in reduced postnatal weight
gain and smaller brain weights that lasted into maturation (Jonson et al. 1976;
Shiota and Kayamura 1989). The cause of suboptimal postnatal performance in mice
exposed to prenatal heat stress has been suggested to be due to interference with
establishment of the hypothalamic pituitary axis. In mouse embryos, a gene-specific
DNA methylation imprint of heat was observed following heat stress (Zhu et al.
2008). As we continue to expand our knowledge of the effects of maternal heat stress
and its imprint on future generations, epigenetic regulation will likely be a major
contributor.

15.4.8 Species-Specific Evidence of Maternal Stress-Induced
Epigenetic Imprinting

In agricultural species, the postnatal effects of prenatal stresses have not been well
characterized. The majority of research on epigenetic regulation in response to
maternal stressors has been done in pigs and sheep. Although there is little direct
evidence suggesting that heat stress in utero confers an epigenetically mediated
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response to heat in later life, there is ample evidence of stress-induced epigenetic
changes in these species.

15.4.8.1 Swine

Heat stress in swine has significant impact on reproductive performance.
In addition to decreased fertility, prenatal stress can also result in IUGR that can
result in further losses as piglets born during periods of maternal stress have
diminished performance in postnatal life.

The concept of IUGR impacting both fetal and postnatal development in pigs
has been studied by Foxcroft et al. IUGR in pigs has lasting effects on growth
potential and carcass quality (Foxcroft et al. 2006, 2009). In addition to IUGR,
maternal diet has been demonstrated to impact postnatal performance of piglets.
Supplementing gestating sow diets with omega three fatty acids improved glucose
uptake in offspring (Gabler et al. 2009). Moreover, maternal stress may also result
in an imprint on immune response. Exposure to maternal restraint stress caused a
greater inflammatory response to endotoxin challenge in offspring (Collier et al.
2011).

15.4.8.2 Sheep

IUGR has also been studied in sheep, and it has been demonstrated that IUGR by
nutrient restriction alters the offspring’s response to similar undernutrition during
gestation later in life (Kiani et al. 2008). Specifically, ewes that experienced IUGR
in fetal life have an impaired ability to adjust energy expenditure in response to
energy restriction during gestation. An impact of maternal heat stress has also been
reported in sheep. Prenatal heat stress in lambs caused reduced uterine blood flow
and resulted in decreased birth weights and tissue weights (Dreiling et al. 1991).
In addition, seasonal differences in tissue development have been observed
between lambs born in the spring vs. autumn (McCoard et al. 1997).

15.5 Gastrointestinal Tract

15.5.1 Barrier Function and Integrity

The main functions of the gastrointestinal tract (GIT) are to facilitate digestion and
absorption of water and nutrients as well as maintain barrier integrity and
immunity. The GIT achieves this by maintaining critical epithelial barriers which
normally prevent passage of unwanted luminal contents and pathogens from
entering the body, while allowing passage of ions, nutrients, and water. Thus, the
intestines form a major physical barrier to prevent pathogens and toxic compounds
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from entering the mucosa and circulation, while simultaneously activating the
acquired and innate immune systems. This is largely dependent on junction
complexes connecting enterocytes together via well-organized intercellular array
of tight junctions, adhesion junctions, and desmosomes surrounding the apical
region of epithelial cells. Cell to cell adhesion and tight junctions are regulated by
the membrane spanning proteins claudin, occluding, zonula occudens-1 and 2
(ZO-1, ZO-2) and cingulin (Oswald 2006; Shen et al. 2011). Additionally, adhe-
sion junction proteins such as E-cadherin, also contribute to gut integrity. Inter-
estingly, these tight junctions undergo constant remodeling and are dynamic in
nature (Shen et al. 2008).

Little is known about the direct or indirect effects of heat stress on tight junction
complexes and barrier integrity in livestock. However, one of the most consistent
effects of heat stress on livestock is the rapid damage and death of the intestinal
epithelial surface and sloughing of the epithelial layer (Liu et al. 2009; Yu et al.
2010). As a result, heat stress is associated with leaky epithelial barrier and
increased intestinal permeability, especially endotoxin or lipopolysaccharides
(LPS) (Lambert 2004, 2009). Furthermore, as a result of epithelial damage,
intestinal morphology is altered during heat stress with villi and crypts being
shortened (Table 15.1). Mechanistically, in vitro studies in Caco-2 cells indicated
that heat stress directly alters tight junction protein expression and localization,
leading to increased barrier dysfunction (Dokladny et al. 2006, 2008). The increase
in occludin expression was blunted when cells were heated and given a HSP
inhibitor. Furthermore, the decrease in barrier integrity and increased permeability
may be explained by the upregulation of myosin light chain kinase (MLCK) (Yang
et al. 2007). MLCK directly phosphorylates the regulatory light chain of type 2
myosin (MLC) resulting in the contraction of the actin cytoskeleton in the tight
junction complex (Turner 2006). As actin filaments regulate tight junction adhe-
sion, contraction of these filaments ultimately leads to tight junction openings,
aiding in paracellular flux (Yang et al. 2007). Therefore, it is hypothesized that
heat stress activates MLCK and phosphorylates MLC resulting in the opening of
tight junctions and intestinal permeability.

Further evidence suggest that during heat stress there is reduced blood flow to
the GIT causing tissue hypoxia, ATP depletion, intracellular acidosis, and altered

Table 15.1 Effects of heat stress on intestinal morphology measures in various species

Species Villous height Crypt depth References

Pigs Decreased Decreased Yu et al. (2010)
Pigs Decreased Decreased Liu et al. (2009)
Broilers No change No change Quinteiro-Filho et al. (2010)
Broilers No change Decrease Burkholder et al. (2008)
Broilers Decrease – Garriga et al. (2006)
Quail Decrease Decrease Sandkc et al. (2004)
Fowl Decrease – Mitchell and Carlisle (1992)
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ion pump activity (Hall et al. 1999). Depletion of ATP and intracellular acidosis
jeopardizes tight junctions of the intestinal epithelium and this can result in
bacterial and LPS translocation from the lumen into circulation. In addition, sepsis
(Li et al. 2009; Zhang et al. 2010a, b), LPS (Albin et al. 2007; Chakravortty and
Kumar 1999), hypoxia (Qi et al. 2011), and metabolic stress (Keller et al. 1992;
Lewis and McKay 2009; Muckter et al. 1987) have all been shown to compromise
intestinal epithelial barrier function via decreased transepithelial electrical resis-
tance (TER), intestinal integrity, or junction protein reorganization. Interestingly,
all of these factors are commonly found in animals undergoing heat stress or heat
stroke and significantly contribute to altered intestinal function and integrity
(Fig. 15.2).

Luminal bacteria present in the GIT serve as a major source of LPS/endotoxin
(Ravin et al. 1960; Schweinburg and Fine 1960; Wiznitzer et al. 1960). As such,
increased intestinal permeability due to heat stress augments circulating endo-
toxin concentrations in a variety of species (DuBose et al. 1983; Hall et al. 1999;
Singleton and Wischmeyer 2006; Lambert 2008, 2009). However, little is known
about whether heat stress increases circulating LPS in livestock species, but the
consequences of LPS/endotoxin on animal performance and health is well
documented. LPS is a potent immune stimulator (Frost and Lang 2002; Webel
et al. 1997) that is recognized by the pattern recognition receptor, toll-like
receptor 4 (TLR4), and the other proteins such as LPS binding protein (LBP),

Fig. 15.2 Response of the gastrointestinal tract (GIT) to heat stress in livestock and events that
lead to reduced production, performance, and health
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CD14, and MD-2 (Hornef et al. 2003; Neal et al. 2006). Once recognized, LPS
activates the immune system, leading to inflammation, septicemia, and eventu-
ally death (if severe enough; Zweifach and Janoff 1965; Rice et al. 2003). For
livestock, an activated immune system negatively affects productivity because
energy and other nutrients are partitioned and utilized to support the immune
modulation rather than anabolic processes (Johnson 1997; Spurlock 1997; Gabler
and Spurlock 2008).

15.5.2 Appetite, Digestibility, and Nutrient Transport

The negative impact of voluntary feed intake in livestock subjected to high
environmental heat loads is well established (Bhattacharya and Hussain 1974;
Dale and Fuller 1980; Mohammed and Johnson 1985; McGuire et al. 1989; Collin
et al. 2001; Renaudeau and Noblet 2001; Patience et al. 2005; O’Brien et al. 2010).
Heat stressed livestock reduce their feed intake in order to maintain homeothermy
since the process of digestion, absorption, and metabolism of feed produces
metabolic heat. The decrease in feed intake may partially explain a proportion of
the weight loss or lack of body weight gain, reduced milk production, and decline
in other performance parameters observed in thermally challenged livestock
(Baumgard and Rhoads 2012). Feed intake is influenced by a number of factors
and is very sensitive to environmental conditions. With the selection for more
efficient and higher yielding genotypes, increasing nutrient intake to support
high levels of production may render animals more sensitive to environmental
conditions.

Compared to TN-housed pigs, apparent total track digestibility coefficients for
energy, nitrogen, and dry matter are increased in pigs reared at 33�C (Collin et al.
2001). However, if corrected for equal feed intake (heat-stressed animals ate less)
there was no effect of climate on digestibility. This is in agreement with
other species in which no differences were observed in total track digestibility
coefficients (once corrected for feed intake; laying hens, Koelkebeck et al. 1998;
quail, Sahin and Kucuk 2003; dairy, Kim et al. 2010; beef, White et al. 1992)
during heat stress. On the contrary, heat stressed sheep have reduced digesta
passage rates, neutral detergent fiber (NDF), acid detergent fiber, and non-struc-
tural carbohydrates digestibility coefficients (Bernabucci et al. 2009). This may be
due to changes in the cellulolytic and amylolytic rumen bacterial populations
following exposure to climatic stress.

The GIT is the major site of nutrient uptake and intestinal nutrient absorption is
highly susceptible to modification following exposure to environmental stress.
Glucose and fructose are the major sugars present in the gut lumen. Glucose
transport in the jejunum occurs via the apical sodium-dependent glucose
co-transporter (SGLT1) and the basolateral glucose transporter (GLUT) 2, whereas
fructose is absorbed from the lumen by the way of GLUT5 (Kellett 2001; Kellett
and Brot-Laroche 2005). Similar to many amino acid transporters, SGLT1 is an
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active transporter that requires Na+ cation gradient to transport glucose (Ray et al.
2002). Na+/K+ ATPase pumps on the basolateral membrane restores and main-
tains these Na+ gradient and disruption of intestinal Na+/K+ ATPase can inhibit
sugar absorption and glucose transporter mRNA in rodents (Ai et al. 2004).
Interestingly, intestinal Na+/K+ ATPase activities are either unchanged (Garriga
et al. 2006) or increased (Chen et al. 1994) due to heat stress in broilers. Heat stress
may have two effects on an animal’s GIT. Firstly, increased ion pump activity
helps to maintain cellular osmolality and homeostasis. Secondly, increased ion
pump activity helps to maintain membrane potential and active nutrient transport.
Garriga et al. (2006) reported that heat stress increased intestinal glucose transport
kinetics in broilers. The fact that they did not observe this in a pair-fed control
group indicates this was mainly due to the thermal effect of feeding and not feed
restriction. Additionally, the increase in SGLT-1 protein expression partially
explains this phenomenon.

The nutrient transport function of the GIT decreases when the intestine is under
inflammatory or metabolic stress. Studies show that glucose, lysine, arginine, and
glutamine transport is reduced under LPS challenge in pigs and culture, respec-
tively (Meng et al. 2005; Albin et al. 2007). While the animal is trying to fight the
cause of the stress, the GIT reduces its ability to transport the necessary nutrients
to mount an effective immune response. In turn there is increased skeletal muscle
degradation and an upregulation of catabolic processes that are required to fuel the
immune response (Webel et al. 1998). There are two proposed mechanisms
through which the nutrient transport under an inflammatory stress might be con-
trolled. First, the inflammatory cytokines secreted following immune challenge
prevents food intake and nutrient transport by acting on the growth hormone axis
(Johnson 1997, 1998). Second, LPS and other TLR4 ligands such as saturated fatty
acids activate the enteroendocrine cells which act as a nutrient sensor in the
intestine. This leads to the secretion of appetite regulating peptides such as CCK
and GLP-1 from the enteroendocrine cells which acts on the satiety centers in the
hypothalamus which ultimately results in reduced nutrient absorption from the
intestine (Bogunovic et al. 2007; de Lartigue et al. 2011). While this increase in
satiety peptide secretion has been shown in the cell lines, further research is
needed to prove this theory in vivo. Apart from the direct damage to the intestinal
epithelium, heat stress can lead to an increase in intracellular calcium ([Ca2+]i) in
myocytes (Chen et al. 2010). Importantly, and plausibly, an increase in Ca2+i leads
to activation of different signaling cascades and cellular processes leading
to augmented secretion of intestinal peptides such as glucagon-like peptide 1
(GLP-1), peptide YY (PYY), gastric inhibitory polypeptide (GIP), and cholecys-
tokinin (CCK) (Chen et al. 2006; Sternini et al. 2008). Increased secretion of these
peptides is associated with decreased gastric emptying, intestinal motility, and
suppressed appetite. Therefore, the large rise in the rate of potassium flux due to
hyperthermia could depolarize the cell and cause increased porosome secretion of
appetite regulatory peptides. This could partially explain the reduction in feed
intake in livestock species subjected to heat stress.
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15.6 Impact of Climate Change on Disease occurrence
in Livestock

The livestock sector accounts for 40% of the world’s agricultural Gross Domestic
Product (GDP) and 1.3 billion people depend upon livestock husbandry for their
livelihood (FAO 2006). Moreover, global demand for foods of animal origin is
steadily growing and it is apparent that the livestock sector will continue to expand
accordingly (FAO 2009). Livestock productivity is heavily influenced by the
animal’s environment. Climate change (CC) impacts agricultural production
because climate provides essential inputs (water, solar radiation, and temperature)
needed for plant and animal growth. CC is a major threat to the survival of many
species, ecosystems, and the sustainability of livestock production systems (Moss
et al. 2000). The majority of animal species presumably prefer to be in their natural
habitat so that they minimize the energy expense during the process of adaptation
to harsh climatic conditions. The Intergovernmental Panel on Climate Change
(IPCC) has declared that global warming is responsible for many environmental
changes such as drought, flood, crop and animal farming, food production, health
hazards, etc. CC affects livestock productivity by the following (1) price and
availability of grain (2) production and quality of forage and pastures (3) changing
patterns of livestock diseases, and (4) direct effect of weather on livestock health
(Smit et al. 1996).

Global CC alters ecological construction which causes both the geographical
and phonological shifts (Van den Bossche and Coetzer 2008; Slenning 2010).
These shifts affect the efficiency and transmission pattern of the pathogen and
increase their spectrum in the hosts (Brooks and Hoberg 2007). Increased spectrum
of pathogen increase the disease susceptibility of the animal and thus CC supports
the pathogenicity of the causative agent. Heavy rainfall causes flood and increases
atmospheric humidity which results in favorable condition for the proliferation of
pathogen, ticks, flies, and mosquitoes. These pathogens and insects may serve as
vector or invader for the transmission of diseases in humans and livestock. Recent
disease outbreaks are consistent with model projections that warmer and wetter
conditions lead to greater transmission potential even at high altitudes and eleva-
tions. Mosquito-borne diseases are now reported at higher elevations than in the past
at sites in Asia, Central Africa, and Latin America (Epstein et al. 1998). Environ-
mental changes caused either by natural phenomenon or anthropogenic interference
changes the ecological balance and context within which disease hosts or vectors
and parasites breed, develop, and transmit disease (Patz et al. 2000). CC affects the
occurrence and spread of disease by impacting the population size and range of hosts
and pathogens, the length of the transmission season, and the timing and intensity of
outbreaks (Epstein et al. 1998; Epstein 1999). Pathogens from terrestrial and marine
texa are sensitive to hot temperature, heavy rainfall, and humidity. Climate warming
can increase pathogen development and survival rates, disease transmission, and
host susceptibility (Harvell et al. 2002). Understanding the spatial scale and tem-
poral pattern of disease incidence is a fundamental prerequisite for the development
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of appropriate management and intervention strategies (Ward and Carpenter 2000;
Koopmans et al. 2007; Rose et al. 2009). It is particularly important given the need
to understand the elevated risks linked to CC (Rose and Wall 2011).

Fig. 15.3 Strategies to minimize CC effect on disease occurrences in livestock
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15.6.1 Effects of Climate Change on Livestock Diseases

CC influences several factors that cause livestock disease outbreaks. These factors
are mainly associated with temperature rise, host pathogen interaction, farming
practice, number of vectors/host/reservoirs, environmental factors and microhab-
itats. Figure 15.3 describes various strategies that could be implemented to reduce
the effect of changing climate on disease ocuurence.

15.6.1.1 Climate Change and Disease Occurrence in Livestock

Global warming, CC, and extreme weather events have an adverse effect on
biodiversity, distribution of animals, and microflora, all of which may increase the
likelihood of emerging zoonotic agents and infectious disease outbreaks (Sachan

Fig. 15.4 Microbiological agents impacted by CC
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and Singh 2010). CC is expected to cause an increase in weather-related disasters
and extreme weather events, such as droughts, heat waves, storms, desertification,
and increases in insect infestations. Long-term changes in climate will jeopardize
the future of all animals. CC may be responsible for the emergence and prolif-
eration of many disease such as malaria and zoonotic parasitic diseases including
Leishmaniasis, cryptosporidiosis, giardiasis, trypanosomiasis, schistosomiasis,
filariasis, onchocerciasis, and loiasis (Patz et al. 2000). The most sensitive diseases
are those that are indirectly transmitted especially those that require vehicle for
transfer from host to host (water- and food-borne disease) or an intermediate host
or vector as part of its life cycle.

Global CC predictions suggest that far-ranging effects might occur in the
population dynamics and distributions of livestock parasites, provoking fears of
widespread increases in disease incidence and production loss (Morgan and Wall
2009). Livestock are sensitive to temperature variations and it is the major of cause
of economic loss due to CC (Reilly et al. 2003). Increased temperature is the major
cause of reduction in livestock productivity. Economic losses per year in USA
have been estimated to be $2.4 billion with minimal heat stress abatement. Cli-
matic restrictions on vectors, environmental habitats, and disease causing agents
are important for understanding the outbreak of several animal diseases (Stem
et al. 1989). Changes in temperature and precipitation regimes may result in spread
of disease and parasites in new regions or produce high incidence of diseases with
concomitant decrease in animal productivity and increase in mortality (Baker and
Viglizzo 1998). Baylis and Githeko (2006) evaluated the effect of CC on parasites,
pathogens, disease hosts, and disease vectors on domestic livestock. The potential
clearly exists for increased rate of development of pathogens and parasites due to
early arrival of spring and warmer winters and such seasonal change allows greater
proliferation and survivability of these organisms. Warming and changes in
rainfall distribution may lead to changes in spatial or temporal distributions of
diseases such as anthrax, blackleg, hemorrhagic septicemia, and vector-borne
diseases (VBD) that thrive in the presence of moisture. Figure 15.4 gives the
representation of different types of bacterial, viral, and parasitic organisms that
gets affected due to CC.

15.6.1.2 Temperature and Rainfall

Variations in temperature and rainfall are the two most significant climatic vari-
ables affecting livestock disease outbreaks. Increase in temperature and fluctua-
tions in rainfall patterns impact prevalence, profiles, and sustenance of disease
pathogenic bacteria, viruses, parasites, and fungi (Tirado et al. 2010). Such
changes also have an impact on microbial ecology and growth, plant and animal
physiology, and host susceptibility which may result in the emergence, redistri-
bution, and changes in the incidence and intensity of pest infestations, plant and
animal diseases (FAO 2008). Warm temperatures tend to favor proliferation of
exogenous bacteria and parasites whose survival and development depends on
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atmospheric temperature. Warmer temperatures tend to promote survivability,
shorter development rates, and transmission better than colder temperatures.
Insects such as mosquitoes and ticks that transmit disease agents may also benefit
from CC (Bradley et al. 2005; Randolph et al. 2008; Sumilo et al. 2009). Recently,
Wall and Ellse (2011) contended that ‘‘a generally warmer environment will result
in higher parasite abundance and increased disease incidence’’. This argument is
reasonable given that insects such as biting flies and ticks that transmit pathogenic
microorganisms are more likely to survive a mild winter rather than a harsh one.

15.6.2 Relationship Between Climate Change
and Disease Susceptibility

CC, in the present scenario, is an important driver for the emergence of infectious
diseases in humans and animals (Wolfe et al. 2005; Chomel et al. 2007; Wool-
house and Gaunt 2007; Jones et al. 2008; Reperant 2010). Warmer global tem-
peratures will allow expansion of geographic range within which mosquitoes and
parasites could survive with sufficient abundance for sustained transmission.
Model predictions indicate that a 3�C global temperature rise by 2100 could
increase the number of annual malaria cases by 50–80 million (Martens et al.
1995). CC is widening viral disease among farm animals, expanding the spread of
some microbes that are pathogenic to humans. According to OIE, several countries
are indicating that CC has been responsible for at least one emerging or
re-emerging disease occurring in their territory. Little data exist to evaluate the
effects of CC on infectious diseases in animals. However, some data exist from
other parts of the world (Khasnis and Nettleman 2005; Epstein 2001a; Kutz et al.
2005), and a recent report from the World Organization for Animal Health (OIE)
addresses the impact of CC on the epidemiology and control of animal diseases
(OIE 2008).

Sensitivity of vectors to CC could change the range, season, and incidence of
many zoonotic diseases (CDC 2008). Some example are: (1) Increased night
temperature could increase the flight activity of the vector for example malaria
(Purse et al. 2005); (2) Night temperature could increase the replication and
transmission cycle of viral pathogen (Baylis and Githeko 2006); (3) Cycle of
massive humidity followed by drought provides breeding site of vector and
pathogen facilitating them for disease outbreaks (Baylis and Githeko 2006); (4)
Alteration in the precipitation range could help in the migration of arthropod
vector to different landslides and convert the disease outbreaks from endemic to
epidemic (Trape et al. 1996).
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15.6.3 Climate Change and Types of Disease Outbreaks

CC is considered a major threat to human health and well-being due to increasing
association of emerging infectious diseases to CC (Dufour et al. 2006; Gale et al.

Fig. 15.5 Effect of climate on VBD. Changing climate has both direct and indirect effect on VBD

Table 15.3 Common
livestock diseases due to CC

Sl. no Type of disease

1 VBD
2 Bluetongue virus
3 Rift valley Fever
4 West Nile Virus
5 African horse sickness
6 Lumpy skin disease
7 Leishmaniasis
8 Epizootic haemorrhagic disease
9 Tick-borne diseases
10 Parasitic diseases (excluding tick-borne)
11 Pasteurellosis
12 Avian influenza
13 Anthrax
14 Blackleg
15 Rabies
16 Tuberculosis
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2009). Outbreaks of diseases such as foot and mouth disease (FMD) or Avian
Influenza affect very large numbers of animals and contribute to further degra-
dation of the environment and surrounding communities’ health and livelihood.

15.6.3.1 Vector-Borne Diseases

Table 15.2 describes the different VBD of domestic livestock. CC impacts the
distribution and abundance of arthropod vectors and interaction between the virus
and its vector. CC can promote the spread of contagious diseases through
increased contact between animals, or increased survival or availability of the
agent or its intermediate host. The effect of CC on the distribution and prevalence
of VBD is significant. In the context of increase in temperature and changes in
other climatic variables are likely to have profound effects on the prevalence and
transmission of VBD. Vectors are cold blooded and are influenced by climatic
variables, especially temperature and humidity. The transmission of VBD depends
upon three stages namely (1) Infectious agent (2) the Vector (3) the host. World
Organization for Animal Health (OIE) categorized 66 diseases that affect ovine,
equine, bovine, swine, and caprine of which 22 are considered to be VBDs. Effect
of climate on VBD is depicted in Fig. 15.5.

15.6.3.2 Tick Borne Diseases

Tick born Encephalitis (TBE) is caused by an arbovirus of the family Flaviviridae
and is transmitted by ticks, Ixodes ricinus, that act as both vector and reservoir.
Similar to VBD this disease is also accelerated by the climatic changes mainly
with increased day and night temperature. A common example of TBE is FMD.
There are seven distinct types of FMD virus that are distributed in various geo-
graphical areas of the world. Common animal diseases which are caused or
aggravated by CC are listed in Table 15.3.

