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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

V. Sejian (D)

Division of Physiology and Biochemistry, Central Sheep and Wool Research Institute,
Avikanagar, Jaipur, Rajasthan 304501, India

e-mail: drsejian@gmail.com

V. Sejian et al. (eds.), Environmental Stress and Amelioration 1
in Livestock Production, DOI: 10.1007/978-3-642-29205-7_1,
© Springer-Verlag Berlin Heidelberg 2012



2 V. Sejian

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.

Keywords Adaptation - Climate change - Environmental stress - GHGs - Grazing
Ruminants - Livestock Economy - Mitigation - Multiple stress - Production -
Reproduction - Stress mitigation
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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;
Koubkova 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. 201 1a). 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 ina
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. 201 1b). 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, itis
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
(CH,4) 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 (CO,) receives the most attention as a factor relative
to CC, there are other gases to consider, including CHy, nitrous oxide (N,O) and
chlorofluorocarbons (CFCs). Agricultural activities contribute significantly to
global GHG emissions, namely CO,, CHy, N,O, and ammonia (NH;3), which are
major GHGs contributing to the radiative forcing (IPCC 2001). The global release
of CH, from agricultural sources accounts for two-thirds of the anthropogenic
CH, sources (Moss et al. 2000). These sources include rice paddies, enteric
fermentation by ruminants (enteric CHy), biomass burning, and animal wastes
(Sejian et al. 2011d). CHy 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 CO,, making CH, 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 CH,4 released annually
(Sejian et al. 2011d). Ruminant animals, particularly cattle, buffalo, sheep, goat,
and camels produce significant amounts of CH, under the anaerobic conditions
present as part of their normal digestive processes. This microbial fermentation
process, referred to as ‘enteric fermentation’, produces CH, 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 CH, 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 CHy, 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 Zarate 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 K&ppen 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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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

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
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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. faurus. 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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Fig. 2.2 Fat tailed Damara
sheep. This group of breeds is
particularly adapted to
extensive production systems
in semi-arid environments

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
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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
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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 HSN1. 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
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(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 2000).

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



2 Factors Influencing Livestock Productivity 31

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 km?. 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 7. 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. faurus breeds are tolerant to both 7. vivax
and T. congolense, with a higher degree of resistance to 7. 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 20006).

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.



2 Factors Influencing Livestock Productivity 35

Fig. 2.4 Schematic POOR NUTRITION

representation of the effects

of poor nutrition caused by A

SWL on farm animal : . Poor 3

.. ncreased  —3 Conversion oor
prOduCHVIty and food Susceptibility s Reproductive
security to Disease and Performance
Parasitism 1
POOR LIVESTOCK
PRODUCTIVITY

Decreased Farmer Income

l

FOOD SECURITY AND
DEVELOPMENT
COMPROMISED

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
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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 w«-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 («-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, f§ enolase and o 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 f 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
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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 (Zajicz
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 Al, 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 Al 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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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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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)

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
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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

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
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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 (CO,) 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
etal. (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 (T,), 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



3 Heat Stress Impact on Livestock Production 65

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 (T,4) 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 CO, 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 arole. 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 of forage 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
etal. 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 x 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, O, 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 O, 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 O, consumption (mL) of the
animal while standing at rest from that measured during walking (subtraction
approach):

ECw = HPw — HPst BW x Dt (4.1)

where ECw is the energy cost of walking (J kg — IBWm — 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 = ECsl — Ecl sina (4.2)

where ECsl and ECI are the energy cost of walking (J kg — 1 BWm — 1) on slope
and on the level, respectively, and sin o 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 BWI m (ECdown, J kg — 1 BWm — 1), is estimated as:

ECdown = EC1 — Ecsl sina (4.3)

where ECI1 and ECsl have the same meaning as in (2) and sin « 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 O, 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 O,
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 O otherwise;

Dd = distance downward, equals O otherwise (Lachica and Aguilera 2005a, b)

Estimates of the grazing activity energy cost (MEa) for goats vary tremen-
dously, ranging from 0 to 1 x 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 kl/kg body weight
(BW)0.75], with additional costs for horizontal movement [3.5 J/(kg BW x m)],
vertical movement [28 J/(kg BW x m)], standing [0.417 kJ/(kg BW x h)] and
position change [0.26 kJ/(kg BW x 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
MExa 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
(ST, %):

ECW = 3-39 (SEi.022) e0063 (SE00031)sl, r 0
— 996; residual SD 0—049; n 5. (4.4)

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 = 6724 (SE301) + 3 — 31 (SEO — 148) Dh + 31 — 7(SE 1 — 59) Du
—13-2(SE 1 —33)Dd, (4.5)

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
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(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
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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

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
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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 IgGl 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, T; 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 (3 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; Koubkova 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:

e 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

e 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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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)

e 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.

e 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.

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

o Infemale animals, stress can inhibit 3 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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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)

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
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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

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
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