15.6.3.3 Parasitic Diseases

Climatic variables are able to affect the prevalence, intensity, and geographical
distribution of zoonotic helminthes. These climatic variables can influence
free-living larval stages, other invertebrates, and vertebrate hosts. Fascioliasis,
Schistosomiasis, and cercarial dermatitis caused by avian schistosomes have
been most important (Singh 2010). Alveolar echinococcosis is currently the only
cestode disease affected by CC. Nematodiases, including heterakiasis, different
trichostrongyliases and protostrongyliases, anchylostomiases, and dirofilariases are
the helminth disease most intensively analyzed with regard to CC.
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15.7 Environmental Stress and Pasture/Forage Availability

Stress reduces crop growth (Solh 1993) and severely limits agricultural produc-
tivity (Boyer 1982). Perennial forages are grown in different environments and
must endure stresses not normally encountered by annual crops. Most prominent of
such stresses include repeated defoliation by machines and extremes in seasonal
climatic conditions. Forage crops account for 60–90% of feedstuff input in animal
production systems (Barnes and Baylor 1994).

Environmental stress which limit pasture and forage availability to livestock
can be due to drought, high/low temperature, ozone, elevated carbon dioxide, soil
water logging, and salinity. Perennial forages are grown commonly on degraded
and barren soils with limited fertility, low water-holding capacity or infrequent
irrigation, or high salt content. Furthermore, forages must endure subzero tem-
peratures during winter or, in the case of tropical and subtropical forages, with-
stand chilling or infrequent frosts, and periodic defoliation (e.g., machine harvest).
Collectively, stresses may reduce the harvested forage yield, alter its nutritive
value, and change species composition of the sward. With the current societal
emphasis on CC and its related impact on forage crop production, knowledge of
how abiotic or environmental stresses limit forage production and the ability to
mitigate negative impacts of these stresses are becoming increasingly important.

15.7.1 Climate Change and Related Environmental Stress

CC is expected to increase global temperature and alter precipitation regime and
levels of atmospheric CO2 concentrations. The overall effect of future CCs on
pasture production is uncertain and likely to vary regionally, depending on the
combination of changes in temperature, rainfall, and plant responses to elevated
atmospheric CO2 concentrations (Harle et al. 2007; Howden et al. 2008; McKeon
et al. 2009). The direction and magnitude of the impacts will also depend on the
specific cropping system as well as on regional conditions. CC impacts and
adaptation in grasslands are of particular importance because grasslands are a
major contributor to global food production, covering about 70% of the world’s
agricultural area (Soussana and Luscher 2007).

CC–induced increases in the coefficients of variation of grassland yields are in
the range of 21 and 50%. This finding underpins that additional risk management
strategies are needed to cope with CC impacts on grassland production (Finger and
Calanca 2011). It is predicted that global CCs would significantly affect temperate
grassland ecosystems, including their productivity, composition, and carbon
exchange. This is because rainfall and seasonality would be altered and evapo-
transpiration would increase as a consequence of possible changes in temperature
and water availability under doubled atmospheric CO2 equilibrium conditions.
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For example, Wang et al. (2007) reported that in Leymus chinensis meadow
steppe (LCMS) net primary production (NPP) and soil organic carbon (SOC) are
sensitive to climatic change and elevated CO2. In the next 100 years and with an
estimated doubled CO2 concentration, if temperature increases from 2.7 to 3.9�C
and precipitation increases by 10%, NPP and SOC will increase by 7–21% and
5–6%, respectively. However, if temperature increases by 7.5–7.8�C and precip-
itation increases by only 10%, NPP and SOC would decrease by 24 and 8%,
respectively. Therefore, changes in the NPP and SOC of any production system are
attributed mainly to the amount of temperature and precipitation change and
the atmospheric CO2 concentration in the future. Further the success of milk
production in an out-of-doors grazing system depends largely on climatic condi-
tions and other factors affecting pasture quality and growth. It is important to note
that pasture characteristics influence the cost of production, the level and seasonal
pattern of output. Seasonal variations in pasture growth lead to enforced use of dry
herbage (composed of plants that have completed their life cycle or have become
dormant) during certain period of the year. This herbage is usually fed to
replacement stock and cows that are in non-lactating or dry period. Hence annual

Fig. 15.6 Effect of CC on pasture availability. CC leads to different environmental stresses such
as elevated CO2, temperature stress, salt stress, drought stress, and ozone stress. All these stresses
affect pasture availability by altering the different stages of growth of pastures
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variations in pasture production can have negative impact on dairy farms.
Figure 15.6 describes impact of environmental stresses on pasture availability.

15.7.2 Different Environmental Stresses and Its Effect
on Pasture Availability

15.7.2.1 Elevated CO2

In addition to changes in temperature and soil moisture, plant production will be
influenced by elevated atmospheric CO2 concentrations through increased pho-
tosynthetic and water use efficiencies (e.g. Ainsworth and Long 2005), resulting in
increased biomass production (Long et al. 2004). The magnitude of the plant
production response to elevated CO2 concentrations will be determined by inter-
actions among pasture type, soil moisture, and soil nutrient availability (Stokes and
Ash 2007). Across the Australian rangelands, McKeon et al. (2009) demonstrated
that elevated CO2 levels could enhance the positive effect of higher rainfall future
climate scenarios on forage production and mitigate the effect of reduced pro-
duction in lower rainfall conditions. Howden et al. (2008) suggested that increased
production from elevated CO2 would be offset by a 10% rainfall reduction.

In the absence of other CCs, mean annual pasture production at an elevated CO2

concentration of 550 ppm was predicted to be 24–29% higher than at 380 ppm
CO2 in temperate (C3) species-dominant pastures in southern Australia, with lower
mean responses in a mixed C3/C4 pasture at Barraba in northern New South Wales
(17%) and in a C4 pasture at Mutdapilly in south-eastern Queensland (9%). In the
future climate scenarios at the Barraba and Mutdapilly sites in subtropical and
subhumid climates, respectively, where climate projections indicated warming of
up to 4.4�C, with little change in annual rainfall, the model predicted increased
pasture production and a shift toward C4 species dominance.

The stimulatory effect of double ambient CO2 on grassland above-ground
ecosystem production averages about +17% in ecosystem-based experiments,
although responses for particular systems and seasonal conditions can vary widely.
There is a coupling between the stimulatory effect of CO2 on growth and
accompanying long-term changes in soil carbon, nitrogen and water availability
resulting from elevated CO2 (Lutze and Gifford 1998; Cannell and Thornley 1998;
Campbell and Hunt 2000; Williams et al. 2000).

For water-limited systems, elevated CO2 can result in greater water availability
for longer in the growing season, especially if there is no increase in leaf tran-
spiration surface per unit of ground area (Field et al. 1997; Owensby et al. 1997).
These experiments suggest that the hydrological consequences of elevated CO2 in
water-limited systems can be as significant as the direct CO2 fertilization effect on
photosynthesis.
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From the limited analyses that have been conducted to date in relation to
temperature, it appears that warmer temperatures will increase the CO2 response in
warm-season grassland systems such as short grass steppe and tall grass prairie
(Coughenour and Chen 1997). However, in temperate grasslands, a 3–4�C increase
in temperature may either counterbalance the effect of CO2 on productivity (Jones
and Jongen 1996), or reduce productivity in summer but increase it in early spring
and late autumn (Casella et al. 1996). In the latter case, a supplemental 3�C
elevation in temperature with elevated CO2 mitigated changes in the soil N cycle,
without diminishing the sequestration of below-ground carbon (Casella and
Soussana 1997). Apparently, this was due to a reduction in soil water content,
which partly counterbalanced the positive effect of an increased air temperature on
soil organic matter decomposition.

Therefore an increase in forage supply is expected to occur due to increase in
atmospheric CO2, with a greater increase in intensively managed farm systems.
Reductions in forage supply are anticipated in drier or supra-optimal regions.
Conversely, increases in forage supply are predicted if rainfall and temperature
favor increased production. Other factors may constrain absolute changes
(Campbell 2000). If atmospheric CO2 increases, there will be a positive effect on
pasture/forage yield and water use efficiency (WUE) although there could be a
decrease in protein content. This boosting effect from higher CO2 levels is stronger
for temperate species than for sub-tropical species.

15.7.2.2 Temperature

Mean global temperature has increased by 0.76�C since 1850 owing to the
emission of greenhouse gases (GHGs) and is predicted to rise by 1.8–4.0�C
between 1990 and 2100 (IPCC 2007). Temperature is a crucial environmental
factor that directly influences the growth and development of plants. Research has
shown that effects of global warming can vary according to the temperature
changes in different seasons and regions (Aber and Melillo 1991; Lamber et al.
1998; Shaver et al. 2000; Rustad et al. 2001; Rustad and Norby 2002; Post et al.
2008). Spring warming advances the phenophase of plants through accelerated leaf
emergence and unfolding, while autumn warming lengthens the growing season by
delaying leaf senescence; resulting in an increase in biomass production(Houghton
et al. 2001; Wilmking et al. 2004). Summer plays an important role in biomass
production by plants, because summer temperature is near the optimal range for
normal plant growth and development (Lamber et al. 1998; Baldocchi et al. 2001).
However, summer warming could potentially increase the risk of certain plants
being exposed to their upper thermal limit. Some previous studies have shown that
summer warming stimulates biomass production in high mountain or Arctic
habitats (Post and Pedersen 2008); however, other studies conducted in temperate
grasslands dominated by perennial grasses show a negative correlation between
the aboveground net primary productivity (ANPP) and the mean summer tem-
perature (Wan et al. 2009). Interestingly, belowground biomass accumulation
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responds to seasonal warming, decreasing during spring or autumn warming
(Pedersen 2009), but changing unpredictably during summer warming (Chaves
et al. 2002; De Boeck et al. 2007). In the northern steppe zone of China, and many
other grassland types around the world, the plant community is dominated by
rhizomatous, perennial grasses. These plants produce new shoots principally
through vegetative propagation, by rhizomes or other perennial organs (Bond and
Midgley 2001; Rogers and Hartnett 2001). The aboveground biomass of these
species is determined by the contribution of the parent shoot and its daughter
shoots which are regulated by the belowground bud bank dynamics (Harper 1977;
Benson et al. 2004; Benson and Hartnett 2006). The belowground bud bank
(meristem) has the potential to influence the pattern of NPP in grassland ecosys-
tems (Knapp and Smith 2001). It has been predicted that the ANPP of the northern
grassland ecosystem in China, which is dominated by L. chinensis, is especially
sensitive to global warming (Gao et al. 1997; Piao et al. 2003). Both a field
experiment manipulating ambient temperatures and wider observational data have
shown that summer warming significantly or marginally decreases gross ecosys-
tem productivity and the total aboveground grass biomass (Niu et al. 2008), and
also decreases the ratio of grass to forb biomass (Xia et al. 2009).

Summer warming significantly decreased the biomass of both parent and
daughter shoots in L. Chinensis, slightly increased the belowground biomass, and
lead to a significant increase in root :shoot ratio. Warming significantly increased
the total belowground bud number and decreased the daughter shoot number.
Importantly, the proportions of each type of bud changed; vertical apical rhizome
buds decreased, while horizontal rhizome buds increased in number (Wang et al.
2010). If temperatures increase, then there is likely to be more heat stress on cows
(and pastures/crops) over summer, and perhaps more of the low quality subtropical
grasses (such as paspalum and kikuyu) in pastures, but pasture growth in winter
and early spring is likely to increase in response to warmer conditions.

Changes in temperature cause a pronounced effect on plant growth and pro-
ductivity. Most temperate species are exposed to temperatures below the optimum
for growth during winter months, and freezing or low temperatures limit persis-
tence of tropical plants in northern latitudes or high altitudes. Plants that grow in
suboptimum temperatures and acquire increased tolerance to freezing are ‘‘hard-
ened.’’ The hardening process takes several weeks to reach a maximum in many
perennial forages. Different levels of freeze tolerance may develop depending on
the genotype and hardening conditions. Dehardening may take less than one week
and occurs without subsequent lowering of temperature or on reintroduction to
warm temperatures. Low temperature constraints on pasture growth exist in small
areas of the Eastern Highlands of China. Pastures here are dominated by temperate
species, such as perennial ryegrass (Lolium perenne) and white clover (Trifolium
repens) and dairying is limited to supplying local markets. And therefore dairying
which means rearing of animals for milk production and products made out of milk
is limited to supplying local markets.
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15.7.2.3 Drought Stress

Drought is an environmental stress which is characterized by periods of limited or
no water during the growing season and results in decrease in forage production
for grazing and haymaking. Prolonged drought forces livestock and hay producers
to better manage their fields to minimize recovery after the drought ends. To
assimilate atmospheric CO2 plants must encounter evapotranspirational water loss
and some level of water stress. Some forages escape water stress by completing
their life cycle prior to water becoming limiting {e.g, crested wheatgrass
[Agropryron cristutum (L.) Beauv. ssp. pectinarum (Bieb.) Tzvel.]}. Most
perennial forages resist water stress with a combination of avoidance and tolerance
mechanisms. Plants employ avoidance mechanisms by making alterations in
morphology that reduce evapotranspiration and conserve water. These may include
deeper roots, leaf surface modifications (wax and pubescence), leaf orientation,
and leaf senescence (Chaves 1991; Hsiao 1973; Jones and Corlett 1992).
Dehydration avoidance in tall fescue and cocksfoot and summer dormancy in
cocksfoot were the main strategies contributing to persistence under summer
drought. Grasses such as Chloris gayana is one of the major tropical forage grasses
that have vigorous root system that go up to 4.7 m down the Earth which confers
reasonable drought resistance to the plant (Skerman and Riveros 1990).

Tolerance mechanisms enable plants to protect the water status of critical
tissues, such as the apical meristem, and mainly include osmotic adjustment.
Osmotic adjustment is the ability of the plant to accumulate solute molecules that
reduce osmotic potential of the cell sap, and is an important physiological
mechanism for dealing with water stress. Mutualistic relationships between plants
and microbes modify the physiology of stress resistance in forages. Infection of
tall fescue with an endophytic fungus (Acremonium coenophialum) reduces the
weight gain and disrupts the metabolism of livestock feeding on the infected
forage (Joost 1995). Ironically, infection with the fungus also confers resistance to
several biotic and abiotic stresses to the plant and enables fescue to persist for
many years.

When water is limiting, the efficiency with which water is used for agricultural
production must be maximized, and in this context perennial forage species have a
number of advantages when compared to annuals. Perennials can utilize water
from autumn to spring, while annuals need to be planted from the seed bank
annually. In addition, perennials can utilize water throughout the year and may
improve soil macroporosity which could be beneficial to subsequent crops. Further
restores soil fertility and enhance forage production, thereby contributing to reduce
rangeland degradation and to increase sustainability of rainfed agricultural systems
in southern European countries and North Africa (Lelievre and Volaire 2009). In
addition, perennials can utilize water throughout the year and may improve soil
macroporosity which could be beneficial to subsequent crops, could restore soil
fertility, and enhance forage production, thereby contributing to reduce rangeland
degradation and to increase sustainability of rainfed agricultural systems in
southern European countries and North Africa (Lelievre and Volaire 2009).
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In Mediterranean areas, WUE is mainly increased by maximizing crop growth
during the rainy seasons. Under Mediterranean annual rainfall pattern, perennial
plants must grow from autumn to spring and survive under summer aridity. WUE
in autumn is highly correlated with sward recovery after drought. Seasonal and
total WUE are also highly correlated with biomass production over the same
period and with depth and density of the root system (Lelievre et al. 2011).

Water deficit frequently reduces forage yields; however, because the total value
of a forage crop also depends on its quality, effects of water deficit stress on forage
quality are of interest. Drought has been shown to reduce fiber concentrations and
increase the digestibility of legumes and grasses. When plants encounter water
deficit, there is a decline in photosynthesis. This may be due to reductions in C
fixation per unit leaf area as stomata close or as photo-oxidation damages the
photosynthetic mechanisms (Bruce et al. 2002). Forage produced during drought
periods may be so stressed that it is unfit for livestock consumption. Several
strategies have been employed to maintain healthy perennial pastures, hayfields,
reduce loss of livestock to drought stressed forage consumption, and recovery
practices following drought period. Repeated and severe drought, especially dur-
ing summer, and limited precipitation limit forage production in the southern Great
Plains. Gaps in forage availability exist in late autumn (prior to grazing of dual-
purpose wheat) and early spring (grazing termination on wheat). Pitta et al. (2005)
suggested that grazing willow fodder blocks can be used to maintain ewes, and is a
useful supplementary feed under drought conditions.

In many regions of the world, despite generally favorable regional precipitation,
periodic drought is the greatest obstacle to optimal uniform forage production
throughout the growing season. With the adoption of intensive grazing systems,
long-term pasture productivity is dependent on improved management systems.
Improper management during drought can jeopardize the survival of desirable
forage species and can allow ‘weedy’ invasions. Pasture characteristics and vari-
eties differ in field crop agriculture because pasture plants are generally perennial.
During severe drought, leaves senesce and new growth ceases until the arrival of
precipitation. The period of active growth of pasture plants is longest in the wetter
coastal areas where most dairy cattle are found, and least in the dry western parts
of the State, where only xerophytic grasses survive and dairying is not undertaken.

15.7.2.4 Salt Stress

Scarcity of fresh water, competition for fresh water, and soil salinization have
resulted in a need for grasses and legumes with increased salt tolerance, especially
in irrigated regions of the world. Salts lower the solute potential of the external
solution, presenting the plant with increased water potential gradients to overcome.
Salinity reduces seed germination, stand establishment, and yield in forage grasses
and legumes, but susceptibility of plants to salinity stress at different develop-
mental stages varies among species. Increasing levels of salinity generally reduce
seed germination and seedling emergence. Significant differences in germination
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over several saline solutions have been reported in perennial ryegrass (Horst
and Dunning 1989), subterranean clover (Shannon and Noble 1995), and alfalfa
(Al-Niemi et al. 1992). Plants cope with salinity stress by accumulating (primarily
in tissues removed from meristems), extruding, or diluting ions, and by selective
ion absorption (e.g., absorbing K in the presence of high Na).

Grasses and legumes vary within and among species for growth responses to
salinity, often showing increased dry weight with moderate increases in Na levels
(Shannon and Noble 1995). Panicum coloratum var. Bambatsi was more tolerant
to salt than several tropical legumes; it sustained a 50% yield reduction at
16.4 dS m-1, whereas the best tropical legume had a 50% yield reduction at
10.6 dS m-1 (Keating et al. 1986). Rhodesgrass, a halophytic forage grass, shows
stimulated growth of single roots under NaCl concentrations that inhibit growth of
the whole plant (Waisel 1985).

Grasses such as C. gayana, Leptochloa fusca, Pennisetum clandestinum,
P. coloratum, Cynodon dactylon, Sporobolus genus are reported to be tolerant to
saline conditions while the other grasses such as Cenchrus ciliaris, Digitaria
decumbens, Sorghum almum, Panicum maximum are only moderately tolerant
(Russell 1976; Maas and Hoffman 1977; Ahmad and Ismail 1992; Truog and
Roberts 1992; Kumar 1998; Qureshi and Barrett-Lenard 1998). Saline ground
water can also increase productivity of Panicum laevifolium and Panicum maxi-
mum if irrigation facilities are available in semi-arid regions of India (Tomar et al.
2003).

15.7.2.5 Ozone Stress

Tropospheric ozone concentrations have increased in the last decade and are
predicted to remain at higher level. Tropospheric ozone is an air pollutant which is
of most concern to agricultural crops, forests, and seminatural grasslands as well
and is also a significant GHG. Ozone is an air pollutant which is of most concern to
agricultural crops, forests, and seminatural grasslands as well as a significant
GHG. Troposheric factors that favor climatic change may also favor ozone
formation and ozone effects on vegetation and increase plant predisposition to
climatic stressors. The relationship between ozone and CC are thus topical. Carbon
assimilation, translocation, nutrient acquisition, and other physiological processes
are inhibited by ozone exposure which may ultimately lead to suppressed plant
growth and yield. The most detrimental effects of ozone probably occur after
ozone enters the leaf through stomata and involve reactions in the gas and liquid
phases. Most crops in developed and developing countries are grown in summer
when O3 concentrations are elevated and frequently are sufficiently high to reduce
yields. Moderately elevated O3 level reduces the productivity of intact grasslands
by 23% during a 5-year exposure under real field conditions (Volk et al. 2006).
Ozone (O3) is known to reduce the yield of clover more than the yield of grass
species, inhibit nitrogen fixation of clover, shiftsthe grass/clover yield ratio in
favor of the grass, and, by implication, speed the loss of clover from grass-clover
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pastures. Ozone also reduces %N and % estimated digestibility of clover (Blum
et al. 1983; Fernandez et al. 2008). Forage quality may be changed because of
ozone effects on leaf chemistry. Long-term ozone exposure can lead to increased
levels of phenolic acids, flavonoids, and related compounds in what forages
(Booker and Miller 1998) that may negatively affect ruminant microorganisms and
enzyme systems. One of the most common effects of ozone is to promote leaf
senescence. Thus, in pastures or other types of grasslands exposed to ozone, the
fraction of senescing tissue may be increased. Because of increased lignification,
and a decreased leaf/stem ratio, forage digestibility would decline. Quantification
of effects, however, is lacking, and the consequences for animal nutrition need to
be studied in more detail. In grass-clover forage, white clover (T. repens L.) leaf in
vitro dry matter disappearance (IVDMD) and N were decreased, and NDF
increased by ambient ozone (50 nl l-1) compared with charcoal-filtered air (Burns
et al. 1997). Changes in forage quality may result from shifts in species compo-
sition. Differential ozone sensitivities between grasses and legumes have been
found to cause a shift in the grass/legume ratio in favor of grasses, and, hence,
in protein concentration and other quality traits relevant for animal nutrition
(Rebbeck et al. 1988; Fuhrer 1997).

15.8 Conclusions

Global warming has generated intense speculation about how CC may adversely
affect the livestock industry and how this will ultimately impact the production
of high quality protein for human consumption. It is clear that CC and specifically
heat stress will both directly and indirectly influence animal welfare and
productivity. Recent discoveries indicate that heat stress directly alters post-
absorptive metabolism, nutrient portioning, and eventually production. However,
the indirect effects of heat stress on animal agriculture are numerous and probably
far-outweigh the direct effects. Indirect effects of CC on animal productivity
include reduced feed intake, altered immune systems, reduced feed, water avail-
ability, and quality, and increased environmental interaction with disease causing
parasites and vectors.

The negative effects of CC on the livestock industry will increase if global
warming continues. Furthermore, heat stress is already likely the largest impedi-
ment to efficient animal production in agriculturally rich regions and certainly one
of the biggest obstacles to animal agriculture in the tropical and subtropical por-
tions of the globe. Consequently, CC is a serious threat to food sustainability and
this is especially apparent in many developing countries.
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Chapter 16
Global Climate Change: Enteric Methane
Reduction Strategies in Livestock

Veerasamy Sejian, Indu Shekhawat, Victor Ujor, Thaddeus Ezeji,
Jeffrey Lakritz and Rattan Lal

Abstract The greenhouse gas (GHG) emission from the agricultural sector is
considered to be a key contributor to the climate change, accounting for about 25.5%
of total global anthropogenic emission. While carbon dioxide (CO2) receives the
most attention as a factor, which causes global warming, methane (CH4), nitrous
oxide (N2O), and chlorofluorocarbons (CFCs), also cause significant radiative
forcing. With the relative global warming potential of 25 compared with CO2, CH4 is
one of the most important GHGs. This chapter reviews the prediction models, esti-
mation methodologies, and strategies for reducing enteric CH4 emissions. Emission
of CH4 in ruminants differs between developed and developing countries, depending
on factors like animal species, breed, pH of rumen fluid, ratio of acetate: propionate,
methanogen population, composition of diet, and amount of concentrate fed. Among
ruminants, cattle contribute the most toward greenhouse effect through methane
emission, followed by sheep, goat and buffalo, respectively. The estimated CH4

emission rate per cattle, buffalo, sheep, and goat in developed countries are 150.7,
137, 21.9, and 13.7 (g/animal/day) respectively. However, the estimated rates in
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developing countries are significantly lower, at 95.9 and 13.7 (g/animal/day) per
cattle and sheep, respectively. There is a strong interest in developing new and
improving existing CH4 prediction models that are effective in identifying mitigation
strategies for reducing the overall CH4 emissions. A careful examination of the
literature suggests that the mechanistic models are superior to empirical models in
accurately predicting the CH4 emission from dairy farms. The latest development in
prediction model is the integrated farm system model, which is a process-based
whole farm simulation technique. Several techniques are used to quantify enteric
CH4 emissions starting from whole animal chambers to sulfur hexafluoride (SF6)
tracer techniques. The latest technology developed to estimate CH4 more accurately
is the micrometeorological mass difference technique. Understanding this basic
information about enteric methane is very vital for formulating suitable mitigation
strategies to curtail methane production. There are varieties of mitigation strategies
available, which can be grouped under managemental, nutritional, and advanced
molecular technologies. Strategies that are cost-effective, improve productivity, with
potentially limited negative effects on livestock production are likely to be adopted
by producers.

Keywords Enteric methane � Climate change � Global warming potential �
Prediction models for enteric CH4 � Respiratory chamber � SF6 � Whole farm
model � Defaunation � Immunization
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16.1 Introduction

There is a growing interest in reducing the emission of greenhouse gases (GHGs)
into the atmosphere, because of its potential effect on global warming (Moss et al.
2000). Agricultural activities contribute significantly to global GHG emissions.
Examples include carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and
ammonia (NH3), which are major GHGs contributing to global warming (IPCC
2001). Increasing awareness of environmental problems associated with global
warming has brought significant attention to the need to mitigate global warming
and protect the environment (Meadows et al. 1992). Minimizing the contamination
of air with CO2, CH4, NH3, and N2O and other GHGs that contribute to radiative
forcing has been promoted as a possible route for mitigating global warming
(Tamminga 1996). The consequences of increasing the atmospheric concentration
of GHGs responsible for the radiative forcing are gradual elevation of average
global temperatures, altered viability of plants, animals, insects, and microbes with
numerous adverse consequences to human well-being. The degree to which these
changes are projected to occur is dependent upon reliable GHG policy models with
a range of scenarios for the levels of GHG emissions (Moss et al. 2000).

The scientific evidence of anthropogenic interference with the climate system
through GHG emissions has led to worldwide research on assessing impacts that
could result from potential climate change associated with GHG accumulation
(Sejian 2012). As ecosystems are sensitive to climatic changes, it is necessary to
examine the likely impacts of climate change on various components within
ecosystems to develop a comprehensive understanding of these effects on climate
change. While CO2 receives the most attention, methane with the global warming
potential of 25 and longer residence time in the atmosphere, is an important GHG
(Wuebbles and Hayhoe 2002; Forster et al. 2007). The rising concentration of CH4

is strongly correlated with increasing populations, and currently about 70% of its
production arises from anthropogenic sources (Moss et al. 2000; IPCC 2007).

Increase in the global release of CH4 from agricultural sources can be ascribed
to growing rice paddies, fermentation of feed by ruminants (enteric CH4), biomass
burning, and animal wastes (Sejian et al. 2011). In recent times, CH4 production
has been aggravated by large-scale ruminant production (Beauchemin and McGinn
2005). Globally, ruminant livestock are responsible for about 85 Tg
(1 Tg = 1012 g = 1 million metric ton) of the 550 Tg CH4 released annually
(McGinn et al. 2006). Ruminant animals, particularly cattle (Bos taurus), buffalo
(Bubalus bubalis), sheep (Ovis aris), goat (Capra hircus), and camels (Camalus
camalis) produce significant amounts of CH4 via anaerobic digestion. This
microbial fermentation process, referred to as ‘enteric fermentation’, produces
CH4 as a by-product, which is released through eructation, normal respiration, and
small quantities as flatus (Lassey 2007; Chhabra et al. 2009).

Measurement of CH4 production in animals requires complex and often
expensive equipment. Some models have been developed to specifically predict
CH4 emissions from animals (Ellis et al. 2007). At present, mathematical models
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are used to estimate CH4 emissions from enteric fermentation at a national and
global level, based on the guidelines of the intergovernmental panel on climate
change (IPCC 2006). However, the accuracy of these models has been widely
challenged (Kebreab et al. 2006).

Understanding the relationship of diet to enteric CH4 production is essential to
reduce uncertainty in GHG emission inventories and to identify viable reduction
strategies. As a result, quantifying and reducing emissions from livestock farms is
important in reducing overall CH4 emission. This article reviews the sensitivity of
livestock production to climate change in general, while attempting to highlight
some important progresses made in predicting accurately the enteric CH4 emis-
sions. As animal production systems are vulnerable to climate change, while also
contributing to potential global warming through CH4 and N2O emissions, this
review also collates and synthesises the literature on prediction models, estimation
methodology, and strategies for reducing CH4 emission from ruminants.

16.2 The Contribution of CH4 to Global
Warming/Climate Change

Increasing concentrations of GHGs in the atmosphere have contributed to an
increase in the earth’s atmospheric temperature, an occurrence known as global
warming (FAO 2006). Indeed, average global temperatures have risen consider-
ably, and the IPCC (2007) predicts increases of 1.8–3.9�C (3.2–7.1�F) by 2100.
Based on the current trends, the earth’s temperature may rise by 1.4–5.8�C by the
end of this century. With rare unanimity, the scientific community warns of a more
abrupt and greater climatic change in the future (Moss et al. 2000; Gleik et al.
2010).

The GHG emissions from the agriculture sector account for about 25.5% of
the total global radiative forcing and over 60% of anthropogenic sources (FAO
2009). Animal husbandry accounts for 18% of GHG emissions that cause global
warming. Emission of CH4 is responsible for nearly as much radiative forcing as
all other non-CO2 GHG gases combined. While atmospheric concentrations of
GHGs have risen by about 39% since the pre-industrial era, CH4 concentration
has more than doubled during this period (WHO 2009). Reducing the increase of
GHG emissions from agriculture, especially livestock production, should there-
fore be a top priority, because it could curb warming considerably (McMichael
et al. 2007).

The major global warming potential (GWP) of livestock production worldwide
comes from the natural life processes of the animals. In fact, CH4 is considered to
be the largest potential contributor to the global warming phenomenon (Johnson
et al. 2002; Steinfeld et al. 2006). It is an important component of GHG in the
atmosphere (Leng 1993; Moss et al. 2000). The development of management
strategies to mitigate CH4 emissions from cattle is possible and desirable. Not only
can the enhanced utilization of dietary carbon (C) improve feed efficiency and
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animal productivity, but a decrease in CH4 emissions may also reduce the
contribution of ruminant livestock to the global CH4 inventory.

16.3 Sources of CH4 Emission

CH4 is emitted from a variety of anthropogenic and natural sources (Wuebbles and
Hayhoe 2002; Rotz et al. 2010). The anthropogenic sources include fossil fuel
production and exploitation, animal husbandry, including manure storage (Chianese
et al. 2009), paddy rice cultivation, biomass burning, and waste management
(Kumaraswamy et al. 2000; Mosier et al. 2004). Other sources of methane emission
are predominantly natural sources, including wetlands, gas hydrates, permafrost,
termites, oceans, freshwater bodies, non-wetland soils, volcanos, and wildfires
(Breas et al. 2001).

16.4 Enteric Emission of CH4 by Livestock

Domestic animal production increased sharply since the 1990s due to policies
encouraging large-scale livestock production, improvements in feeding technol-
ogy, and market requirements (Yang et al. 2003; Sejian and Saumya 2011).
Improved animal feeding techniques have had a marked impact on livestock
production over the past few decades. In ruminants, a significant amount of fer-
mentation takes place in the rumen, resulting in relatively large CH4 emissions per
unit of feed energy consumed. Capturing and burning methane produced by
methanogens in manure lagoons, and regulation of dairy diet to reduce enteric CH4

emission are among effective strategies that could be employed to reduce enteric
CH4 production. Pseudo-ruminants (e.g. horses) and monogastric animals (e.g.
pigs) do not support the same level of feed fermentation, and consequently
emissions from these animals are relatively low. Synthesis in Table 16.1 depicts
world ruminant livestock population.

Among farm animals, cattle population contributes the most toward enteric CH4

production (Johnson and Johnson 1995). Enteric fermentation emissions for cattle
are estimated by multiplying the emission factor for each species by the relevant

Table 16.1 Global domesticated ruminant population (106) and their respective distribution
across major continents (Adapted from FAO 2008)

Animal type World Africa North America South America Asia Europe Oceania

Cattle 1347 270 111 315 431 127 38
Buffalo 181 5 – 1 174 0.33 0.0002
Sheep 1078 288 7 73 452 134 113
Goat 862 291 3 21 514 18 1
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cattle populations. The emission factors are an estimate of the amount of CH4

produced (kg) per animal, and are based on animal and feed characteristics,
average energy requirement of the animal, the average feed intake, and the quality
of the feed consumed (Sejian et al. 2011a). The district on county level emission
from enteric fermentation is computed as a product of the livestock population
under each category and its emission coefficient (Chhabra et al. 2009; Sejian and
Naqvi 2011a). However, emission coefficients are country-specific, and should
conform to IPCC guidelines (IPCC 2007).

16.4.1 Enteric Fermentation: Process Description

Enteric fermentation is the digestive process in herbivore animals by which car-
bohydrates are broken down by microorganisms into simple molecules for
absorption into the bloodstream (Sejian and Saumya 2011). CH4 is produced as a
waste product of this fermentation process. CH4 production through enteric
fermentation is of concern worldwide for its contribution to the accumulation of
greenhouse gases in the atmosphere, as well as its waste of fed energy for the
animal. CH4 is produced in the rumen and hindgut of animals by a group of
Archaea known collectively as methanogens, which belong to the phylum
Euryarcheota. Among livestock, CH4 production is greatest in ruminants, as
methanogens are able to produce CH4 freely through the normal process of feed
digestion. Ruminant animals are the principal source of emissions, because they
produce the maximum CH4 per unit of feed consumed. What makes ruminant
animals unique is their ‘fore-stomach’ or rumen, a large, muscular organ.
The rumen is characterized as a large fermentation vat where approximately 200
species and strains of microorganisms are present. The microbes ferment the plant
material consumed by the animal through a process known as enteric fermentation.
Figure 16.1 describes the enteric CH4 emission from different feed components by
the various rumen methanogen species. The products of this fermentation provide
the animal with the nutrients it needs for survival, enabling them to subsist on
coarse plant material. CH4 is produced as a byproduct of the fermentation and is
expelled. Monogastric animals produce small amounts of CH4 as the result of
incidental fermentation that takes place during the digestion process. Non-ruminant
herbivores produce CH4 at a rate that is of between monogastric and ruminant
animals. Although these animals do not have a rumen, significant fermentation
takes place in the large intestine, allowing significant digestion and use of plant
material.

CH4 producing bacteria reside in the reticulo-rumen and large intestine of
ruminant livestock. These bacteria, commonly referred to as methanogens, use a
range of substrates produced during the primary stages of fermentation to produce
CH4, thus creating generated energy required for their growth. All methanogen
species can utilize hydrogen ions (H2) to reduce CO2 in the production of CH4 as
this reaction is thermodynamically favorable to the organisms. Availability of H2
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in the rumen is determined by the proportion of end products resulting from
fermentation of the ingested feed. Processes that yield propionate and cell dry
matter act as net proton-using reactions, whereas a reaction that yields acetate
results in a net proton increase. Other substrates available to methanogens include
formate, acetate, methanol, methylamines, dimethyl sulfide, and some alcohols;
however, only formate has been documented as an alternative CH4 precursor in the
rumen. Figure 16.2 describes the mechanism of CH4 production during digestion
process in the rumen.

Fig. 16.1 Enteric methane emission from different feed components. Different feed components,
such as starch, cell wall polymers, and proteins, are broken down to simpler sugars and carbon
skeleton by primary fermentor microbes in the rumen. These simpler sugars are converted into
volatile fatty acids by both primary and secondary fermentor microbes. This VFAs are acted upon
by methanogen microbes in the rumen to produce methane
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The principal methanogens in the bovine rumen utilize hydrogen and carbon
dioxide, but there is a group of methanogens of the genus Methanosarcina that
grows slowly on H2 and CO2 and therefore maintains a distinct niche by
utilizing methanol and methylamines to produce CH4 (Sejian and Naqvi 2011a).
Formate, which is formed in the production of acetate, can also be used as a
substrate for methanogenesis, although it is often converted quickly into H2 and
CO2 instead. Volatile fatty acids (VFA) are not commonly used as substrates for
methanogenesis as their conversion into H2 and CO2 is a lengthy process, which is
inhibited by rumen turnover. Therefore, methanogenesis often uses the C and CO2

produced by carbohydrate fermentation, as VFAs are formed. By removing H2

from the ruminal environment as a terminal step of carbohydrate fermentation,
methanogens allow the microorganisms involved in fermentation to function
optimally and support the complete oxidation of substrates (Sejian and Naqvi
2011a). The fermentation of carbohydrates results in the production of H2 and if this
end product is not removed, it can inhibit metabolism of rumen microorganisms.

16.5 CH4 Emission in Developed and Developing Countries

The global production and consumption of farm animals and their products are
increasing significantly and are predicted to continue up until *2050. This increase
comes at a time when it is recognized that the world is facing a crisis about the impact
of humans on the planet’s climate (Sejian et al. 2011a). Animal products have a high

Fig. 16.2 Mechanism of
enteric CH4 production
during digestion in the rumen.
This figure describes the
process of methane
production in the rumen.
From feed components,
initially glucose is produced
and from glucose VFAs are
produced. Acetate and
butyrate are hydrogen
providers while propionate is
hydrogen consumer. Based
on the proportion of end
product of digestion methane
is produced in the rumen
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GWP per kg compared to most plant-derived foods (FAO 2008). In addition to
enteric fermentation, which is the major source of CH4 emission, meat and dairy
production and consumption also contribute significantly to the emission of GHGs in
developed countries (Eshel and Martin 2006; Ogino et al. 2007 Comparatively, due
to intensive animal production, developed countries tend to record higher CH4

emission than their developing counterparts do.
Thus, developed countries have the highest emissions factors per animal while

Asia, North, and Sub-Saharan Africa have the lowest (USEPA 1994). Among
dairy cows, the temperate mixed farming production system has the highest
emissions factors, reflecting higher levels of milk production. In light of this,
emissions per unit of product can be used to identify opportunities for reducing
CH4 emissions from enteric fermentation.

The emission of CH4 is quantified by its conversion rate, which differs among
developed and developing countries. The conversion rate in developed countries is
4% for feedlot cattle and 6% for other cattle (Lassey et al. 1997). Better-digested
feeds with higher energy value result in lower conversion rates. The CH4 conversion
rate in developing countries is also 6% for dairy cows and young cattle, and 7% for
non-dairy cattle with the exception of stall-fed animals (Lassey et al. 1997). Grazing
cattle have a conversion rate of 6%, except for grazing cattle in tropical Africa, which
have a rate of 7% because of the poor quality forage. These estimates are based on the
general feed characteristics and production practices observed in many developed
and developing countries.

The data on GHG emissions from animal production depend on the natural life
processes of the animals. However, these processes are difficult to control without
reducing productivity. Hence, overproduction of livestock is likely to have a
negatively impact on overall food production given the accompanying damages to
the environment, such as more frequent droughts, floods, storms, and harvest
failures. This calls for better-planned and well-managed reduction in worldwide
production and consumption of meat and milk products to mitigate global
warming. Global trends indicate that overproduction and consumption of animal
products (meat, milk, and eggs) in high-income, developed countries may be
nearing its peak and further increase in production may be unsustainable due to
population growth and environmental concerns (Gold and Porritt 2004). While
low-income countries and some fast-developing countries are expected to continue
their rapid growth in animal production and consumption, it is essential that
emission of livestock-related GHGs is monitored and controlled in the short-term.

16.6 Factors Influencing CH4 Production

Factors that influence enteric methane production outlined in Fig. 16.3 indicate
that CH4 production varies with microbial species and livestock breed. Conse-
quently, breeding of livestock on the basis of CH4 production in an effort to reduce
enteric CH4 emissions without compromising animal productivity is possible
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(Hegarty et al. 2007). Rumen pH plays a major role in determining the predom-
inant microbial population, which has a direct bearing on CH4 gas emission
(Erfle et al. 1982). Reduction of ruminal pH can decrease ruminal CH4, which can
improve feed utilization in the ruminant animals (Lana et al. 1998). The ratio
of ruminal acetate: propionate in vivo is highly influenced by the capacity of the
bacteria to produce CH4 in vitro. Cattle with low acetate: propionate ratios also
have low ruminal pH values, and in vitro experiments corroborate the concept that
pH has a major impact on CH4 production and acetate: propionate ratio (Lana et al.
1998; Sejian et al. 2011a).

Methanogens that thrive on and within rumen ciliate protozoa may account for
up to 37% of the rumen CH4 emissions (Hegarty et al. 2007). In the absence of
protozoa, rumen CH4 emissions are reduced by up to 13% on the average
depending on the diet. Decreased CH4 emissions from protozoa-free rumen may be
a consequence of reduced ruminal dry matter digestion, decreased methanogen
population, altered pattern of volatile fatty acid production, decreased hydrogen
availability, and increased partial pressure of oxygen in the rumen (Yoon and Stern
1995). Decline in methanogenesis associated with removal of protozoa is strung on
high concentrate diets, because protozoa are relatively more important sources of
hydrogen on starch diets, and many starch-fermenting bacteria do not produce
hydrogen. Because protozoa also decrease the supply of protein available to the
host animal, their elimination offers benefits in both decreasing GHG emissions
and potentially increasing feed conversion ratio in livestock production (Hegarty
1999; Sejian et al. 2011a).

Methane production

Species Breed

RumenpH

Dietary
composition

Feeding strategies

Type/population

of

rumen microbes

Environmental 
Stress

Acetate:  
Propionate 
ratio

Fig. 16.3 Factors influencing methane output from enteric fermentation. These factors can be
broadly categorized into animal, feed, rumen, and environmental factors
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The composition of diet fed to the livestock is another important factor, which
influences CH4 emission (McCrabb et al. 1997), especially from enteric fermentation
in lactating dairy cows. For instance, the proportion offorage in livestock diet and the
source of grain influence enteric CH4 production by ruminants (Beauchemin and
McGinn 2005). The amounts of digestible nutrients especially the carbohydrate
fraction is used to estimate CH4 emission from livestock with high precision.
Conversely, a diet rich in fat reduces CH4 formation in the rumen (Jentsch et al.
2007). Puchala et al. (2005) identified the potential of condensed tannins in forages to
reduce CH4 emission by ruminants. The level of CH4 emission is positively corre-
lated with live weight, dry matter intake (DMI), milk yield (MY), and feeding level
(Yan et al. 2006). To enhance productivity, manipulation of dietary composition of
cattle feed is a nutritional management strategy with potential to reduce CH4

production by dairy cows (Yan et al. 2006).
There are several feed supplements, which significantly alter the level of CH4

emission (Leng 1991; Moss et al. 1995). However, additional feed supplement
should be used with caution as they can reduce animal productivity when the
wrong dosage is administered (Beauchemin and McGinn 2006; Foley et al. 2009).
Incremental inclusion of malic acid in beef cattle diets results in linear reductions
of both the total daily emission of CH4 and its emissions expressed per unit of
DMI. Nevertheless, the dietary inclusion of malate is also associated with a decline
in DMI in both studies (Martin and Streeter 1995). This could potentially decrease
animal performance, with consequent increases in lifetime CH4 emission owing to
extended slaughter age. Therefore, further in vivo research is required to clarify
the long-term effects of malate supplementation on CH4 emission, animal per-
formance, and productivity (Foley et al. 2009). Beauchemin and McGinn (2006)
demonstrated that canola oil (Brassica campestris L) can be used to reduce CH4

emissions from cattle, but animal performance may be compromised due to lower
feed intake and decreased fiber digestibility. Essential oils have no effect on CH4

emissions, whereas fumaric acid causes potentially beneficial changes in ruminal
fermentation although with no measurable reductions in its emissions. Certain fats
and oils are potential natural CH4 reducing feed compounds, and are effective even
at common dietary proportions (Machmuller et al. 1998). McGinn et al. (2004)
demonstrated that sunflower (Helianthus annuus L) oil, ionophores, and possibly
some yeast products can be used to decrease the gross energy loss as CH4 from
cattle, however, fiber digestibility is impaired with oil supplementation.

Research involving in vitro and in vivo experiments indicates that high grain
feeding reduces CH4 emission in farm animals. (Lana et al. 1998; Hristov et al.
2001). There are two possible reasons for this viz., reduced methanogenesis and
lower acetate: propionate ratio (Christophersen et al. 2008). Not only enhanced
utilization of dietary C can improve feed utilization efficiency and animal pro-
ductivity, but also a decrease in CH4 emissions can reduce the contribution of
ruminant livestock to the global CH4 inventory (Johnson and Johnson 1995).
Using best management practices (BMPs), the emission of CH4 per unit of animal
weight gain reduces significantly. Management-intensive grazing (MIG) is a BMP
that offers the potential for more efficient utilization of grazed forage crops via
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controlled rotational grazing and more efficient conversion of forage into meat and
milk (DeRamus et al. 2003).

As highlighted above, there are several factors, which play important roles in
influencing enteric fermentation, hence CH4 emission. There is an urgent need
to understand these factors better, with a view to decreasing GHG emissions
(Beauchemin and McGinn 2005).

16.7 Prediction of CH4 Emission by Emission Models

CH4 production is generally predicted on the basis of equations involving DMI,
intake of carbohydrates, digestibility and intake of dietary energy, animal size,
milk components, and digestibility of dietary components (Sejian et al. 2011b).
The models developed for the prediction of CH4 emission can be classified into
two principal groups: (i) empirical (statistical) models, which directly relate
nutrient intake to CH4 output, and (ii) dynamic mechanistic models that attempt to
simulate CH4 emissions based on a mathematical description of ruminal fermen-
tation biochemistry (Kebreab et al. 2006). Synthesis in Table 16.2 depicts the
merits and demerits of the empirical and mechanistic models.

16.7.1 Empirical Models

Although many statistical models have been fairly successful in predicting CH4

production, many variables in these models are not commonly measured, which may
lead to difficulties in predicting CH4 production outside the range of values used for
model development (Johnson et al. 1996; Sejian and Rajni 2011). These problems
may be addressed by using equations with common input variables and by
developing models with minimum input variables from multiple sources. The
limitation of using some of the extant models, such as the equation of Moe and Tyrrell
(1979), is the difficulty in obtaining reliable model input variables, which might have
compromised the predictive ability of the model in the study. Ellis et al. (2007)
formulated the most widely accepted equations, which could be useful to the live-
stock industry for accurately predicting CH4 production from a minimum set of
inputs. Although the extant models evaluated performed well, the new equations
developed in the study were more user-friendly and reliable than the extant models,
as a result, it is a preferable model for generating national CH4 emissions inventory.
Synthesis in Table 16.3 depicts different types of regression/prediction equations
for enteric methane emission.
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Table 16.2 The merits and demerits of empirical and mechanistic prediction models for methane
emission

Type of
prediction
models

Empirical models Mechanistic models

Description Statistical models that relate nutrient
intake to CH4 output directly

Dynamic models that attempt to simulate
CH4 emissions based on a
mathematical description of ruminal
fermentation biochemistry

Models IPCC (2006) tier II model Moe and
Tyrrell (1979) model

MOLLY (Baldwin (1995 ) and its
current version MOLLY 2007),
COWPOLL (rumen model of
Dijkstra et al. 1992)

Merits 1. Simple uncomplicated regression
equation based on feed characteristics

1. Predict CH4 production from cattle
without undertaking extensive and
costly experiments

2. The advantage over empirical models
is that mitigation options
implemented at a farm or national
level can be evaluated for
effectiveness

3. Climate and management
informations are included in these
models

4. Take into account the methanogenic
bacterial population and their
methane production efficiency

Demerits 1. Predict CH4 production from livestock
by undertaking extensive and costly
experiments

1. For effective application, these models
should possess accurate values for
input parameters, such as the
chemical composition of the diet,
degradation rates of feed
components, and passage rates

2. Do not take into account the influence
of environmental effect and rumen
microbial population on methane
production

2. One of the main limitations of
mechanistic models is its lack of
detailed and accurate data, in light of,
the complexity of the system

3. Cannot accurately predict CH4

production under all perturbation
conditions as it is based only on feed
characteristics, and do not take other
factors into account

3. Similarly, the rapid dynamic changes
in metabolic flux during lactation,
especially in late pregnancy and early
lactation pose another major
limitation

4. Empirical models lack the biologic
basis necessary to evaluate mitigation
strategies and cannot be used to
predict changes in methane emissions
outside the range they were
developed for

Source Sejian et al. (2011a)
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16.7.2 Mechanistic Models

Synthesis in Table 16.4 describes the various emission models available to predict
enteric methane emission for farm households. Yan et al. (2000) improved on the
earlier representation of methanogenesis in the mechanistic model, and outlined
some likely reasons for the differences between observed and predicted values for

Table 16.3 Examples of regression/prediction equations for methane emission

Prediction equations Reference

Methane (McaI/d) = (18 ? 22.5 9 DM1 (kg/d)) 9 .013184
(Mcal/g of methane)

Kriss (1930)

Methane (Mcal/d) = (17.68 ? .04012 9 digested carbohydrate
(g/d)) 9 .013184 (Mcal/g of methane)

Bratzler and Forbes
(1940)

Methane (Mcal/d) = -0.494 ? 0.629 9 DMI (kg/d) -

0.025 9 DMI2 (kg/d)
Axelsson (1949)

CH4 (%GE) = 1.30 ? .122 D ? L (2.37 .05 D) Blaxter and Clapperton
(1965)GE—gross energy; D—digestibility of energy; L—intake relative to

maintenance
Methane (MJ/d) = 3.41 ? 0.51 NFC ? 1.74 HC ? 2.65 C Moe and Tyrrell (1979)
For intake of carbohydrate fractions
Methane (Mcal/d) = .814 ? .122 9 NFC (kg/

d) ? .415 9 HC (kgId) ? .633 9 C (kg/d)
NFC—non fiber carbohydrate; HC—hemicellulose; C—Cellulose
FCH4 = 9.77 ? .87 9 CF Giger-Reverdin et al.

(1992)FCH4 is methane emissions as a percentage of digestible energy
and CF is crude fiber

CH4 (g/d) = SF6 permeation rate (g/d) 9 [CH4]/[SF6] Johnson et al. (1995)
CH4 (g/d) = 55 ? 4.5*M ? 1.2*W (grass) Kirchgessner et al.

(1991)CH4 (g/d) = 26 ? 5.1*M ? 1.8*W (corn silage)
M = milk yield; W = live weight
CH4 (g/d) = 63 ? 79 CF ? 10 NFE ? 26 CP - 212 EE

(all nutrients in kg/d) CF—crude fiber; NFE—nitrogen
free extract; EE—ether extract

Kirchgessner et al.
(1995)

CH4 (MJ/d) = 1.36 ? 1.21*Dm - 0.825*Dmc ? 12.8*Nd (all) Yates et al. (2000)
CH4 (MJ/d) = -35.5 ? 0.0216*N ? 27.6*Sdm ? 1.63*Gdm (silage)
Dm = dry matter intake (kg); Dmc = dry matter concentrates (kg);

Nd = ratio of NDF/Dm; N = N intake; Sdm = ratio of silage
Dm/Dm; Gdm = ratio of gross energy/Dm

CH4 (MJ/d) = Emax – Emax*exp(-c*MEI) Mills et al. (2003)
Emax = maximum value of CH4 production; c = shape parameter;

MEI = metabolizable energy intake
Based on dry matter intake Jentsch et al. (2007)
Y = 164.18(±39.39). X1 ? 8427.54(±603.20)
Y = 82.3418(±8.41). X2 ? 5227.35(±596.12) where y = CH4

energy (kJ); x1 = dry matter intake (g feed/kg BW) and x2 = dry
matter intake (g feed/kg W0.75)

Source Sejian et al. (2011a)
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CH4 production. One of these is the error attributable to dietary composition, not
only in the analysis, but also due to variation in nutrient composition between
samples of the same feedstock. This knowledge of the dietary components is a
prerequisite for successful use of the models to compare the effect of different
feeds on CH4 production (Palliser and Woodward 2002). Nonlinear mechanistic
model of CH4 production provides a significant opportunity to enhance scientific
capacity to estimate CH4 emissions from cattle (Mills et al. 2003; Kebreab et al.
2008). In addition, researchers have identified that mechanistic models can be used
to generate Ym values, which can be applied in national CH4 emission inventory
models. It was suggested that if incentives were introduced to mitigate CH4

emissions at a farm level, mechanistic models would be excellent tools to make
reliable estimates of enteric CH4 emissions. The advantage of mechanistic models
compared with empirical models is that mitigation options implemented at a farm
or national level can be assessed for their effectiveness.

16.7.3 Whole Farm Model

Computer simulation can provide a cost-effective and efficient method of estimating
CH4 emissions from dairy farms and analyzing effects of management strategies on
emissions. Invariably all whole farm models (WFM) are mechanistic models.
A commonly used simulation is that proposed by Rotz et al. (2007). The model is an
integrated farm system model (IFSM), which is a potential tool for simulating whole
farm emissions of CH4 and evaluating the overall impact of management strategies
used to reduce CH4 emissions. The IFSM was further refined into a process-based

Table 16.4 Examples of prediction models for methane emission

Prediction models References

Statistical models/empirical model Blaxter and Clapperton (1965)
Statistical models/empirical model Moe and Tyrrell (1979)
Dynamic/mechanistic model Dijkstra et al. (1992)
Dynamic/mechanistic model Baldwin (1995)
MOLLY (mechanistic model) Baldwin (1995)
Dynamic/mechanistic model Benchaar et al. (1998)
Farm system simulation framework

(whole farm model)
Neil et al. (1997), Sherlock et al. (1997), Sherlock

and Bright (1999), Bright et al. (2000)
Mechanistic model refined with knowledge

of the dietary components
Yan et al. (2000), Mills et al. (2003)

COWPOLL (mechanistic model) Kebreab et al. (2004)
Tier II model (empirical model) IPCC (2006)
Dynamic/mechanistic model Ellis et al. (2007)
Integrated farm system model Rotz et al. (2007)
Diet specific nonlinear mechanistic models Kebreab et al. (2008)
Integrated farm system model refined with

process-based whole farm simulation
Rotz et al. (2009)

Source Sejian et al. (2011a)
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whole farm simulation including major components for soil processes, crop growth,
tillage, planting, and harvest operations, feed storage, feeding, herd production,
manure storage, and economics (Rotz et al. 2009). Incorporation of the CH4 module
with IFSM in addition to modules simulating N2O emissions, provides an important
tool for evaluating the overall impact of management strategies used to reduce GHG
emissions in dairy farms.

Farm system simulation framework (FSSF) is another type of WFM, which uses
pasture growth and cow metabolism for predicting CH4 emissions in dairy farms.
Also included in the WFM is climate and management information. Other
examples of WFMs include those developed by Neil et al. (1997), Sherlock et al.
(1997), Sherlock and Bright (1999), and Bright et al. (2000); however, these
models are adequate only for predicting CH4 production by non-lactating Holstein
cows. Prediction rates for lactating cows are less accurate and WFMs currently
described in the literature seem inappropriate (IPCC 1997). Hence, development of
WFMs is required for the prediction of nutrient and GHG emissions and to get
better estimate of enteric CH4 production (Sejian and Singh 2011). Currently
available WFMs may incorrectly estimate CH4 emission levels, because they
cannot broadly predict enteric CH4 emissions as affected by DMI and diet. The low
prediction accuracy of CH4 equations in current WFMs may introduce substantial
errors in the calculation of GHG emissions, thereby leading to incorrect mitigation
recommendations. If regression equations examined here and elsewhere continue
to explain only a small fraction of the variations in observed values, moving
toward regression equations including more nutritional informations and details on
a subanimal level, or toward a dynamic mechanistic description of enteric CH4

emission, will improve predictions (Ellis et al. 2010; Sejian et al. 2011b).

16.8 Estimation Methodologies for Enteric CH4 Emission

There is a growing interest in changing the management strategies to reduce enteric
CH4 production without negatively influencing animal productivity. This theme has
been the focus of much research to improve environmental sustainability from an
agricultural standpoint. However, accurate CH4 measurements are required for
identifying mitigation strategies that can discriminate among treatments relevant to
on-farm conditions (Lassey 2008). Several techniques are used to quantify enteric
CH4 emissions including whole animal chambers (Grainger et al. 2007), and SF6

tracer technique (Pinares-Patiño et al. 2008; McGinn et al. 2009).
Measurement of CH4 emissions from individual animals has traditionally been

made with open-circuit respiration chambers, which are highly accurate and
reliable for animals offered indoor diets (Sejian and Saumya 2011). However,
these chambers are not as suitable for evaluating emissions for grazing animals.
A new technique that makes use of an inert gas (SF6) has recently been developed
for determining CH4 emissions from cattle and sheep under grazing conditions.
The SF6 tracer technique enables the determination of enteric CH4 emissions from
both individual as well as on a large number of animals (Vlaming et al. 2007). This
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technique is based on the use of a controlled release bolus containing SF6 gas,
which is inserted into the animal’s rumen (DeRamus et al. 2003). This technique
slowly samples the mixed eructated and respired air from the animal, generally
over a 24-h period. This air sample is then analyzed for the ratio of CH4:SF6

concentration, and the ratio is multiplied by the known release rate of SF6 emitted
from a permeation tube placed in the rumen (Pinares-Patiño et al. 2008).
This technique is extremely useful for examining grazing management influences
on enteric CH4 emissions (Pinares-Patiño et al. 2007). In addition, the authors
concluded that the SF6 tracer technique can be used with a reasonable degree of
accuracy for inventory purposes and for evaluating the effects of mitigation
strategies on CH4 emissions.

A more flexible technique for quantifying emissions is to model the dispersion
of a target gas from the source (Flesch et al. 2004), so that a downwind concentration
of gas can establish the emission rate. This ‘‘inverse-dispersion’’ technique has the
advantage of simplicity, as it requires only a single gas concentration measurement
and basic wind information (McGinn et al. 2006). However, several important
factors must be considered to get accurate results from this technique. These factors
include: (1) ambient conditions including landscape with clearly defined wind
regime as well as not having other nearby emission sources; (2) duration of
measurement; (3) period specific measurements (while ignoring periods known to
be problematic for inverse-dispersion calculations), and (4) lactation specific
concentration measurement.

A micrometeorological mass difference technique is used to measure CH4

production by cattle in pasture and feedlot conditions (Harper et al. 1999).
Measurements are made continuously under field conditions, semiautomatically for
several days. The method permits a relatively large number of cattle to be sampled.
These techniques do not infringe on the measurement being made, and are generally
nonintrusive (Laubach and Kelliher 2004). Limitations include light winds, rapid
wind direction changes, and high precision CH4 gas concentration measurement.
The mass difference method provides a useful tool for ‘undisturbed’ measurements
on the influence of feedstuffs and nutritional management practices on CH4

production from animals and for developing improved management practices for
enhanced environmental quality (Harper et al. 1999).

McGinn et al. (2006) used a backward Lagrangian Stochastic (bLS) dispersion
technique where plume gas concentrations are measured several hundred meters
downwind of a dairy farm. The bLS dispersion technique is a useful approach for
measuring whole farm emissions (e.g., dairies and feedlots) and emissions from well-
defined point sources within the farm. In addition, this technique is useful in eval-
uating mitigation strategies, is nonintrusive, less labor-intensive, and is much easier
to implement than most techniques. Furthermore, using the bLS dispersion technique
in conjunction with global positioning system (GPS) may have application for
monitoring enteric CH4 emissions from grazing cattle herds in large pad docks
(McGinn et al. 2009).
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16.9 Mitigation Strategies for Reducing CH4 Production

Any reduction strategies must be confined to the following general framework viz.,
development priority, product demand, infrastructure, livestock resource, and local
resources (Sejian et al. 2011a). The most attractive emissions mitigation projects
must balance the needs in all of these areas, so that, no one factor creates a constraint
on continued improvement in production efficiency, and the resulting CH4 emissions
reductions. Within this framework, CH4 emissions mitigation options for enteric
fermentation can encompass a wide range of activities across these areas (Sejian and
Indu 2011). However, underlying these activities must be specific options for
improving the production efficiency of the livestock. Without these options, CH4

emissions cannot be reduced. A range of reduction strategies to reduce enteric
methane production outlined in Fig. 16.4 are briefly discussed below.

16.9.1 Reduction of Livestock Numbers

Reducing livestock numbers may be the best possible way for countries that hold
large livestock population and are committed to reducing GHG emission from
animal sources. Nevertheless, countries, which are heavily dependent on their
livestock industries for generation of national income, imposition of regulations
aimed at reducing livestock numbers would be economically unacceptable.
Reducing livestock numbers through normal market processes can be effective.
For example, in New Zealand, sheep farming has become less profitable since
*1990, and farmers have reduced sheep numbers and used the land for alternative
enterprises, such as forestry (Ulyatt and Lassey 2001). Sheep populations have
been reduced from 57.9 million in 1990 to 45.2 million in 2000, while dairy cattle
and beef cattle population have increased slightly. The net outcome was a decline
in ruminant CH4 emission from 1.45 to 1.31 Tg/year from 1990 to 2000. This
change in stock numbers, predominantly a reflection of the profitability of sheep
farming, implies that New Zealand is in a position to meet its commitments to the
UNFCCC. However, livestock population may respond positively to improved
economic conditions. However, if sheep farming become more profitable an
increase in stock numbers and thus CH4 emission become most probable.

16.9.2 Management Strategies

Adoption of the basic livestock management principles offers the best opportunity
for improving production efficiency while also reducing emissions (Sejian and
Naqvi 2011b). Within the context of these livestock management principles,
specific techniques for improving production efficiency and reducing CH4
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emissions include the following: (1) enhanced nutrition through mechanical and
chemical feed processing, (2) balanced nutrition through strategic supplementa-
tion, (3) intake of production enhancing agents, (4) improved production through
enhanced genetic characteristics, (5) increased production efficiency through
improved reproduction, and (6) improved grassland and rangeland management
(USEPA 1993).

There is a wide range of management practices that improve animal productivity,
with concomitant reduction in CH4 emission per unit animal product (Naqvi and
Sejian 2011). Genetic selection of animals that consume less feed or produce less
CH4 per unit of feed is a management strategy that may be used to reduce enteric CH4

emissions. Improving the efficiency of ruminant animal performance will generally

Strategies for reducing methane emissions from livestock

Extended
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Reduction of
animal numbers

Concentrate
supplementation

Diet modification
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Fig. 16.4 Various strategies to reduce enteric methane production. These mitigation strategies
can be grouped into three broader category-managemental, nutritional and advanced strategies
(Source Sejian et al. 2011b)
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lead to a reduction of CH4 emitted per unit of animal product. There are two aspects
of this practice: genetic improvement of the animals to achieve more products per
unit of feed intake and dietary manipulation via increased feed intake and appro-
priate feed composition (Ulyatt and Lassey 2001). These authors also suggested that
increasing feed intake decreases the CH4 emission per unit of feed intake. Increased
intake of the same diet to a cow increases milk production, but decreases CH4

emitted per unit of milk (Kirchgessner et al. 1995). The probable reason for this
could be that as intake increases, the CH4 emission associated with the essential but
non-productive requirements for maintenance is diluted. Dietary manipulations
aimed at reducing CH4 emission include decreasing dietary fiber and increasing
starch and lipid (Beauchemin and McGinn 2006). Generally, diets of higher
digestibility have these characteristics (Johnson et al. 2002). Treatment of animals
with growth promoting substances can increase production efficiency. Examples of
such substances are bovine somatotrophin (bST), ionophores, and anabolic steroids.
All these techniques use dilution of maintenance requirements to achieve reduced
CH4 emission. Their maximum effectiveness in terms of reducing CH4 emission
would be in maintaining present levels of animal production with fewer animals, or
in increasing animal production with the same number of animals. This would
provide the farmer with options for land use that should improve productivity.

Differences in the digestive anatomy or physiology of individual animals, or
between breeds can result in differences in CH4 production (Robertson and
Waghorn 2002). The natural variation among animals in the quantity of feed
eaten per unit of liveweight gain can be exploited to breed animals that con-
sume less feed than the unselected population while achieving a desired rate of
growth (Hegarty 2001). Thus, the concept of residual feed intake (RFI) was
developed and used by Boadi et al. (2004a). In addition, there are large dif-
ferences in emission per unit of feed intake between animals. Such differences
between animals are real and can persist for some time (Lassey et al. 1997).
Implementing proper grazing management practises to improve the quality of
pastures increases animal productivity and has a significant effect on reducing
CH4 emission from fermentation in the rumen. Management-intensive grazing
(MIG) is an effective form of grazing BMPs. As a result, the CH4 emissions per
unit of product as well as total emissions into the atmosphere are reduced
(DeRamus et al. 2003; Naqvi and Sejian 2011).

There are many potential opportunities for mitigating CH4 through microbial
intervention in the rumen, such as: targeting methanogens with antibiotics,
bacteriocins, or phage; removing protozoa from the rumen; development of
alternative sinks for H2 such as reductive acetogenesis (Ulyatt and Lassey 2001).
There is considerable evidence that the rumen can function satisfactorily in the
absence of methanogens (Joblin 1999). Given that CH4 results from microbial
activity, the animal can only have an impact on this variation through interactions
with the microbes directly, through the diet selected, or through control of the
fermenter (rumen) conditions (Ulyatt and Lassey 2001). Animal effects on
fermentation could include saliva, feed processing, or flow rate through the rumen.
It is possible that the animal impact on fermentation is genetically determined
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and if this is the case, it may be possible to create market opportunities that can
be used to select low CH4 emitters. Several CH4 oxidizing bacteria have been
isolated from the rumen and when added to the rumen fluid in vitro, decrease CH4

accumulation in the rumen (Boadi et al. 2004a). In the long term, however,
CH4 oxidizers from gut sources could be screened for their activity in the rumen
to reduce the proportion of CH4.

16.9.3 Nutritional Strategies

Diet modification is one way in which the cattle industry can reduce its contri-
bution to GHG emissions (Beauchemin and McGinn 2006; Sejian et al. 2011c). It
has been accepted generally that digestibility is maximized when optimum levels
of NH3 is maintained in the rumen (Bowman et al. 1992). Supplying NH3 can,
therefore, greatly increase digestive efficiency and utilization of available energy.
NH3 can be supplied via urea, chicken manure, or soluble protein that degrades in
the rumen. In addition to NH3, there are some nutrients that must be present in the
diet to support the microbe population in the rumen. The most common nutrients
required are sulfur (S) and phosphorus (P), although this may vary greatly with
region. In addition, molasses provides the energy needed to realize the improved
microbial growth that can result from enhanced ammonia levels. Molasses nutrient
blocks (MNBs) have been used as a supplement in many countries with encour-
aging results of increased milk yield by 20–30%; increased growth rate of
80–200% and increased reproductive efficiency. Based on these results, CH4

emissions per unit product are expected to be reduced by up to 40% (Leng 1991).
Bowman et al. (1992) reported that strategic supplementation of dairy animals
with MNBs may reduce CH4 emissions by 25%.

Improving the nutritive value of the feed given to grazing animals by bal-
ancing the diet with concentrates, or by breeding improved pasture plants, may
reduce CH4 emission. The proportion of concentrate within the diet is negatively
correlated with CH4 emissions (Yan et al. 2000; Lovett et al. 2005). Increased
concentrate supplementation decreases enteric CH4 production, increases pro-
portion of propionate in rumen VFA and therefore reduces hydrogen for CH4

synthesis. Indeed increasing the digestibility of pasture for grazing ruminants is
the most practical means of reducing their CH4 emissions (Hegarty 1999).
If animal numbers do not decrease in response to the improved productivity,
however, then emissions from the sector may increase rather than decrease
(Hegarty 2002). Waghorn et al. (2002) observed that the impact of condensed
tannins on rumen methanogenesis is small, although significant. Furthermore,
legumes reduce CH4 emissions when fed at comparable intake levels (Beever
et al. 1985).
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16.9.4 Chemical Inhibitors of Methanogenesis

Several mechanisms influence the availability of H2 in the rumen and subsequent
production of enteric CH4 emissions by cattle. Processes that yield propionate act
as net proton-using reactions while those that yield acetate result in a net increase
in protons. That is, the proportion of volatile fatty acids, specifically acetate,
propionate; produced as a consequence of microbial fermentation in the rumen has
a significant influence on CH4 production. If precursors of propionate are added to
the diet, they should reduce CH4 production by removing some of the H2 produced
during ruminal fermentation (O’Mara 2004). Another mechanism by which CH4

production may be reduced during the rumen fermentation process is through the
provision of alternative hydrogen acceptors or sinks.

A wide range of chemicals are available that may reduce rumen methanogen-
esis (Johnson and Johnson 1995; Mathison 1997). Organic acids, such as malate,
fumarate, citrate, succinate, etc., are propionate precursors. Experiments con-
ducted in vitro (Martin and Streeter 1995; Ulyatt and Lassey 2001) and in vivo
(Newbold et al. 2002) show that addition of organic acids to the diet reduces CH4

production, in a dose dependent manner (Martin and Streeter 1995). Thus, a feed
additive or ingredient that reduces CH4 emissions from cattle fed high-forage diets
could have an important impact on reducing the emissions from the livestock
sector (Beauchemin and McGinn 2006). Adding 4.6% of canola oil, a source of
unsaturated fat, to a high-forage diet is an effective suppressant of CH4, with daily
emissions decreased by 32% and emissions as a percentage of gross energy intake
decreased by 21%. McGinn et al. (2004) also reported reduced CH4 production
after supplementing the feed with sunflower oil and monensin. Halogenated CH4

analogs, such as, chloroform, CCl4, chloral hydrate, bromochloromethane, and
bromoethanesulphonic acid are potent CH4 inhibitors (McCrabb et al. 1997).

There is an increasing interest in exploiting natural products as feed additives
to manipulate enteric fermentation and possibly reduce CH4 emissions from livestock
(Wenk 2003). Essential oils can interact with microbial cell membranes and inhibit the
growth of some gram-positive and gram-negative bacteria. As a result of such
inhibition, the addition of some plant extracts to the rumen results in an inhibition of
deamination and methanogenesis, resulting in lower ammonia N, CH4, and acetate,
and in higher propionate and butyrate concentrations (Boadi et al. 2004b; Calsamiglia
et al. 2007). Data from in vitro and in vivo experiments involving essential oil indicate
that these are antimethanogenic agents leading to reduction in CH4 production (Bus-
quet et al. 2006; Castillejos et al. 2006). Supply of lipids from linseed (Linum usita-
tissimum) significantly decreased the amount of CH4 emitted by dairy cows. Linseed
fatty acid offers a promising dietary means to depress ruminal methanogenesis.
The form of linseed fatty acid greatly influences CH4 output from dairy cows (Martin
et al. 2008). Polyunsaturated fatty acid decreases CH4 through a toxic effect on
microorganisms involved in fiber digestion and hydrogen production, such as protozoa
(Doreau and Ferlay 1995) and cellulolytic bacteria (Nagaraja et al. 1997).
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Ionophores, such as monensin and lasalocid also reduce CH4 emission (Johnson
and Johnson 1995). In the rumen, ionophores increase the proportion of gram-
positive bacteria, resulting in a shift in fermentation acids from acetate and
butyrate to propionate, consequently CH4 production is reduced (NRC 2001).
However, the rumen microbes adapt to the additives within two weeks (Saa et al.
1993; O’Mara 2004). Monensin supplementation can reduce CH4 production by
25% (Tedeschi et al. 2003).

Defaunating agents, like manoxol, teric, alkanate 3SL3 and sulphosuccinate can
reduce CH4 emission (Mathison et al. 1998). They act by disrupting the close
symbiotic relationship between methanogenic bacteria and protozoa. One method
by which defaunation can be brought about is the addition of certain oils/fats
(Machmuller et al. 1998; Hegarty 1999). The magnitude of reduction in CH4

output following dietary supplementation of fats/oils is source-dependent, with
coconut (Cocos nucifera) oil identified as being very effective (Lovett et al. 2005;
Jordan et al. 2004). However, the use of defaunation to decrease CH4 production
from ruminants would have to be balanced against the effects on fiber and protein
metabolism in the rumen (Gworgwor et al. 2006).

The main problems with chemical additives are the following: (i) some are
toxic to the animal and rumen microflora thereby reducing digestion and food
intake, (ii) some have short-lived effects, because the rumen microbes adapt, they
are mainly volatile hence, difficult to administer, and (iii) some are expensive, and
may not meet consumer product acceptance.

16.9.5 Immunization

The most noteworthy achievement with regards to reducing CH4 production in
livestock is the development of a vaccine containing an antigen derived from
methanogenic bacteria (Gworgwor et al. 2006) and an immunogenic preparation
which reduces the activity of rumen protozoa (Baker et al. 1997). Such vaccines
are potent in providing a cost-effective treatment for reducing CH4 emission and
enhancing animal production. In light of these, Baker (1995) and Shu et al. (1999)
proposed that it may be possible to immunize ruminants against their own
methanogens with associated decrease in CH4 output and that such an approach
could reduce the members of streptococci and lactobacilli in the rumen.

16.10 Conclusions

This chapter addresses enteric CH4 production from livestock and its mitigation
strategies. It describes factors influencing CH4 production, prediction models, and
estimation methodologies for identifying different strategies to reduce such
emissions. There are urgent needs to understand the various factors affecting
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variability in enteric CH4 production to decrease GHG emission inventories and to
identify viable GHG reduction strategies. Considerable progress has been made in
the design of simulation models for predicting CH4 emissions and the latest
integrated farm system models offer greater capacity to predict more accurately
GHG emissions with the incorporation of climatic and management information.
Although the reduction in GHG emissions from livestock industries is of high
priority, strategies for reducing emissions should not reduce the economic viability
of the livestock industry.

The reduction of enteric CH4 emissions from livestock by the selection of more
feed-efficient animals based on their estimated breeding value offers a novel way
of reducing the CH4 emissions without compromising animal growth rate.
Decreasing feed losses to CH4 emission in the cattle industry can represent an
improvement in feed efficiency. Therefore, mitigating CH4 losses from cattle have
both environmental and economic benefits. Improved knowledge of quantitative
nutrition provides powerful tools to develop concepts to undertake a wide range of
problem-oriented research with the goal of curbing emissions by livestock farms.
Many authors have recommended on-farm practises, such as genetic selection for
production traits, feed testing, and ration balancing, using CH4 inhibitors to reduce
enteric CH4 emissions with concomitant reduction in feed costs. Several other CH4

reduction strategies are at various stages of investigation, such as the use of feed
additives, ionophores, defaunation, and vaccination. Pending an improved
understanding of the global impact of these mitigation strategies on livestock,
there are grounds for optimism that in the medium term, more effective strategies
may become available to supplement those presently available. Finally, more
consideration must be given to total farm GHG emissions from enteric fermen-
tation. As low-income countries and some fast-developing countries are expected
to continue their rapid growth in animal production, it is essential that the growth
of global livestock-related GHG emissions is restricted in the short term to reduce
the effects of CH4 on global temperatures.

16.11 The Scope of Future Research

There is new need for further concerted research on methane emission by livestock
and its mitigation. For instance, there are several new and more advanced CH4

mitigation options, including the addition of probiotics, acetogens, bacteriocins,
archaeal viruses, organic acids, and plant extracts to the diet, as well as immu-
nization and genetic selection of animals. Although these new strategies are
promising, more research is needed for validation purposes and to assess in vivo
their effectiveness in reducing CH4 production in dairy animals. In addition, there
is a need to improve the efficacy of current strategies both economically, for
livestock production and increasing their capacity to limit emissions. Vaccine
development against methanogens is promising and calls for concerted research
efforts if this strategy is to become a reality. The development of biomarkers to
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identify low CH4 emission animals or low CH4-producing bacteria also merits
further investigation. Future developments in the area of modeling must accom-
pany any improved understating of the underlying rumen biology. Furthermore,
the need to develop simpler and more accurate models compatible with current
trends in computer technology cannot be overemphasized.
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Chapter 17
Conclusions and Researchable Priorities

Veerasamy Sejian

Abstract This chapter provides the salient findings established by various
researchers in their field of specialization and also elaborates on the future research
priorities that are available before the researchers in the field of environmental
stresses and livestock production. Among the numerous variables affecting live-
stock production, heat stress has been identified to be the cause of severe economic
consequences. In view of changing climate, it is envisaged that apart from heat and
nutritional stress the livestock are also subjected to locomotory stress as a result of
long distance walking in search of pastures. The changing climatic conditions have
contributed to the multiple stress phenomenons, particularly heat stress, nutritional
stress, and walking stress which severely hampers livestock production. Different
ameliorative strategies have been identified to counter such environmental
extremes and the most noteworthy being the managemental and nutritional
strategies. Further, the role of pineal gland in combating environmental stress has
been established. Various aspects including genetic, neuroendocrine, cellular, and
molecular mechanisms involved in livestock adaptation have also been dealt in
detail. However, research priorities need to be set to further our understanding of
adaptive strategies at cellular and molecular level in order to develop suitable
adaptive and mitigation strategies to counter environmental stresses. The inte-
gration of new technologies into the research and technology transfer systems
potentially offers many opportunities to take forward the development of climate
change adaptation strategies.
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17.1 Conclusions

The introductory chapter provides the overall vision of the book. It presents an
insight of the environmental stresses affecting livestock production and its
amelioration. There are five chapters (from Chaps. 2 to 6) in the first part of this
book. This part particularly addresses in detail the various environmental stresses
influence on livestock production and reproduction. Chapter 2 addresses the range of
factors which play a major role in determining the livestock production. Authors of
this chapter have identified and grouped the factors influencing livestock production
under three major categories: climate change (CC), health, and nutrition. Apart from
these major factors, also are described the influences of livestock selection policy,
and other anthropogenic factors such as religion, cultural beliefs, economic con-
straints, infrastructure, and marketing choices to play a significant role in affecting
livestock production. The single most important factor that influences livestock
production across the globe is the heat stress. With the changing climatic conditions
worldwide, heat stress seems to be playing the most detrimental role in diminishing
the economy of livestock owners. Chapter 3 presents in detail, the impact of heat
stress on livestock production. High temperature, combined with high humidity and
radiant energy, are the major factors that contributes to severity of heat stress.

Heat stress is the single largest factor affecting livestock production. It reduces
the feed intake which is reflected in the lower body weight gain per unit of feed
intake. Further, heat stress reduces milk production, egg production, and repro-
ductive efficiency of livestock species leading to severe economic losses. Walking
stress is another most important factor affecting livestock species reared particu-
larly in the tropical and subtropical regions of the world. Chapter 4 addresses in
detail the significant influence of walking stress on livestock production. Livestock
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reared in hot tropical environment during summer months need to walk long
distances for grazing and water. The authors of Chap. 4 presented their experi-
mental findings to prove the hypothesis that walking stress influences livestock
performance by altering their adaptive capability so as to deviate most of their
energy reserves in trying to adapt to the locomotory stress during walking. As a
result, there is a severe energy crisis in these animals and hence the productive
performance of these animals is at stake. These studies indicate that animals under
walking stress need to be supplemented with more energy feed to compensate for
the locomotory activity as well as to maintain production.

Chapter 5 targets environmental stress influence on livestock reproduction.
Specifically, this chapter addresses the heat stress as the major environmental
factor influencing livestock reproduction. Reproductive performance is one of the
important productive parameters that are threatened by the heat stress in domestic
livestock. Clearly, heat stress exhibits profound effects on most of the aspects of
reproductive functions including male and female gamete formation and function,
embryonic development, and fetal growth and development. The various repro-
ductive processes in female such as follicular development, estrus activity, and
embryonic development are adversely affected by heat stress. Similarly in male,
heat stress has a deleterious effect on fertility through reduced sperm production
and increasing the abnormal spermatozoa percentage in the ejaculates. The authors
of Chap. 5 highlight that scarcity of feed resources during summer months is the
principal contributor to reduced reproductive efficiency of livestock. This chapter
identifies endocrine system involving hypothalamus, anterior pituitary, and gonads
to play the leading role and contribute to the reduced reproductive efficiency. The
effect of thermal environment on reproduction may be a direct action upon the
reproductive tissues or be an indirect one due to lower nutrients intake, impairment
of hypothalamic, pituitary, gonadal, and endometrial secretions. Further, this
chapter emphasizes that glucocorticoids, the principle stress relieving hormones in
livestock species, are paramount in mediating the inhibitory role to reproduction.
The final chapter of part I (i.e., Chap. 6) addresses the concept of multiple stresses
affecting livestock production. Authors of Chap. 6 conclude that, under the
changing climatic condition, it is not only the heat stress that hampers the livestock
production but also several other stress which occurs simultaneously in arid and
semi-arid tropical environment. The changing climatic conditions have contributed
to the multiple stress phenomenons, particularly heat stress, nutritional stress, and
walking stress. Discussions in Chap. 6 vividly indicate that livestock subjected to
heat, nutritional, and walking stress separately had less detrimental effects on their
reproductive performance. In comparison with the heat stress, however, nutritional
stress had less significant effect on the productive and reproductive performance of
sheep. However, when both stresses are coupled, together these severely jeopar-
dize important productive and reproductive parameters. The discussions in Chap. 6
support the conclusion that when nutrition is not a limiting factor, livestock species
are able to better cope with heat stress. It is imperative, therefore, that researchers
aiming to target improving livestock production under the changing climatic
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conditions should address the effects of multiple stresses simultaneously rather
than heat stress alone.

Part II of this book deals with the managerial strategies to alleviate and
mitigate environmental stresses. These strategies are presented in Chaps. 7–9, and
cover this part with detailed emphasis on various strategies and options available
to ameliorate environmental stresses which affect the livestock. Good management
ideally seeks well-being, comfort, and high productive and reproductive efficiency
maintenance of the animals. The management practices in hot climate should
involve modification of the environment, reduction of the animal’s heat produc-
tion, and increasing its heat loss by dissipating the heat load. Alleviation of heat
stress in animals can be achieved by physical, physiological, and nutritional
techniques. Chapter 7 addresses a range of options available for physical modi-
fication of livestock’s micro environment to specifically counter the heat stress.
These strategies include proper livestock housing, different options for providing
shade, using different cooling methods available, general feeding managements,
and ideal water requirements to combat environmental stresses. This chapter
also elaborates on the concept of cold diet during the hot climatic conditions.
In addition, this chapter also provides information pertaining to advanced bio-
technological strategies available to ameliorate the heat stress in livestock. Chapter
8 highlights the importance of optimum nutrition to counter environmental
extremes. Under the changing climatic conditions, livestock need to be insulated
against environmental stresses by providing optimum nutrition, proper manage-
mental practices, and health care. Adverse environments can increase the nutri-
tional requirements of animals directly, or they may reduce the supply of quality
feed. Under these circumstances, a concerted effort must be made to harmonize the
welfare of animals by reducing environmental stress of food animals by nutritional
manipulation and managemental practices. A new theme of research, signifying
the importance of pineal gland to combat heat stress in livestock is discussed in
Chap. 9. Using a modeling technique, this chapter highlights the establishment of
pineal-adrenal-immune system relationship to combat heat stress in goat. The
authors of this chapter elaborate on their series of experimental findings and dem-
onstrate the functional relationship among pineal, adrenal, and immune system, and
how these relationships modulate stress and non-specific immune response for the
well-being of animals (goats) under thermal stress. Such an empirical relationship
was established by testing the hypothesis involving the intercommunication of these
endocrine glands by their hormonal secretions. Given the significance of thermal
stress hampering animal productivity, these findings could provide a useful miti-
gation measure in improving economy of farm households as well as poor farmers.
Livestock being major source offood security need special attention during the era of
changing climate. The capacity building is essential to sustain livestock productivity.
Besides the other physical approaches to mitigate heat stress of livestock, physio-
logical interventions may have a good promise which is to be explored and well-
devised approaches need to be developed and practiced, though with full attention
and cautions so as not to disturb the basic physiology of animal.
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Part III of this book deals with the adaptation mechanisms of livestock to
adverse environmental conditions. Disccusions in Chaps. 10–14 cover this section
involving basic principles, neuro endocrine regulations, molecular mechanisms,
genetic adaptability, and the various genes which are responsible for tolerance to
thermal stresses. The mechanisms underlying the adaptive capability of livestock
to different environmental stresses are complex in nature. The stress response
initiated by a particular stressor integrates a variety of homeostatic mechanisms
ranging from physiological, immune to behavioral adaptations. Neuroendocrine
adaptations are important to conserve energy, promote thermogenesis, and help
use energy sources effectively promoting long-term survival of the animal. As a
result of deviation of this energy for survival, their production capacity is at stake.
Several systems of the body respond differently in combating environmental
stresses in livestock. There are genetic variations and breed differences in deter-
mining the adaptive capability of an individual. The immediate response by which
the livestock counteract heat stress is the physiological response while endocrine
response is the one which plays a major role in combating stress. At cellular level,
eukaryotic cells respond to stresses by the production of a specific set of proteins
called heat shock or stress proteins (HSPs). Upregulation of HSPs under elevated
temperature corresponds with a concomitant downregulation of the transcription
and translation of the genes involved in the growth, metabolism, and differentia-
tion. These HSPs are stress proteins which are thought to help the cell to survive
stress. Thus, animals acquire thermo-tolerance by exposure to a conditioning body
heat dose and hyperthermia induces the synthesis of these stress proteins. These
wide ranges of HSPs are the confirmatory physiological biomarkers for stress
determination. Scientific advances have indicated specific molecular mechanisms
and altered gene expression induced by heat stress, representing targets which can
be exploited to improve breeding and management practices.

Promotion of sustainable agriculture and livestock rearing is vital to ensuring an
effective adaptation to CC by rural communities. Important among these tech-
niques are rearing of animals which are more sturdy, heat tolerant, disease resis-
tant, and relatively adaptable to the adverse conditions. In such a situation, some of
the indigenous breeds may be able to cope better than the crossbreds as crosses
containing higher exotic inheritance have a lower survival compared to the
indigenous breeds. This part of the book clearly emphasizes that using adapted
animals can yield better results in terms of improving the economy of farm
households than infusing ‘heat tolerance’ genes into a non-adapted breed.

Part IV of the book covers both impact of CC on livestock production and
contribution of livestock to adapt to CC and its mitigation. Livestock are one
sector which is important to consider as it both impacts and is influenced by the
CC. Hence, it is crucial to address these issues to provide an ideal platform for
improving livestock production under the changing climate scenario. The CC is
projected to exacerbate weather-related disasters and extreme events, such as
droughts, heat waves, storms, floods, desertification, and increases in incidence of
pests and pathogens. The CC effects livestock productivity directly as well as
obliquely through changes in the availability of fodder and pastures, and influences
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animal welfare and productivity. The CC affects livestock productivity by
reducing the quality and quantity of feed, reducing the forage and pasture avail-
ability, increasing extent and severity of drought stress, and changing patterns of
livestock diseases. Higher temperatures, potentially caused by CC, would reduce
dairy production, decrease animal weight gain, adversely affect reproduction, and
lower feed-conversion efficiency in warm regions.

Chapter 16 describes the role of livestock to CC, and addresses in detail enteric
methane (CH4) emission and mitigation strategies in ruminant livestock. CH4 is one of
the most important greenhouse gases (GHGs), and livestock enteric emission is one of
the principal sources of CH4. Mitigation of rumen CH4 emission is essential and can
be effectively achieved by strategies which improve the efficiency of animal pro-
duction. Because the conditions under which animals are managed vary greatly
among countries, CH4 emission reduction strategies must be tailored to country-
specific circumstances. The dietary/nutritional strategies, which improve productivity
with no potential negative effects on livestock health and production and are cost-
effective, have a better chance of being adopted. It is also important to evaluate CH4

mitigation strategies in terms of the total GHG budget and to consider the economics
of various strategies. Although reduction in GHG emissions from livestock industries
are of a high priority, strategies for reducing emissions should not reduce the eco-
nomic viability of enterprises. As low income countries and also some fast-developing
economies are expected to achieve a rapid growth in animal production, it is essential
that the growth of global livestock-related GHG emissions is restricted in the short
term to reduce the radiative forcing of enteric and other livestock-related emissions.

17.2 Researchable Priorities

Responding to the challenges of global warming necessitates a paradigm shift in
the practice of agriculture and in the role of livestock within the farming system.
Science and technology are lacking in thematic issues, including those related to
climatic adaptation, dissemination of new understandings in rangeland ecology,
and a holistic understanding of pastoral resource management. Livestock farmers
should have key roles in determining what adaptation and mitigation strategies
they support if these have to sustain livestock production in changing climate.
The integration of new technologies into the research and technology transfer
systems potentially offers many opportunities for further development of CC
adaptation strategies. Figure 17.1 describes the various future research areas to
target for ameliorating environmental stresses in livestock.

17.2.1 Early Warning System

Future research must develop new techniques of cooling systems such as thermo-
isolation, concentrating more than in the past on techniques requiring low energy
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expenditure. New indices that are more complete than temperature-humidity
index (THI) to evaluate the climatic effects on each animal species must be
developed and weather forecast reports must also be developed with these
indices, to inform the farmers in advance. Above all to beat the CC or in any
case not to let the climate beat livestock systems, researchers must be well aware
of technologies that are available before them. Meteorological services need to
be strengthened to provide timely weather and climate forecast/information to
provide an early warning system which will help farmers to plan for the change
well in advance.

17.2.2 Research on Multiple Stresses

Livestock researchers aiming at improving livestock production under changing
climatic scenario must aim at counteracting multiple stresses as these stresses are
of a common occurrence in most ecological zones where livestock are reared.
Under the changing climatic scenario, the concept of multiple stresses emerges as

Fig. 17.1 Researchable priorities to target for ameliorating environmental stresses in livestock
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a potential threat to livestock production and its survival. Hence research needs to
be prioritized to tackle multiple stresses simultaneously to improve the economy
of the livestock farms.

17.2.3 Technological Interventions

Intensification of the animal production system can only be realized through
cutting edge technological know-how, and therefore, necessitates a focused and
well-coordinated research effort.

17.2.3.1 Integrated Crop-Livestock Farming System

Greater emphasis must be given to identification and distribution of indigenous
technical knowledge for reducing vulnerability through an effective adaptation
to CC. Technologies and management schemes need to be developed to
enhance productivity. Yet, it is equally important to preserve the natural
resource base. Within this framework, an integrated crop-livestock farming
system is a key strategy for enhancing livestock production and safeguarding
the environment through prudent and efficient resource use. In this context,
integration of crops and livestock is widely considered a step forward. There-
fore, small farmers need to have sufficient access to knowledge, assets, and
inputs to manage the system in a way that is economically and environmentally
sustainable over the long term.

17.2.3.2 New Genomics Tools

Genomic tools are also useful in providing information on specific gene networks
associated with thermotolerance. It is envisioned that, in the not too distant future, use
of single nucleotide polymorphism (SNP) markers will lead to greater progress in
improving thermotolerance of high producing dairy breeds. An important attempt that
needs an immediate attention is the identification of genes involved in key regulatory/
metabolic pathways for thermal resistance/sensitivity using genomic advancements
such as whole genome arrays, RNA sequencing etc., in different native breeds of
livestock. The elucidation of molecular basis of thermotolerance in native breeds and
comparing with other livestock species would be key in developing strategies to
minimize the effect of heat stress on productivity. Genome-wide association studies to
detect panel of DNA markers associated with the sensitivity of production (milk/meat)
and reproduction (semen quality/fertility) traits to heat stress and other environmental
stresses is another priority. Research advances can facilitate selecting animals of high
productive/reproductive capacity under anticipated CC scenarios. The identified
SNPs can potentially be utilized as marker resource, to screen the variation in animal

510 V. Sejian



response (resistance/sensitivity) to heat stress and once validated can be utilized in the
breeding programme. Such efforts can create opportunities to introgress desirable
genes/alleles and drift herds toward superior tolerant ability against environmental
stresses. In addition, systematic assessment and recording of phenotypes related to
adaptive traits in response to different environmental stresses in breeds of livestock to
undertake accurate phenotype-genotype association studies is vital for identifying the
most appropriate site-specific breed.

17.2.3.3 Embryo Transfer

The embryo transfer can be an important future strategy for managing heat stress
especially, if sources of affordable and high-quality embryos become available.

17.2.3.4 Transgenic Technology

The transgenic technology allows for the stable introduction of exogenous genetic
information into livestock genomes. With its ability to enhance existing or
introduce entirely novel characteristics at unprecedented magnitude and speed, the
emerging technology can have a profound impact on the genetic improvement of
livestock in the future. The continual advances in animal genomics toward the
identification of genes that influence livestock production traits and impact human
health can increase its ability and versatility for the purposeful modification of
livestock to enhance their welfare, produce superior quality food and biomedical
products, and reduce the environmental impact of animal husbandry.

17.2.3.5 Wireless Sensor Networks

Wireless sensors are enabling applications which can depict the full picture of
the state of the animals and their environment on a continuous basis regarding
parameters of animal health, animal behavior, and animal performance. This
can be used for finding hidden patterns in animal behavior when exposed to
environmental stresses, and this is valuable for developing decision support
system.

17.2.3.6 Nanotechnology

The next few decades may well see nanotechnology applied in sustainable animal
management. Nanosized, multipurpose sensors are already being developed that can
report on the physiological status of animals. Nanoparticles may impact nutrient
uptake and induce more efficient utilization of nutrients for milk production.
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17.2.3.7 Advanced Reproductive Technologies

Applications of molecular technology will provide new ways to evaluate repro-
ductive potential and the basic physiological mechanisms that limit reproductive
performance. These technologies may also provide new tools for managing and
monitoring livestock fertility. Animal reproductive biology must involve a
multidisciplinary approach to address costly reproductive problems and improve
reproductive efficiency. Understanding factors that control reproduction provides
methodologies for improving reproduction. Research focus is needed to evolve
new information on puberty, ovarian function and cycles, gamete formation and
maturation, fertilization, establishment and maintenance of pregnancy, and
placental function, including maternal-fetal interactions, fetal development and
growth, and parturition. Some of the advanced reproductive technologies include
controlling the sex of offspring through sperm separation, methods for early
diagnosis of pregnancy, fundamental studies to determine molecular, cellular, and
metabolic mechanisms regulating reproduction, new programs for efficient
reproductive management and for identifying needed research through computer
modeling, and embryonic stem cell technology to revolutionize the livestock
breeding.

17.2.4 Physiological Interventions

The physiological mechanisms underlying the action of heat stress on the
decline of production performance of domestic animals have not been fully
investigated. They require further research for the elucidation of the
mechanisms which may facilitate the adoption of comprehensive preventive and
control measures of combating heat stress in domestic animals. The cellular and
molecular mechanisms of the heat acclimation, as well as those which link the
short- and long-term adaptability to heat stress, are clearly the area of future
research, which may pave way for designing mitigatory strategies. Research in
this area includes studies of the fundamental physiological processes within the
animal at the organism, organ system, cellular, and molecular level. Neural,
hormonal, or other chemical messengers that serve as regulators of physiologic
processes and perform integrative functions in the animal are also needed to be
elucidated for better understanding of these physiological processes for
formulating suitable mitigation strategies.

17.2.5 Simulation Models

Animal-based research to compare total production systems is scanty because of
high cost and resource requirements. There is a general lack of simulation models
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for assessing adaptation of livestock to CC. The development of computer
technology, analytic methods, and simulation models for animal production
systems provide a methodology for critically evaluating alternative production
systems and management decisions. The models of animal production systems that
allow comparisons among alternative management components and decisions are
need of the hour to help launching nationwide mitigation strategies to counter the
CC effects. The geographic information systems (GIS) also need to be strength-
ened to monitor the level of stress and the spread of CC-induced pest and
pathogens. Predictive modeling systems are needed to predict the probability of an
outcome. These projections by the simulation models need to be validated through
laboratory and field research so that scientists and producers can predict and plan
for threats by pests and pathogens.

17.2.6 Exploiting the Genetic Potential of Native Breeds

It is important to concentrate not only on breeds that may be of immediate value in
current production systems, but also on the potential long-term value of preserving
unique allelic diversity across the local breeds that may not have immediate
commercial value. Strong investments are needed now to identify and preserve the
unique traits in the indigenous germplasm. Several molecular tools are now
available to identify valuable traits in indigenous breeds. This pool of information
is crucial in increasing and sustaining future productivity.

Adaptation research, particularly for developing and upscaling strategies to
cope with CC is an important researchable priority. Economic evaluation of
adaptation technologies, appraisal of farmer’s responses under different resource
conditions, and change in regional, national, and international policies relating to
farm level adaptation and assessment of the investment requirements for coping
with the challenges of CC are among critical themes in which research efforts in
social sciences and the human dimensions need to be intensified.

17.2.7 Developing Suitable Breeding Program

One of the most important researchable issues is the maintenance of the global
animal genetic diversity. The choice of the most appropriate breed or breeds to
use in a given environment or production system should be the first step when
initiating a breeding program, and the due attention must be given to the
adaptive performance. The appropriate strategy for any breeding program
would, therefore, be to set suitable selection goals, which match the production
system rather than ambitious performance objectives that cannot be reached
under the prevailing environment. The present scenario calls for using the
available genetic resources for identifying the genes/genomic regions associated
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with thermoregulation and adaptive biology, and develop further functional
gene resource for native livestock with inherent thermotolerant ability as a
model for better understanding of thermoregulation pathways/molecular mech-
anism of heat stress. A strong foundation for exploitation of molecular markers
may be in place for selection of animals with superior adaptive ability. New
developments in molecular biology and the emergence of mapping the human
genome have led to the development of research to map and understand the
genome of agriculturally important animal species. A more complete under-
standing of animal genome is needed to generate fundamental information
important to genetics, physiology, nutrition, and related sciences relevant to
animal production.

17.2.8 Research on Pineal-Adrenal-Immune
System Relationship

There exists an elaborate interplay between the pineal-adrenal-immune system
axis, the details of which need to be experimentally proven. Thus, detailed studies
are required to fully understand the mechanisms of interactions between these
glands (pineal-adrenal, pineal-adrenal-immune system etc.) in combating heat
stress. It is still not apparent whether melatonin controls thermal stress by acting
directly on adrenal cortex or by acting on hypothalamus or anterior pituitary. In
addition, there are some unanswered questions on whether there is a direct link
between glucocorticoids and melatonin production and secretion. If one attempts
to establish this multi-endocrine gland relationship, research and experiments/
trials should be conceptualized to unveil the precise mechanism of the interactions
among pineal, adrenal, and immune system.

17.2.9 Heat Shock Proteins

The cellular and molecular mechanisms of the heat acclimation as well as the
mechanistic link between the short- and long-term adaptability to heat stress are
clearly the researchable priorities, which may pave way for designing mitigatory
strategies. Genetic markers and/or whole genome sequencing may be useful to
improving livestock fecundity. Additional research will be needed to establish the
physiological mechanisms by which these heat shock proteins (HSP) polymor-
phisms alter livestock fertility and to evaluate genotype environment interactions.
Research is needed to establish the physiological mechanisms regulating the
relationships among HSP genotypes, serum and tissue concentrations of HSP, and
livestock fertility. Understanding the genetic mechanisms associated with HSP
may lead to genetic tools required to improve livestock tolerance of stressors.

514 V. Sejian



17.2.10 Water Experiment

Research and development are needed on water as a limiting resource to increase
animal production, and management practices to increase the use efficiency.
Specific research is needed to understand the livestock–water interactions, a
holistic approach to site-specific interventions, and to ensure that livestock
production contributes to sustainable and productive use of scarce water resources.
The climatic and environmental conditions being highly variable, temporal and
spatial distributions of rainfall with consequent large fluctuations in the quantity
and quality of feed and variations in ambient temperatures and water availability
result in variations in body composition with a profound influence on the
productivity of animals in a specific environment. It is, therefore, necessary to
undertake studies on water metabolism and requirements for livestock under
representative environmental conditions and physiological states. Water quality
for drinking water for animals and for management practices also determine the
water resources and is an important researchable issue. Moreover, research should
provide information on improving the environment and management techniques to
increase water use efficiency, and raise animal productivity as water productivity.

17.2.11 Nutritional Research

The efficiency with which animals convert feedstuffs to human food and other
products varies among species, animal products produced, and types of diets.
Enhancing the efficiency of nutrient utilization for animal productivity requires
fundamental knowledge on a wide range of scientific processes such as molecular
and cellular biology, digestion, metabolic processes, and feed processing tech-
nology. Applications of new informations through functional and nutrigenomics
studies can revolutionize the way agriculturalists and animal scientists think about
livestock production. These scientific informations are relevant to studies
involving complex metabolic interactions that determine fertility and influence
productive and reproductive efficiency. Nutrigenomic studies are becoming
important as we develop an understanding of the relationship between nutrition,
genetics, and fertility. Such scientific advances can provide new tools that can be
used to more clearly understand how nutritional management can be applied to
address diseases, performance issues, and fertility-related constraints in livestock.
Development of nutritional strategies to manage heat stress in dairy animals is a
researchable priority. It is widely accepted that livestock better copes heat stress
when nutrition is not a limiting factor. Thus, additional research is needed to
enhance the understanding of these associations at a mechanistic level to fully
exploit the potential of nutritionally manipulated reproduction in livestock under
tropical environment. This approach can be valuable in gaining a thorough
understanding of how to adjust the nutrient requirement to deal with specific

17 Conclusions and Researchable Priorities 515



environmental constraints and will therefore provide decision-making managerial
tools to optimize livestock productivity.

17.2.12 Livestock Diseases

Vaccination is the principal means to protect livestock against the outbreaks of
climatically driven diseases. Thus, research is needed to strengthen the already
available immunological protocols. Provision of trained manpower and resources
to implement disease-control strategies in the event of outbreaks are an essential
requirement which can help reduce outbreaks quickly. Regular surveillance can
provide up-to-date information about changes in pathogen populations. Data based
on laboratory and field research can illuminate how CC influences pathogen
characteristics and models so that researchers and producers can predict and plan
for pathogen threats. Establishment of nationwide network of research facilities
and ground breaking pathogen research demands cross-field and transnational
cooperation. Surveillance of infectious diseases should be increased and special
emphasis must be given to vector borne and viral diseases where threat of epi-
demiology is the highest. Globally, improved disease surveillance and monitoring
systems should be implemented with use of GIS and modern veterinary and animal
health production systems. Priorities need to be set for research pertaining to
understanding the interrelationships among environment, genetics, and infectious
agents in the etiology of diseases and emphasis should be given to identify
appropriate methods of diagnosis, prevention, treatment, control, and eradication
of diseases, including development of equipment.

17.2.13 Advances in CH4 Mitigation

Mitigating GHG emissions from livestock is increasingly recognized as a neces-
sary part of meeting the worldwide CC obligations. There is a need to develop
strategies to mitigate CH4 emissions by identifying plant and feed additives that
can interrupt the methanogenesis process, or manipulating CH4-producing
microbes in the guts of ruminant animals. There is renewed need for further
concerted research on CH4 emission by livestock and its mitigation. For instance,
there are several new and more advanced CH4 mitigation options, including the
addition of probiotics, acetogens, bacteriocins, archaeal viruses, organic acids, and
plant extracts to the diet, as well as immunization and genetic selection of animals.
Although these new strategies are promising, more research is needed for vali-
dation purposes and to assess in vivo their effectiveness in reducing CH4 pro-
duction in dairy animals. Vaccine development against methanogens is promising
and calls for concerted research efforts if this strategy is to become a reality. The
development of biomarkers to identify low CH4 emission animals or low CH4-
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producing bacteria also merits further investigation. Future developments in the
area of modeling must accompany any improved understating of the underlying
rumen biology. Furthermore, the need to develop simpler and more accurate
models compatible with the current trends in computer technology cannot be
overemphasized.

Just as concentration of active compounds in plants vary widely depending
upon the cultivator, growing conditions, or processing methods so do those of
elements in animal system. For consistency and accuracy, researchers should
report the concentration of primary active components and recommended doses
must be established. Further, there is a strong need to explore other potential
effects on rumen fermentation, such as effects on biohydrogenation of fatty acids
and activity against pathogenic microbes. The adaptation of microorganisms to
plant secondary metabolites (PSM) in the rumen is a constraint, which diminishes
the efficacy of compounds over time. These PSM should be included in diets on
rotation to overcome this limitation. Although many of the PSM are generally
recognized as safe for inclusion in diets, their toxicity in animals and the presence
of residues in the animal products (meat or milk) must be tested.

It is also important to assess the scope for the application of breeding and
genetic tools to reduce CH4 emission from livestock system, while maintaining or
improving animal well-being, food safety, quality, and biodiversity. It is therefore
inevitable to understand the genetic components of unique characters of indige-
nous livestock species and create mechanisms to better exploit them in response to
changing environments. Integrated research investigating animal, plant, microbe,
and nutrient level strategies might offer a long-term solution of CH4 production. At
the animal level, genetic selection is the area of research with a best chance of
identifying a solution. At the microbe level, vaccination and probiotics are the
promising approaches to future research. Scientific advances through rumen me-
tagenomic projects and the utilization of new technologies are needed to broaden
the understanding of the mechanisms involved in methanogenesis and other
metabolic hydrogen consuming and releasing processes to identify new targets for
CH4 mitigation.

17.2.14 Final Remarks

Immediate and far-reaching changes in current animal agriculture practices and
consumption patterns are needed to mitigate adverse effects of CC. Indigenous
knowledge is an integral part of the culture and history of a community. Thus,
there is a need to learn from local communities, build upon the traditional
knowledge, and enrich the development process. Considering the understanding of
homeorhetic regulation of thermoregulation and advancement of technological
innovations, it looks promising to mitigate environmental stresses to livestock
even in the CC scenario. Such an approach can ultimately lead to sustainable
security on livestock production, and food and health security to human. However,
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as physiological phenomena are very precisely and finely adjusted to maintain
interior milieu of the body, any irrational modulation may disturb the physio-
logical mechanism of the body. Therefore, it requires utmost care and vigilance to
improve livestock production under CC scenario while simultaneously keeping
pace with scientific developments.
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Glossary

3-beta-hydroxysteroid dehydrogenase (3b HSD) 3b HSD is an enzyme that
catalyses the synthesis of progesterone from pregnenolone. It is the only
enzyme in the adrenal pathway of corticosteroid synthesis that is not a member
of the Cytochrome P450 family.

Abiotic stress Abiotic stress is defined as the negative impact of non-living
factors on the living organisms in a specific environment.

Acclimatization A long-term adaptive physiological adjustment which results in
an increased tolerance to continuous or repeated exposure to complex climatic
stressors (normally produced under field conditions).

Acidosis Acidosis is an increased acidity in the blood and other body tissue
(i.e., an increased hydrogen ion concentration).

ACTH Adrenocorticotropic hormone (ACTH), also known as ‘corticotropin’, is a
polypeptide tropic hormone produced and secreted by the anterior pituitary
gland. It is an important component of the hypothalamic-pituitary-adrenal axis
and is often produced in response to biological stress under the influence of
corticotropin-releasing hormone from the hypothalamus. Its primary action is to
stimulate the adrenal glands to produce corticosteroids such as cortisol, which
acts to reduce stress and inflammation in the body.

Ad libitum Food available at all times with the quantity and frequency of
consumption being the free choice of the animal. Ad libitum is also used in
psychology and biology to refer to the ‘‘free-feeding’’.

Adaptation (biological) The morphological, anatomical, physiological, biochemical,
and behavioral characteristics of the animal which promote welfare and favor
survival in a specific environment.

V. Sejian et al. (eds.), Environmental Stress and Amelioration
in Livestock Production, DOI: 10.1007/978-3-642-29205-7,
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Adaptation (genetic) The heritable animal characteristics alterations which favor
survival of a population in a particular environment. This may involve
evolutionary changes over many generations (selected by nature) or acquiring
specific genetic properties (selection by man).

Adaptation (physiological) The capacity and process of adjustment of the animal
to itself, to other living material and to its external physical environment.

Adaptation Adaptation is the evolutionary process whereby an organism
becomes better able to live in its habitat or habitats.

Adaptive capability Adaptive capability is the capacity of a system to adapt to
the environment where the system exists is changing. It is applied to
e.g., ecological and human social systems.

Adipose tissue Adipose tissue is specialized connective tissue that functions as
the major storage site for fat in the form of triglycerides. Adipose tissue is found
in mammals in two different forms: white adipose tissue and brown adipose
tissue. The presence, amount, and distribution of each varies depending upon
the species.

Adrenal cortex Cortical part of the adrenal gland. Situated along the perimeter of
the adrenal gland, the adrenal cortex mediates the stress response through the
production of glucocorticoids and mineralocorticoids.

Adrenal corticosteroids Adernal Corticosteroids are a class of chemicals that
includes steroid hormones naturally produced in the adrenal cortex of vertebrates.

Adrenal medulla It is the innermost part of the adrenal gland. It is located at the
center of the gland, being surrounded by the adrenal cortex. It is the innermost
part of the adrenal gland, consisting of cells that secrete epinephrine
(adrenaline) and norepinephrine (noradrenaline).

Agro-ecological zones Agro-ecological Zone refers to the division of an area of
land into smaller units, which have similar characteristics related to land
suitability, potential production, and environmental impact.

Alanine amino transferase An enzyme that catalyzes the reversible transfer of an
amino group from alanine to a-ketoglutarate to form pyruvate and glutamate.

Aldosterone Aldosterone is a steroid hormone (mineralocorticoid family) produced
by the outer-section (zona glomerulosa) of the adrenal cortex in the adrenal gland,
and acts mainly on the distal tubules and collecting ducts of the nephron, the
functioning unit of the kidney, to cause the conservation of sodium, secretion of
potassium, increased water retention, and increased blood pressure.
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Allostasis Allostasis is the process of achieving stability, or homeostasis, through
physiological or behavioral change. This can be carried out by means of
alteration in HPA axis hormones, the autonomic nervous system, cytokines, or a
number of other systems, and is generally adaptive in the short term.

Ambient temperature Ambient temperature simply means ‘‘the temperature of
the surroundings’’ or temperature of the immediate environment.

Anabolic steroids Anabolic steroids are drugs that mimic the effects of testosterone
and dihydrotestosterone in the body. They increase protein synthesis within cells,
which results in the buildup of cellular tissue (anabolism), especially in muscles.
Anabolic steroids also have androgenic and virilizing properties, including the
development and maintenance of masculine characteristics such as the growth of
the vocal cords, testicles, and body hair (secondary sexual characteristics).

Anthropogenic emission The term is used in the context of green house gas
emissions that are produced as a result of human activities but applies broadly
to all major human impacts on the environment.

Antigen Any substance capable of inducing a specific immune response and of
reacting with the products of that response, i.e., with specific antibody or
specifically sensitized T lymphocytes, or both.

Anti-inflammatory Anti-inflammatory refers to the property of a substance or
treatment that reduces inflammation. Anti-inflammatory drugs make up about
half of analgesics, remedying pain by reducing inflammation as opposed to
opioids, which affect the central nervous system.

Antioxidants Antioxidants are substances that may protect cells from the damage
caused by unstable molecules known as free radicals. Free radicals are highly
reactive chemicals that attack molecules by capturing electrons and thus
modifying chemical structures. Antioxidants interact with and stabilize free
radicals and may prevent some of the damage free radicals might otherwise
cause. Examples of antioxidants include beta-carotene, lycopene, vitamins C, E
and A, and other substances.

Apoptosis Apoptosis is the process of programmed cell death (PCD) that may
occur in multicellular organisms. Biochemical events lead to characteristic cell
changes (morphology) and death.

Appendages The main function of appendages is to increase the surface area of
the skin therefore specifically contributing to the already mentioned lowering of
the metabolic rate and the increase in the presence of sweat glands, hence reducing
the amount of heat produced by the body and increasing heat dissipation.
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Arid climate Generally, any extremely dry climate.

Aromatase Aromatase is an enzyme responsible for a key step in the biosynthesis
of estrogens. It is a member of the cytochrome P450 superfamily, which are
monooxygenases that catalyze many reactions involved in steroidogenesis. In
particular, aromatase is responsible for the aromatization of androgens into
estrogens.

Artificial insemination Artificial insemination, or AI, is the process by which
sperm is placed into the reproductive tract of a female for the purpose of
impregnating the female by using means other than sexual intercourse or
natural insemination.

Aspartate amino transferase AST catalyzes the reversible transfer of an a-amino
group between aspartate and glutamate and, as such, is an important enzyme in
amino acid metabolism. AST is found in the liver, heart, skeletal muscle,
kidneys, brain, and red blood cells, and it is commonly measured clinically as a
marker for liver health.

Average daily gain Measurement of daily body weight change in animal on a
feed test.

Bacteriocins Bacteriocins are proteinaceous toxins produced by bacteria to
inhibit the growth of similar or closely related bacterial strain(s). They are
typically considered to be narrow spectrum antibiotics. They are analogous to
yeast and paramecium killing factors, and are structurally, functionally, and
ecologically diverse.

Basal metabolism The minimum amount of energy required to maintain vital
functions in an organism at complete rest, measured by the basal metabolic rate
in a fasting individual who is awake and resting in a comfortably warm
environment.

Behavioral adaptations A characteristic or modification in an animal’s body that
helps it survive in its habitat.

Best management practices (BMPs) BMPs are practices that you can use on your
land to address concerns such as erosion, drainage, mud, and manure.
By successfully managing these issues you can drastically improve the health
of your property and local natural resources. In addition to supporting conservation,
installing BMPs at your livestock facility can improve chore efficiency, benefit
animal health and safety facility, enhance land aesthetics, improve neighborhood
relationships, and even increase property value.
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Bioclimatology The branch of climatology which deals with the relations of
climate with animals and plants.

Biodiversity Biodiversity is the degree of variation of life forms within a given
ecosystem, biome, or an entire planet. Biodiversity is a measure of the health of
ecosystems. Biodiversity is in part a function of climate.

Biomarker A biomarker, or biological marker, is, in general, a substance used as
an indicator of a biological state. It is a characteristic that is objectively
measured and evaluated as an indicator of normal biological processes,
pathogenic processes, or pharmacologic responses to atherapeutic intervention.

Biomass production Biomass production refers to the rate of generation of
biomass in an ecosystem. It is usually expressed in units of mass per unit
surface (or volume) per unit time, for instance grams per square metre per day.
The mass unit may relate to dry matter or to the mass of carbon generated.

Biomass Biomass is biological material from living, or recently living organisms.
As an energy source, biomass can either be used directly, or converted into
other energy products such as biofuel.

Biotic Stress Biotic stresses include living disturbances such as pathogenic
microorganism, whereas abiotic stress factors, or stressors, are naturally
occurring, often intangible, factors such as intense sunlight or wind that may
cause harm to the plants and animals in the affected area.

Blastocyst Blastocyst is a structure formed in the early embryogenesis of
mammals, after the formation of the morula. It is a specifically mammalian
example of a blastula. It possesses an inner cell mass (ICM), or embryoblast,
which subsequently forms the embryo, and an outer layer of cells, or
trophoblast, which later forms the placenta.

Blizzared A severe weather condition characterized by low temperatures and by
strong winds bearing a great amount of snow.

Body condition scores An assessment of relative proportions of muscle and fat in
farm animals. The assessment is made by palpation of amount of tissue cover
between the points of the hip, over the transverse processes of the lumbar
vertebrae, the cover over the ribs and the pin bones below the tail to determine
the thickness of fat cover in these areas.

Body Growth It is an irreversible positive change in the measured dimensions of
the body.
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Bovine somatotrophin (bST) Bovine somatotrophin (bST) is a peptide hormone
produced by the cow’s pituitary gland. Like other hormones, it is produced in
small quantities and is used in regulating metabolic processes.

Brucellosis Brucellosis is a bacterial disease caused by members of the Brucella
genus that primarily infects livestock. Symptoms of the disease include
intermittent fever, sweating, chills, aches, and mental depression. The disease
can become chronic and recur, particularly if untreated.

Capillary permeability Capillary permeability characterizes the capacity of a
blood vessel wall to allow the flow of small molecules (ions, water, nutrients) or
even whole cells (lymphocytes on their way to the site of inflammation) in and
out of the vessel.

Catabolism A metabolic process in which complex molecules are broken down
into simple ones with the release of energy.

Catecholamines Catecholamines are molecules that have a catechol nucleus
consisting of benzene with two hydroxyl side groups, and a side-chain amine.
They include adrenaline, noradrenaline, and dopamine released by the adrenal
medulla of the adrenal glands in response to stress.

Cell-mediated immune response Cell-mediated immune response is an immune
response that does not involve antibodies but rather involves the activation
of macrophages, natural killer cells (NK), antigen-specific cytotoxic
T-lymphocytes, and the release of various cytokines in response to an antigen.

Chromatin A complex of nucleic acids and proteins, primarily histones, in the
cell nucleus that stains readily with basic dyes and condenses to form
chromosomes during cell division.

Chronic stress Chronic stress is the response to emotional pressure suffered for a
prolonged period over which an individual has no control. It involves an
endocrine system response which occurs with the release of corticosteroids.

Circadian rhythm/cyclic photic input A circadian rhythm, popularly referred to
as body clock, is an endogenously driven (non-reliant on environmental cues),
roughly 24-hour cycle in biochemical, physiological, or behavioral processes.
Circadian rhythms have been widely observed in plants and animals.

Climate The long-term (some 30 years) average condition of the meteorological
variable in a given region. The pattern or cycle of weather conditions such as
temperature, wind, rain, snowfall, humidity, clouds, including extreme, or
occasional ones, over a large area, averaged over many years.
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Climatic changes Climatic changes are significant and lasting change in the
statistical distribution of weather patterns over periods ranging from decades to
millions of years. Climate change may be limited to a specific region or may
occur across the whole Earth.

Climatography A thorough, quantitative description of climate, particularly with
reference to the tables and charts which show the characteristic values of
climatic elements at a station or over an area.

Climatology The scientific study of climate presentation of climatic data
(climatography), analysis of the causes of differences of climate (physical
climatology) and the application of climatic data to the solution of specific
design or operational problems (applied climatology).

Cloud A visible collection of minute water and ice particles at some distance
above the earth’s surface. Clouds may be classified according to their shape,
formation, height, and composition.

Comfort zone The ranges of indoor temperature, humidity, and air movement,
under which the animal shows mental and physical well-being.

Conception rate The definition of conception rate is the percentage of matings
that result in conception. Conception is important to allow reproduction to
occur and high rates of conception to allow effective breeding.

Conditioning The transfer of an existing response to a new stimulus.

Conduction Conduction is the transfer of heat between materials that contact
each other. Heat passes from the warmer material to the cooler material. For
example, an animal’s skin can transfer heat to a contacting surface if that
surface is cooler, and vice versa.

Convection Convection is the transfer of heat in a moving fluid. Air flowing past
the body can cool the body if the air temperature is cool. On the other hand, air
that exceeds 35�C (95�F) can increase the heat load on the body.

Corticotropin releasing hormone (CRH) Also known as Corticotropin-releasing
factor (CRF) is a family of related neuropeptides in vertebrates. CRH is
secreted by the paraventricular nucleus (PVN) of the hypothalamus in response
to stress. Its main function is to stimulate ACTH synthesis in anterior pituitary
in response to stress.

Cortisol (hydrocortisone) Cortisol (hydrocortisone) is a steroid hormone, more
specifically a glucocorticoid, produced by the zona fasciculata of the adrenal
cortex. It is released in response to stress. Its primary functions are to increase
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blood sugar through gluconeogenesis suppressing the immune system; and aid
in fat, protein, and carbohydrate metabolism.

Crossbreds An organism that is the offspring of genetically dissimilar parents or
stock especially offspring produced by breeding plants or animals of different
varieties or breeds or species.

Cud Cud is a portion of food that returns from a ruminant’s stomach in the mouth
to be chewed for the second time. More accurately, it is a bolus of semi-
degraded food regurgitated from the reticulorumen of a ruminant. Cud is
produced during the physical digestive process of rumination.

Cytoskeleton The cytoskeleton is a network of fibers throughout the cell’s
cytoplasm that helps the cell maintain its shape and gives support to the cell.

Data loggers A data logger (also datalogger or data recorder) is an electronic
device that records data over time or in relation to location either with a built-in
instrument or sensor or via external instruments and sensors. Increasingly, but
not entirely, they are based on a digital processor (or computer).

Dehydration Excessive loss of water from the body or from an organ or body
part, as from illness or fluid deprivation. It is a common symptom of livestock
exposed to heat stress.

Dietary energy The dietary energy supply is the food available for animal
consumption, usually expressed in kilocalories per animal per day. It gives an
overestimate of the total amount of food consumed as it reflects both food
consumed and food wasted.

Dietary fat Dietary fat is one of the three macronutrients, along with protein and
carbohydrates that provide energy for your body. Fat is essential to your health
because it supports a number of your body’s functions. Some vitamins, for
instance, must have fat to dissolve and nourish body.

DNA methylation DNA methylation is a biochemical process that is important
for normal development in higher organisms. It involves the addition of a
methyl group to the 5 position of the cytosine pyrimidine ring or the number
6 nitrogen of the adenine purine ring.

DNA sequence The sequence or primary structure of a nucleic acid is the
composition of atoms that make up the nucleic acid and the chemical bonds that
bond those atoms. Because nucleic acids, such as DNA and RNA, are
unbranched polymers, this specification is equivalent to specifying the sequence
of nucleotides that comprise the molecule.
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Domestic animal A domesticated animal is any animal that depends on a human
for food, water, and shelter. This includes farm animals such as cattle, horses,
sheep, chickens, goats, dogs, and cats.

Dopamine (DA) Dopamine is a simple organic chemical in the catecholamine
family, which plays a number of important physiological roles in the bodies
of animals. Its name derives from its chemical structure, which consists of an
amine group (NH2) linked to a catechol structure called dihydroxyphenylalanine
(acronym DOPA). In the brain, dopamine functions as a neurotransmitter—a
chemical released by nerve cells to send signals to other nerve cells.

Drought A period of abnormally dry weather sufficiently prolonged for the lack
of water to cause a serious hydrologic imbalance (i.e. croup damage, water-
supply shortage, etc) in the affected area.

Dry bulb (DB) temperature Dry bulb (DB) temperature is measured by a
thermal sensor, such as ordinary mercury-in-glass thermometer, that is shielded
from direct radiant energy sources

Dry matter Dry matter can refer to the dry portion of animal feed. A substance in
the feed, such as a nutrient or toxin, can be referred to on a dry matter basis to
show its level in the feed (e.g., ppm). Considering nutrient levels in different
feeds on a dry matter basis (rather than an as-is basis) makes a comparison
easier because feeds contain different percentages of water.

Ecological region Sometimes called a bioregion is an ecologically and
geographically defined area that is smaller than an ecozone and larger than an
ecosystem. Ecoregions cover relatively large areas of land or water, and contain
characteristic, geographically distinct assemblages of natural communities and
species.

Ecological Zone A zone or an area that serves as a conserved natural habitat
where plants and animals can thrive.

Ecosystem Ecosystem is a biological environment consisting of all the living
organisms or biotic component, in a particular area, and the nonliving, or abiotic
component, with which the organisms interact, such as air, soil, water, and sunlight.

Electroejaculation Electroejaculation is a procedure used to obtain semen
samples from sexually mature male mammals. The procedure is applied for
breeding programs and research purposes in various species, as well as in the
treatment of an ejaculatory dysfunction in human males.

Embryo implantation Embryo implantation is the stage at which the embryo
adheres to the wall of the uterus, believed by some to be the beginning of
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pregnancy. At this stage of prenatal development, the embryo is a blastocyst.
It is by this adhesion that the fetus receives oxygen and nutrients from the
mother to be able to grow.

Embryogenesis Embryogenesis is a developmental process that usually begins
once the egg has been fertilized. It involves multiplication of cells (by mitosis)
and their subsequent growth, movement, and differentiation into all the tissues
and organs.

Endemic An infection that is maintained in a population without the need for
external inputs.

Endocrine system The system of ductless glands in the body that secrete different
hormones directly into the bloodstream to regulate the body. The endocrine
system is in contrast to the exocrine system, which secretes its chemicals using
ducts. It derives from the greek words ‘‘endo’’ meaning inside, within, and
‘‘crinis’’ for secrete.

Endogenous opioids An opioid is a psychoactive chemical that works by binding
to opioid receptors, which are found principally in the central and peripheral
nervous system and the gastrointestinal tract.

Endotoxin Endotoxins, which occur in the outer membrane of certain gram-
negative bacteria, are not secreted but are released only when the cells are
disrupted or destroyed. Endotoxins are complex polysaccharide molecules that
elicit an antigenic response, resulting in fever and altered resistance to bacterial
infections. Exposure may cause toxic hemorrhagic shock and severe diarrhea.

Enteric fermentation Enteric fermentation is a digestive process by which
carbohydrates are broken down by microorganisms into simple molecules for
absorption into the bloodstream of an animal. It is one of the important sources
for methane emissions.

Enteric Methane It is the process by which methane is produced during enteric
fermentation.

Environmental factors Environmental factors represent the external factors
affecting an animal. These factors may be other living organisms (biotic factors)
or nonliving variables (abiotic factors), such as water, soil, climate, light, and
oxygen. All interacting biotic and abiotic factors together make up an ecosystem.

Enzymes Enzymes are protein catalysts that facilitate the catabolism (break-
down) and anabolism (synthesis) of organic compounds.
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Epigenetic code The epigenetic code is hypothesised to be a defining code in
every eukaryotic cell consisting of the specific epigenetic modification in each
cell. It consists of histone modifications defined by the histone code and
additional epigenetic modifications such as DNA methylation. The base for the
epigenetic code is a system above the genetic code of a single cell. While in one
individual the genetic code in each cell is the same, the epigenetic code is tissue
and cell specific.

Epinephrine Also known as adrenaline is a hormone and a neurotransmitter.
It increases heart rate, constricts blood vessels, dilates air passages and
participates in the fight-or-flight response of the sympathetic nervous system.

Epithelial cells Membranous tissue composed of one or more layers of cells
separated by very little intercellular substance and forming the covering of most
internal and external surfaces of the body and its organs.

Eradication Eradication is the reduction of an infectious disease’s prevalence in
the global host population to zero.

Estivation A state of torpidity induced in some animals by the heat and dryness of
the summer.

Estrogen Receptor Estrogen Receptor refers to a group of receptors that are
activated by the hormone 17b-estradiol (estrogen). Two types of estrogen
receptor exist: ER, which is a member of the nuclear hormone family of
intracellular receptors, and the estrogen G protein-coupled receptor GPR30
(GPER), which is a G protein-coupled receptor.

Estrus periods The periodic state of sexual excitement in the female of most
mammals, excluding humans, that immediately precedes ovulation and during
which the female is most receptive to mating.

Etiology The cause or origin of a disease, condition, or constellation of symptoms
or signs, as determined by medical diagnosis or research.

Evaporation Evaporation can be defined as the process by which liquid water is
converted into a gaseous state. Evaporation can only occur when water is
available. It also requires that the humidity of the atmosphere be less than the
evaporating surface (at 100% relative humidity there is no more evaporation).
The evaporation process requires large amounts of energy.

Evaporative cooling Process in which the heat is removed from an object by
evaporation of a liquid coolant; also, the process in which outside air is pre-cooled
before passing through a space.
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Exons An exon is a nucleic acid sequence that is represented in the mature form
of an RNA molecule either after portions of a precursor RNA (introns) have
been removed by cis-splicing or when two or more precursor RNA molecules
have been ligated by trans-splicing.

Fat rump A class of sheep, mostly Russian, similar to fat-tailed sheep but the
large depot of fat is on the rump instead of the tail and although most of them
are carpet wool sheep some are of merino type with fine wool.

Fat tail Fat-tailed sheep are characterized by a deposition of fat at the level of the
hind quarters. This group of breeds is particularly adapted to extensive
production systems in semi-arid environments e.g. Fat-tailed Damara sheep.

Feed Conversion ratio Also known as feed conversion efficiency (FCE) is a
measure of an animal’s efficiency in converting feed mass into increased body
mass.

Feedback Mechanism It is the principal means by which hormone output is
controlled in an animal body. The rate of hormone biosynthesis and secretion is
often regulated by a homeostatic negative feedback control mechanism. Such a
mechanism depends on factors that influence the metabolism and excretion of
hormones. Thus, higher hormone concentration alone cannot trigger the
negative feedback mechanism. Negative feedback must be triggered by
overproduction of an ‘‘effect’’ of the hormone.

Fermentation Typically it is the conversion of carbohydrates to alcohols and
carbon dioxide or organic acids using yeasts, bacteria, or a combination thereof,
under anaerobic conditions. Fermentation in simple terms is the chemical
conversion of sugars into ethanol.

Folliculogenesis Folliculogenesis is the maturation of the ovarian follicle, a
densely packed shell of somatic cells that contains an immature oocyte.
Folliculogenesis describes the progression of a number of small primordial
follicles into large preovulatory follicles that enter the estrus cycle.

Forestomach The first division of the stomach of a ruminant animal, in which
most food collects immediately after being swallowed and from which it is later
returned to the mouth as cud for thorough chewing.

Gastrointestinal tract The tube that extends from the mouth to the anus in which
the movement of muscles and release of hormones and enzymes digest food.
The gastrointestinal tract starts with the mouth and proceeds to the esophagus,
stomach, duodenum, small intestine, large intestine (colon), rectum and, finally,
the anus. Also called the alimentary canal, digestive tract and, perhaps most
often in conversation, the GI tract.
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Genetic assimilation Genetic assimilation is a process by which the effect of an
environmental condition, such as exposure to a teratogen, is used in conjunction
with artificial selection or natural selection to create a strain of organisms with
similar changes in phenotype that are encoded genetically. Despite superficial
appearances, this does not require the inheritance of acquired characters,
although epigenetic inheritance could potentially influence the result. Genetic
assimilation is merely a method of overcoming the barrier to selection imposed
by genetic canalization of developmental pathways.

Genetic biomarkers Measurable and quantifiable biological parameters which
serve as indices for health—and physiology-related assessments. Biomarker
analytes are DNA, gene expression profiles, proteins, protein expression,
metabolites, cells, or combinations of these can constitute biomarkers.

Genetic diversity Genetic variation between and within species, which is
measured by determining the proportion of polymorphic loci across the
genome, or by the number of heterozygous individuals in a population.

Genetic drift Genetic drift or allelic drift is the change in the frequency of a gene
variant (allele) in a population due to random sampling.

Genome It represents the organism’s hereditary information. It is encoded either
in DNA or, for many types of virus, in RNA. The genome includes both the
genes and the non-coding sequences of the DNA/RNA.

Genotypes The genotype refers to the entire set of genes in a cell, an organism, or
an individual. A gene for a particular character or trait may exist in two allelic
forms. One is dominant (e.g. A) and the other is recessive (e.g. a). Based on
this, there could be three possible genotypes for a particular character: AA
(homozygous dominant), Aa (heterozygous), and aa (homozygous recessive).

Geographic information system Geographic information system is a system
designed to capture, store, manipulate, analyze, manage, and present all types of
geographically referenced data. The acronym GIS is sometimes used to mean
geographical information science or geospatial information studies, these latter
terms refer to the academic discipline or career of working with geographic
information systems. In the simplest terms, GIS is the merging of cartography,
statistical analysis, and database technology.

Germ cell A germ cell is any biological cell that gives rise to the gametes of an
organism that reproduces sexually. In many animals, the germ cells originate
near the gut of an embryo and migrate to the developing gonads.

Germinal cell The eggs and sperm are the germ cells: the reproductive cells.

Germplasm A germplasm is a collection of genetic resources for an organism.
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Gestation Gestation is the carrying of an embryo or fetus inside a female viviparous
animal.

Gibb’s free energy In thermodynamics, the Gibbs free energy is a
thermodynamic potential that measures the ‘‘useful’’ or process-initiating
work obtainable from a thermodynamic system at a constant temperature and
pressure (isothermal, isobaric).

Glial cells Glial cells, sometimes called neuroglia or simply glia are non-neuronal
cells that maintain homeostasis, form myelin, and provide support and
protection for neurons in the brain, and for neurons in other parts of the
nervous system such as in the autonomic nervous system.

Global positioning system (GPS) GPS is a space-based satellite navigation
system that provides location and time information in all weather, anywhere on
or near the Earth, where there is an unobstructed line of sight to four or more
GPS satellites.

Global warming potential (GWP) GWP is a relative measure of how much heat
a greenhouse gas traps in the atmosphere. It compares the amount of heat
trapped by a certain mass of the gas in question to the amount of heat trapped
by a similar mass of carbon dioxide.

Global warming Global warming refers to the current rise in the average
temperature of Earth’s atmosphere and oceans. The warming is widely
predicted to occur due to an increase in the greenhouse effect resulting
especially from pollution that would lead to the production of more carbon
dioxide, the main gas responsible for global warming.

Globe temperature Globe temperature is the temperature inside a blackened,
hollow, thin copper globe.

Glucocorticoids (GC) GC are classes of steroid hormones secreted from adrenal
cortex that bind to the glucocorticoid receptor (GR), which is present in almost
every vertebrate animal cell. The name glucocorticoid (glucose + cortex +
steroid) derives from their role in the regulation of the metabolism of glucose,
their synthesis in the adrenal cortex, and their steroidal structure.

Gluconeogenesis Gluconeogenesis is a metabolic pathway that results in the
generation of glucose from non-carbohydrate carbon substrates such as lactate,
glycerol, and glucogenic amino acids.

Glutathione peroxidase (GPx) GPx is the general name of an enzyme family
with peroxidase activity whose main biological role is to protect the organism
from oxidative damage. The biochemical function of glutathione peroxidase is
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to reduce lipid hydroperoxides to their corresponding alcohols and to reduce
free hydrogen peroxide to water.

Glutathione reductase (GR) GR is an enzyme that reduces glutathione disulfide
to the sulfhydryl form GSH, which is an important cellular antioxidant.

Glycogenolysis Glycogenolysis is the conversion of glycogen polymers to
glucose monomers. Glycogen is catabolized by removal of a glucose
monomer through cleavage with inorganic phosphate to produce glucose-1-
phosphate. This derivative of glucose is then converted to glucose-6-phosphate,
an intermediate in glycolysis.

Gonadotropin-releasing hormone (GnRH) GnRH is a trophic peptide hormone
responsible for the release of follicle-stimulating hormone (FSH) and
luteinizing hormone (LH) from the anterior pituitary. GnRH is synthesized
and released from neurons within the hypothalamus.

Gross Domestic Product (GDP) GDP refers to the market value of all final
goods and services produced within a country in a given period. GDP per capita
is often considered an indicator of a country’s standard of living.

Habituation A gradual quantitative change of response which may lead to a loss
of response, as a result of repeated stimulation.

Hatchability Percentage of fertilized eggs that hatch under incubation.

Heart rate Heart rate is the number of heartbeats per unit of time, typically
expressed as beats per minute (bpm). Heart rate can vary as the body’s need to
absorb oxygen and excrete carbon dioxide changes.

Heat shock proteins Heat shock proteins are a class of functionally related
proteins involved in the folding and unfolding of other proteins. Their
expression is increased when cells are exposed to elevated temperatures
or other stress. This increase in expression is transcriptionally regulated.
The dramatic upregulation of the heat shock proteins is a key part of the heat
shock response and is induced primarily by heat shock factor (HSF).

Heat stress Heat stress can be defined as a group of conditions due to over
exposure to or over exertion in excess environmental temperature. The
condition includes heat cramp, heat exhaustion, and heat stroke.

Heme oxygenase enzyme Heme oxygenase enzyme is an enzyme that catalyzes
the degradation of heme. This produces biliverdin, iron, and carbon monoxide.
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Hemodilution It refers to increase in fluid content of blood, resulting in lowered
concentration of formed elements. In other way this represents an increase in
the volume of plasma, resulting in a reduced concentration of red blood cells in
blood.

Histamine Histamine is an organic nitrogen compound involved in local immune
responses as well as regulating physiological function in the gut and acting as a
neurotransmitter. Histamine triggers the inflammatory response. As part of an
immune response to foreign pathogens, histamine is produced by basophils and
by mast cells found in nearby connective tissues. Histamine increases the
permeability of the capillaries to white blood cells and some proteins, to allow
them to engage pathogens in the infected tissues.

Histones Histones are highly alkaline proteins found in eukaryotic cell nuclei that
package and order the DNA into structural units called nucleosomes. They are
the chief protein components of chromatin, acting as spools around which DNA
winds, and plays a role in gene regulation.

Homeostasis Homeostasis refers to the tendency to maintain a balanced or
constant internal state that is optimal for functioning. Animal have a specific
‘‘balanced’’ or ‘‘normal’’ body temperature. When there is a problem with the
internal functioning animal body, this temperature may increase, signaling and
imbalance. As a result, body attempts to solve the problem and restore
homeostasis for normal body temperature.

Homeostatic equilibrium The ability of the body or a cell to seek and maintain a
condition of equilibrium or stability within its internal environment when
dealing with external changes.

Homeothermic animals Animals with a constant, persistent body temperature
that is almost independent of the temperature of the environment. Birds and
mammals are homeothermic. Characteristic features of homeothermic animals
are mechanisms for chemical thermoregulation (regulation of heat production
in the organism) and physical thermoregulation (regulation of heat loss to the
environment).

Homeothermy Homeothermy is thermoregulation that maintains a stable internal
body temperature regardless of external influence. This temperature is often,
though not necessarily, higher than the immediate environment.

Homeoviscous adaptation An increase in unsaturated fatty acids at lower growth
temperatures and an increase in saturated fatty acids at higher temperatures. This
compositional adaptation of membrane lipids, called homeoviscous adaptation,
serves to maintain the correct membrane fluidity at the new conditions.
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Homogeneity Homogeneity is the state of being homogeneous. Pertaining to the
sciences, it is a substance where all the constituents are of the same nature;
consisting of similar parts, or of elements of the like nature.

Human chorionic gonadotrophin Human chorionic gonadotrophin is a
glycoprotein hormone produced during pregnancy that is made by the
developing embryo after conception and later by the syncytiotrophoblast
(part of the placenta).

Humidity A measure of the vapor content of the atmosphere.

Humoral immune responses (HIR) The immune response involving the
transformation of B cells into plasma cells that produce and secrete
antibodies to a specific antigen

Hydrocortisone Hydrocortisone is a steroid hormone, more specifically a
glucocorticoid, produced by the zona fasciculata of the adrenal gland. It is
released in response to stress. Its primary functions are to increase blood sugar
through gluconeogenesis, suppress the immune system and aid in fat, protein
and carbohydrate metabolism.

Hyperthermia Hyperthermia is an elevated body temperature due to failed
thermoregulation. Hyperthermia occurs when the body produces or absorbs
more heat than it can dissipate. When the elevated body temperatures are
sufficiently high, hyperthermia is a medical emergency and requires immediate
treatment to prevent disability or death.

Hypogonadism Hypogonadism is a medical term for decreased functional
activity of the gonads, thus resulting in lower amounts of sex steroids.

Hypo-osmolality A decrease in the osmolality of the body fluids, body fluid
volume increases and solute volumes usually decrease.

Hypophysial portal Hypophysial portal is the system of blood vessels that link
the hypothalamus and the anterior pituitary in the brain. It allows endocrine
communication between the two structures. It is part of the hypothalamic-
pituitary-adrenal axis. The anterior pituitary receives releasing and inhibitory
hormones in the blood. Using these, the anterior pituitary is able to fulfill its
function of regulating the other endocrine glands.

Hypothalamic-pituitary-adrenal (HPA) axis Also known as the limbic-
hypothalamic-pituitary-adrenal axis (LHPA axis) and, occasionally, as the
hypothalamic-pituitary-adrenal-gonadotropic axis, is a complex set of direct
influences and feedback interactions among the hypothalamus, the pituitary
gland, and the adrenal glands.
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Hypothalamus The hypothalamus is located below the thalamus, just above the
brain stem. In the terminology of neuroanatomy, it forms the ventral part of the
diencephalon. All vertebrate brains contain a hypothalamus. The hypothalamus
is responsible for certain metabolic processes and other activities of the
autonomic nervous system. It synthesizes and secretes certain neurohormones,
often called hypothalamic-releasing hormones, and these in turn stimulate or
inhibit the secretion of pituitary hormones. The hypothalamus controls body
temperature, hunger, thirst, fatigue, sleep, and circadian cycles.

IgG IgG is the most common type of antibody, comprising about 80% of the
body’s total. It is equally divided between the blood and interstitial fluid. IgG
antibodies represent a large vocabulary of antigen recognition molecules. There
are four subgroups, currently labeled with number suffixes (IgG1 to 4). In some
mucosal tissues (e.g. mammary glands of ruminants), the IgG1 class of
immunoglobulin-producing cells predominate while IgG4 is the major
circulating antibody which enters tissues freely and participates in diverse
immune events. IgG (as well as IgM) activates the complement system.

Immune response A bodily defense reaction that recognizes an invading
substance (an antigen: such as a virus or fungus or bacteria or transplanted
organ) and produces antibodies specific against that antigen.

Immune system Immune system is a system of biological structures and
processes within an organism that protects against disease. In order to
function properly, an immune system must detect a wide variety of agents, from
viruses to parasitic worms, and distinguish them from the organism’s own
healthy tissue.

Immunity Immunity is a biological term that describes a state of having sufficient
biological defenses to avoid infection, disease, or other unwanted biological
invasion. In other words, it is nothing but the capability of the body to resist
harmful microbes from entering the body.

Immunosuppression Immunosuppression involves an act that reduces the
activation or efficacy of the immune system. Some portions of the immune
system itself have immuno-suppressive effects on other parts of the immune
system, and immunosuppression may occur as an adverse reaction to treatment
of other conditions.

In vitro fertilization In vitro fertilization is a process by which egg cells are
fertilized by sperm outside the body. IVF is a major treatment in infertility
when other methods of assisted reproductive technology have failed.

In vitro In vitro is used in science to refer to state of being in an artificial
environment outside the living organism.
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In vivo In vivo is experimentation using a whole, living organism as opposed to a
partial or dead organism, or an in vitro controlled environment. Animal testing
and clinical trials are two forms of in vivo research. In vivo testing is often
employed over in vitro because it is better suited for observing the overall
effects of an experiment on a living subject.

Infertility Primarily refers to the biological inability of an animal to contribute to
conception. Infertility may also refer to the state of a female animal which is
unable to carry a pregnancy to full term.

Innate immune response The innate immune system, also known as non-
specific immune system and first line of defense, comprises the cells and
mechanisms that defend the host from infection by other organisms in a non-
specific manner. This means that the cells of the innate system recognize and
respond to pathogens in a generic way, but unlike the adaptive immune system,
it does not confer long-lasting or protective immunity to the host. Innate
immune systems provide immediate defense against infection, and are found in
all classes of plant and animal life.

Innate immunity Immunity that occurs naturally as a result of an animal’s
genetic constitution or physiology and does not arise from a previous infection
or vaccination.

Insensible heat Heat transfer to a material that does not result in a change in a
temperature of this material, which is lost through evaporation.

Intake energy The energy intake is defined as energy content per unit mass of the food
multiplied with the amount of food per unit time. Depending on the energy category
obtained from the energy partition model, EI can be expressed as gross (GEI),
digestible (DEI), metabolisable (MEI), and net energy (NEI), respectively.
Sometimes it is useful to attribute the EI to BM (kg) or metabolic body mass
(0.75 kg).

Integrated Stress Response (ISR) Is a cellular stress response common to all
eukaryotes. ISR can be caused by cellular stresses and is often triggered by the
activation of an eIF-2 kinase.

Intergovernmental Panel on Climate Change(IPCC) IPCC is a scientific
intergovernmental body first established in 1988 by two United Nations
organizations, the World Meteorological Organization (WMO) and the United
Nations Environment Programme (UNEP), and later endorsed by the United
Nations General Assembly through Resolution 43/53. Its mission is to provide
comprehensive scientific assessments of current scientific, technical, and socio-
economic information worldwide about the risk of climate change caused by
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human activity, its potential environmental and socio-economic consequences,
and possible options for adapting to these consequences or mitigating the
effects.

Interleukins Interleukins are a group of cytokines (secreted proteins/signaling
molecules) that were first seen to be expressed by white blood cells
(leukocytes). The term interleukin derives from (inter-) ‘‘as a means of
communication’’, and (-leukin) ‘‘deriving from the fact that many of these
proteins are produced by leukocytes and act on leukocytes’’.

Introns An intron is any nucleotide sequence within a gene that is removed by
RNA splicing to generate the final mature RNA product of a gene.

Ionic channels A protein that acts as a pore in a cell membrane and permits the
selective passage of ions (such as potassium ions, sodium ions, and calcium ions),
by means of which electrical current passes in and out of the cell. Ion channels also
serve many other critically important functions including chemical signaling,
transcellular transport, regulation of pH, and regulation of cell volume.

Ionophores An ionophore is a lipid-soluble molecule usually synthesized by
microorganisms to transport ions across the lipid bilayer of the cell membrane.

Isobar A line on a weather map of points of equal or constant pressure.

Isotherm A line on a weather map of equal or constant temperature.

Isozymes Isozymes (also known as isoenzymes) are enzymes that differ in amino
acid sequence but catalyze the same chemical reaction. These enzymes usually
display different kinetic parameters (e.g. different KM values), or different
regulatory properties.

Koppen classification The Koppen climate classification system is one of the
most widely used climate classification systems. It uses six letters to divide the
world into six major climate regions, based on average annual precipitation,
average monthly precipitation, and average monthly temperature. The letters
are a,b,c,d,e,h. A is for tropical humid, b is for dry, c is for mild mid-latitude,
d is for severe mid-latitude, e is for polar, and h is for highland. Each category
is further divided into sub-categories based on precipitation and temperature.

Learning The acquisition of a new response, or a qualitative change of an
existing response, or an inhibition or facilitation of an existing response by a
new stimulus.

Leucocytes Leucocytes are white blood cells of the immune system involved in
defending the body against both infectious disease and foreign materials.
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Granulocytes, monocytes, and lymphocytes are type of leukocytes.

Livestock Livestock refers to one or more domesticated animals raised in an
agricultural setting to produce commodities such as food, fiber, and labor.

Luteinizing hormone Luteinizing hormone (LH, also known as lutropin) is a
hormone produced by the anterior pituitary gland. In females, an acute rise of
LH called the LH surge triggers ovulation and development of the corpus
luteum. In males, where LH had also been called interstitial cell-stimulating
hormone (ICSH), it stimulates Leydig cell production of testosterone. It acts
synergistically with FSH.

Luteolysis Luteolysis is the structural and functional degradation of the corpus
luteum (CL), which occurs at the end of the luteal phase of both the estrus and
menstrual cycles in the absence of pregnancy.

Lymphocyte A mononuclear, non-granular leukocyte having a deeply staining
nucleus containing dense chromatin and a sparse, pale-blue-staining cytoplasm.
It participates in immunity. There are two main types of lymphocytes: B cells
and T cells.

Macroclimate The climate of a large area as distinguished from that of a small
area. The general large-scale climate of the open atmosphere in a large area or
country, as distinguished from the mesoclimate and microclimate.

Management-intensive grazing Management-intensive grazing is a system of
grazing in which ruminant and non-ruminant herds are regularly and
systematically moved to fresh pasture with the intent to maximize the quality
and quantity of forage growth.

Medial preoptic area The medial preoptic nucleus is bounded laterally by the
lateral preoptic nucleus, and medially by the preoptic periventricular nucleus. It
releases gonadotropin-releasing hormone, controls copulation in males, and is
larger in males than in females.

Mediterranean basin Mediterranean basin refers to the lands around the
Mediterranean Sea that have a Mediterranean climate, with mild, rainy
winters and hot, dry summers, which supports characteristic Mediterranean
forests, woodlands, and scrub vegetation.

Mediterranean climates The areas of the world that have a Mediterranean style
climate are found at about 35 degrees north and south of the equator, on the
western sides of continents. The distinctive feature of this climate is the low
level of rain in the summer. Overall, the climate has warm winters and hot
summers and a moderate amount of rainfall.
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Meiotic process Meiotic process is a special type of cell division necessary for
sexual reproduction. The cells produced by meiosis are gametes or spores. The
animals’ gametes are called sperm and egg cells.

Melanocortin The melanocortins are a group of peptide hormones which include
adrenocorticotropic hormone (ACTH) and the different forms of melanocyte-
stimulating hormone (MSH).

Mesoclimate The climate of small areas of the earth’s surface which may not be
respective of the general climate of the district.

Metabolic heat Rate of transformation of chemical energy into heat in an
organism, usually expressed in terms of unit area of the total body surface

Metabolic heat Metabolic heat is a by-product of the body’s activity.

Metabolic rate Two types of Basal Metabolic Rate (BMR), and the closely
related resting metabolic rate (RMR), is the amount of daily energy expended
by animals at rest. Rest is defined as existing in a neutrally temperate
environment while in the post-absorptive state.

Metabolism Metabolism is the sum of many interconnected reaction sequences
that interconvert cellular metabolites. Each sequence is regulated so as to
provide what the cell needs at a given time and to expend energy only when
necessary.

Metaphase Metaphase is a stage of mitosis in the eukaryotic cell cycle in which
condensed and highly coiled chromosomes, carrying genetic information, align
in the middle of the cell before being separated into each of the two daughter
cells. Metaphase accounts for approximately 4% of the cell cycle’s duration.

Methanogen Methanogen are microorganisms that produce methane as a
metabolic by-product in anoxic conditions in the rumen of ruminant livestock.
They are classified as archaea, a group quite distinct from bacteria.

Metyrapone Metyrapone is a drug used in the diagnosis of adrenal insufficiency
and occasionally in the treatment of Cushing’s syndrome (hypercortisolism).

Microclimate The climate condition directly surrounding the animal.

Mineralocorticoids A group of steroid hormones produced by the adrenal cortex
that are important in maintaining electrolyte balance.

miRNA miRNA are post-transcriptional regulators that bind to complementary
sequences on target messenger RNA transcripts (mRNAs), usually resulting in
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translational repression or target degradation and gene silencing

Mitosis Mitosis is the process by which an eukaryotic cell separates the
chromosomes in its cell nucleus into two identical sets, in two separate
nuclei. It is generally followed immediately by cytokinesis, which divides the
nuclei, cytoplasm, organelles, and cell membrane into two cells containing
roughly equal shares of these cellular components.

Molecular chaperones In molecular biology, molecular chaperones are proteins
that assist the non-covalent folding or unfolding and the assembly or
disassembly of other macromolecular structures, but do not occur in these
structures when the structures are performing their normal biological functions
having completed the processes of folding and/or assembly.

Monogastric animals A monogastric organism has a simple single-chambered
stomach, compared to a ruminant organism which has a four-chambered
complex stomach.

Monsoon climate A dry winter season and a rainy summer season, usually
occurring near the tropics.

Morbidity A diseased condition or state.

Mortality The relative frequency of deaths in a specific population.

Natural selection Natural selection is the gradual, nonrandom process by which
biological traits become either more or less common in a population as a
function of differential reproduction of their bearers. It is a key mechanism of
evolution.

Natural wet bulb (NWB) temperature Natural wet bulb (NWB) temperature is
measured by exposing a wet sensor, such as a wet cotton wick fitted over the
bulb of a thermometer, to the effects of evaporation and convection. The term
natural refers to the movement of air around the sensor.

Neuroendocrine system The major center of neuroendocrine integration in the
body is found in the hypothalamus and the pituitary gland. Here hypothalamic
neurosecretory cells release factors to the blood. Some of these factors, released
at the median eminence, control the secretion of pituitary hormones, while
others (the hormones oxytocin and vasopressin) are released directly to the
peripheral circulation.

Neutral detergent fiber Neutral detergent fiber is the most common measure of
fiber used for animal feed analysis, but it does not represent a unique class of
chemical compounds. NDF measures most of the structural components in plant

Glossary 541



cells (i.e. lignin, hemicellulose, and cellulose), but not pectin.

Non esterified fatty acids (NEFA) NEFA are the major component of
triglycerides (the fat stores in the body), which consist of three fatty acids
linked to a glycerol backbone. NEFAs can be used as an energy source by many
tissues including skeletal muscle and hepatocytes.

Norepinephrine A catecholamine with multiple roles including as a hormone and
a neurotransmitter. Also known as nor-adrenaline.

Normothermia Normal temperature, also known as normothermia or euthermia,
is a concept that depends upon the place in the body at which the measurement
is made, and the time of day and level of activity of the animal.

Osmoregulation Osmoregulation is the active regulation of the osmotic pressure
of an organism’s fluids to maintain the homeostasis of the organism’s water
content that is it keeps the organism’s fluids from becoming too diluted or too
concentrated.

Osmosis Diffusion of fluid through a semi-permeable membrane from a solution
with a low solute concentration to a solution with a higher solute concentration
until there is an equal concentration of fluid on both sides of the membrane.

Osmotic stress Osmotic shock or osmotic stress is a sudden change in the solute
concentration around a cell, causing a rapid change in the movement of water
across its cell membrane.

Oxidative stress Oxidative stress represents an imbalance between the production
and manifestation of reactive oxygen species and a biological system’s ability
to readily detoxify the reactive intermediates or to repair the resulting damage.

Oxytocin Oxytocin is a mammalian hormone that acts primarily as a
neuromodulator in the brain.

Packed cell volumes The hematocrit or packed cell volume or erythrocyte
volume fraction is the percentage of the concentration of red blood cells in
blood.

Panting Panting, a method of cooling, used by many mammals, most birds, and
some reptiles, accomplished by means of the evaporation of water from internal
body surfaces. As the animal’s body temperature rises, its respiration rate
increases sharply cooling results from the evaporation of water in the nasal
passages, mouth, lungs, and (in birds) air sacs. Like other forms of evaporative
cooling (e.g., perspiration), panting expends large amounts of water, which
must be replaced if the animal is to maintain effective heat regulation.
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Paraventricular Nucleus (PVN) The paraventricular nucleus is a neuronal
nucleus in the hypothalamus. It contains multiple subpopulations of neurons
that are activated by a variety of stressful and/or physiological changes.

Pathogenicity Pathogenicity is the ability of a pathogen to produce an infectious
disease in an organism.

Pathogens A pathogen or infectious agent - in colloquial terms, a germ—is a
microbe or microorganism such as a virus, bacterium, prion, or fungus that
causes disease in its animal or plant host. There are several substrates including
pathways whereby pathogens can invade a host the principal pathways have
different episodic time frames, but soil contamination has the longest or most
persistent potential for harboring a pathogen.

Peripheral vasodilation Peripheral vasodilation is the dilation of the veins and
arteries of the periphery. This will lower blood pressure and provide less
resistance for the heart to beat against.

pH The concentrations of hydrogen ions and indirectly hydroxide ions are given
by a pH number. pH is defined as the negative logarithm of the hydrogen ion
concentration. The equation is: pH = -log [H?]

Phenotypes The physical and biochemical characteristics of an organism as
determined by the interaction of its genetic constitution and the environment

Phenotypic variation Phenotypic variation (due to underlying heritable genetic
variation) is a fundamental prerequisite for evolution by natural selection. It is
the living organism as a whole that contributes (or not) to the next generation,
so natural selection affects the genetic structure of a population indirectly via
the contribution of phenotypes.

Photoperiodism Photoperiodism is the physiological reaction of organisms to the
length of day or night. It occurs in plants and animals.

Physiological responses A psychological and physical response of the body that
occurs whenever animal must adapt to changing conditions, whether those
conditions be real or perceived.

Physiological stress Physiological stress represents a wide range of physical
responses that occur as a direct effect of a stressor causing an upset in the
homeostasis of the body. Upon immediate disruption of either psychological or
physical equilibrium the body responds by stimulating the nervous, endocrine,
and immune systems. The reaction of these systems causes a number of
physical changes that have both short and long-term effects on the body.
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Pinealocytes Pinealocytes are the main cells of the pineal gland. They produce and
secrete melatonin. Pinealocytes have an organelle called the synaptic ribbon this
is considered to be a specific marker for pinealocytes. Some of the enzymes of
the pinealocytes include 5-HydrooxyTryptaine, N-acetyl transferase, and
5-hydroxyindole-O-methyltransferase which are used to convert serotonin to
melatonin.

Placental development Development of the placenta is a highly regulated
process that is essential for normal fetal growth and development, and for
maintenance of a healthy pregnancy. The placenta fulfills several critical roles
as the interface between mother and fetus: it prevents rejection of the fetal
allograft, enables respiratory gas exchange, transports nutrients, eliminates fetal
waste products, and secretes peptide and steroid hormones.

Polymorphism Polymorphism is common in nature it is related to biodiversity,
genetic variation and adaptation it usually functions to retain variety of form in
a population living in a varied environment. The most common example is
sexual dimorphism, which occurs in many organisms.

Precipitation Any or all of the forms of water particles, whether liquid or solid,
that falls from the atmosphere and reach the ground. It is distinguished from
cloud and virga in that it must reached the ground. Precipitation includes drizzle
rain, snow, snow pellets, snow grains, ice crystal, ice pellets, and hail.

Pre-pubertal periods Before puberty, the period during which secondary sex
characteristics start to develop and the capability for sexual reproduction is
attained.

Probiotics Are live microorganisms thought to be beneficial to the host organism.
Probiotics are commonly consumed as part of fermented foods with specially
added active live cultures such as in yogurt, soy yogurt, or as dietary
supplements.

Prolactin A hormone secreted by the pituitary gland. Prolactin stimulates
lactation (milk production). It also has many other functions, including
essential roles in the maintenance of the immune system.

Promoter In genetics, a promoter is a region of DNA that facilitates the
transcription of a particular gene. Promoters are located near the genes they
regulate, on the same strand and typically upstream.

Propranolol Propranolol is a sympatholytic non-selective beta blocker.
Sympatholytics are used to treat hypertension, anxiety, and panic. It was the
first successful beta blocker developed.
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Proteomic Proteomic is the large-scale study of proteins, particularly their
structures and functions. Proteins are vital parts of living organisms, as they are
the main components of the physiological metabolic pathways of cells.

Pseudo-ruminants A pseudo-ruminant is a classification of an animal based on
its digestive tract. Pseudoruminants differ from ruminants in that they do not
have the compartment known as a reticulum. The main feedstuffs of pseudo-
ruminants are forages.

Psychrometric chart A monograph for graphical representation of obtaining
relative humidity, absolute humidity, and dew point from wet- and dry-bulb
thermometer readings.

Psychrometry The art of determining the amount of moisture in the air by the use
of psychrometer.

Radiation Radiation is the transfer of heat energy through space. An animal
whose body temperature is greater than the temperature of the surrounding
surfaces radiates heat to these surfaces. Hot surfaces and infrared light sources
radiate heat that can increase the body’s heat load.

Rain Precipitation of drops of water that have diameters larger than 0.5 mm.

Rangeland Rangelands are vast natural landscapes in the form of grasslands,
shrublands, woodlands, wetlands, and deserts. Types of rangelands include
tallgrass and shortgrass prairies, desert grasslands and shrublands, woodlands,
savannas,chaparrals, steppes, and tundras.

Reactive oxygen species (ROS) ROS are chemically reactive molecules
containing oxygen. Examples include oxygen ions and peroxides. Reactive
oxygen species are highly reactive due to the presence of unpaired valence shell
electrons. ROS form as a natural by-product of the normal metabolism of
oxygen and have important roles in cell signaling and homeostasis. However,
during times of environmental stress (e.g., UV or heat exposure), ROS levels
can increase dramatically.

Relative humidity (humidity) A ratio of vapor pressure of the air to the
saturation vapor pressure. The ratio of the actual vapor pressure of the air to the
saturation vapor pressure. The corresponding ration of specific humidity or of
mixing ratio give approximations of sufficient accuracy for many purposes in
metrology. The relative humidity is usually expressed in percent, and can be
computed from psychrometric data.

Resilient adaptation Resilient adaptation refers to the idea of an individual’s
tendency to cope with stress and adversity. This coping may result in the
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individual ‘‘bouncing back’’ to a previous state of normal functioning, or using
the experience of exposure to adversity to produce a ‘‘steeling effect’’ and
function better than expected. Resilience is most commonly understood as a
process, and not a trait of an individual.

Respirometry chamber Respirometry chamber is a general term that encompasses
a number of techniques for obtaining estimates of the rates of metabolism of
vertebrates, invertebrates, plants, tissues, cells, or microorganisms via an indirect
measure of heat production (calorimetry).

Ruminal fermentation Ruminal fermentation is a digestive process by which
carbohydrates are broken down by microorganisms into simple molecules for
absorption into the bloodstream of an animal. It is one of the important sources
for increased methane emissions.

Ruminants A ruminant is a mammal of the order Artiodactyla that digests plant-
based food by initially softening it within the animal’s first compartment of the
stomach, principally through bacterial actions, then regurgitating the semi-
digested mass, now known as cud, and chewing it again. The process of
rechewing the cud to further break down plant matter and stimulate digestion is
called ‘‘ruminating’’.

Rumination activity Time spent chewing is directly related to saliva secretion,
which helps buffer the rumen environment and optimizes fiber digestion.
Rumination activity is critical for a ruminating animal’s health.

Saliva The thin, watery, slightly viscid fluid secreted by the salivary glands: it
serves as an aid to swallowing and digestion by moistening and softening food,
and contains enzymes which convert starch to dextrin and maltose.

Season A division of the year according to some regularly recurrent event, usually
climate or astronomic.

Sebaceous glands The sebaceous glands are microscopic glands in the skin that
secrete an oily/waxy matter, called sebum, to lubricate and waterproof the skin
and hair of mammals.

Serotonin Serotonin is a monoamine neurotransmitter. Biochemically derived
from tryptophan, serotonin is primarily found in the gastrointestinal (GI) tract,
platelets, and in the central nervous system (CNS) of animals including humans.

Solar radiation The total electromagnetic radiation emitted by the sun. About
one-half of the total energy in the solar beam is contained within the visible
spectrum from 0.4 to 0.7 l, and most of the other half lies in the near infrared, a
small additional portion lying in the ultraviolet.
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Somatostatin Somatostatin is a peptide hormone that regulates the endocrine
system and affects neurotransmission and cell proliferation via interaction with
G-protein-coupled somatostatin receptors and inhibition of the release of
numerous secondary hormones.

Spermatogenesis Spermatogenesis is the process of sperm cell development.
Rounded immature sperm cells undergo successive mitotic and meiotic
divisions (spermatocytogenesis) and a metamorphic change (spermiogenesis)
to produce spermatozoa.

Stress Stress is defined as a state of endangered homeostasis or disharmony which
is counteracted by a complex range of physiologic and behavioral responses
that re-establish homeostasis.

Superoxide dismutase Superoxide dismutase are a class of enzymes that catalyze
the dismutation of superoxide into oxygen and hydrogen peroxide. As such,
they are an important antioxidant defense in nearly all cells exposed to oxygen.

Surrounding environment The totality of circumstances surrounding an
organism or group of organisms, especially the combination of external
physical conditions that affect and influence the growth, development, and
survival of organisms.

Sustainability Sustainability describes how biological systems remain diverse
and productive over time.

Sweat glands Sweat glands, or sudoriferous glands, are small tubular structures of
the skin that produce sweat. There are two kinds of sweat glands (1) Eccrine
sweat glands (2) Apocrine sweat glands.

Sweat Sweat is a fluid consisting primarily of water as well as various dissolved
solids (chiefly chlorides) that is excreted by the sweat glands in the skin of
mammals.

Sympathetic nervous system (SNS) SNS is one of the three parts of the autonomic
nervous system, along with the enteric and parasympathetic systems. Its general
action is to mobilize the body’s nervous system fight-or-flight response. It is,
however, constantly active at a basal level to maintain homeostasis.

T cells T cells are T lymphocytes belonging to a group of white blood cells known
as lymphocytes, and play a central role in cell-mediated immunity. They can be
distinguished from other lymphocytes, such as B cells and natural killer cells
(NK cells), by the presence of a T cell receptor (TCR) on the cell surface. They
are called T cells because they mature in the thymus, and thus, can also be
called thymocytes.
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Telemetry Telemetry is a technology that allows measurements to be made at a
distance, via radio wave or IP network transmission and reception of the
information.

Temperate climate Very generally, the climate of the ‘‘middle’’ latitudes the
variable, climate between the extreme of tropical climate and polar climate.

Temperate zones In geography, temperate latitudes of the globe lie between the
tropics and the polar circles. The changes in these regions between summer and
winter are generally relatively moderate, rather than extreme hot or cold.

Temperature humidity index (THI) THI is a measure that has been used since the
early 1990s. It accounts for the combined effects of environmental temperature
and relative humidity, and is a useful and easy way to assess the risk of heat stress.

Thermal comfort zone Thermal comfort zone is a range in ambient temperature
in which body temperature is possible and an animal needs not change the
metabolic rate.

Thermo neutral zone (TNZ) The range of environmental temperatures over
which the heat produced by a ‘warm-blooded’ animal remains fairly constant.
Hence, it is the range in which the animal is ‘comfortable’, having neither to
generate extra heat to keep warm nor expend metabolic energy on cooling
mechanisms, such as panting. Animals adapted to cold environments tend to
have broader thermoneutral zones than ones living in hot environments. The
TNZ ranges from lower critical temperature (LCT) to upper critical temperature
(UCT) and depends on age, species, feed intake, diet composition, previous
state of temperature acclimation or acclimatization, production, specific
housing and pen conditions, tissue insulation (fat, skin), external insulation
(coat), and behavior of an animal.

Thermoneutrality The heat-neutral temperature for a given animal: the
temperature at which it does not need to regulate its body temperature activity
at thermoneutrality.

Thermoregulation Thermoregulation is the ability of an organism to keep its body
temperature within certain boundaries, even when the surrounding temperature is
very different.

Thyroid Gland Thyroid Gland is one of the largest endocrine glands. The thyroid
gland is found in the neck, below (inferior to) the thyroid cartilage (which forms
the laryngeal prominence, or ‘‘Adam’s apple’’). It secretes thyroxine and tri-
iodo-thyronine which controls metabilc activity in an animal.

548 Glossary



Thyrotropin releasing hormone (TRH) Also called thyrotropin-releasing factor
(TRF), thyroliberin or protirelin, is a tropic, tripeptidal hormone that stimulates
the release of thyroid-stimulating hormone and prolactin by the anterior
pituitary.

Transcription Transcription is the process of creating a complementary RNA
copy of a sequence of DNA. Both RNA and DNA are nucleic acids, which use
base pairs of nucleotides as a complementary language that can be converted
back and forth from DNA to RNA by the action of the correct enzymes.

Traumatic stress Traumatic stress is a commonly used term describing reactive
anxiety (and depression). This includes subtypes of anxiety, depression, and
disturbance of conduct and combinations of these symptoms. It results from
events that are less threatening and distressing than the events that lead to
posttraumatic stress disorder.

Tropical climates Tropical climate refers to zones in a range of latitudes between
5/10� and 35�. The temperatures remain high all over the year and show an
annual wide change in precipitations with wet and dry seasons.

Ubiquitin-like protein Ubiquitin-like protein is a small regulatory protein that
has been found in almost all tissues (ubiquitously) of eukaryotic organisms.
Among other functions, it directs protein recycling.

Vaccination Vaccination is the administration of antigenic material (a vaccine) to
stimulate the immune system of an individual to develop adaptive immunity to
a disease. Vaccines can prevent or ameliorate the effects of infection by many
pathogens.

Vaccines A preparation of killed microorganisms, living attenuated organisms, or
living fully virulent organisms that are administered to produce or artificially
increase immunity to a particular disease.

Vasodilation Vasodilation refers to the widening of blood vessels resulting from
relaxation of smooth muscle cells within the vessel walls, particularly in the
large veins, large arteries, and smaller arterioles. The process is essentially the
opposite of vasoconstriction, which is the narrowing of blood vessels.

Vasopressin Vasopressin is a neurohypophysial hormone found in most
mammals, including humans responsible for increasing water absorption in
the collecting ducts of the kidney nephron.

Vasotocin Vasotocin is an oligopeptide hybrid of oxytocin and vasopressin found
in all non-mammalian vertebrates including birds, fish, amphibians, and in fetal
mammals. In mammals it appears to have similar biological properties to both
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oxytocin (stimulating reproductive tract contraction as in egg laying or birth)
and vasopressin (diuretic and antidiuretic effects.

Vector A vector is an agent used to carry genes into another organism. Specific
examples of natural vectors include plasmids or viruses.

Volatile fatty acids(VFAs) VFAs are fatty acids with a carbon chain of six
carbons or fewer. They are now usually referred to as short-chain fatty acids.
They can be created through fermentation in the intestine.

Vulnerability Vulnerability refers to the inability to withstand the effects of a
hostile environment. A window of vulnerability is a time frame within which
defensive measures are reduced, compromised or lacking.

Weather The short-term day to day fluctuations of the meteorological variables,
as distinguished from climate, which is the long-term manifestation of the
weather.

Whole-animal metabolic rates The metabolism of an animal is estimated by
determining rates of carbon dioxide production (VCO2) and oxygen
consumption (VO2) of individual animals, either in a closed or an open-
circuit respirometry system.

Zoonosis A disease that can be transmitted from animals to people or, more
specifically, a disease that normally exists in animals but that can infect
humans. There are multitudes of zoonotic diseases.
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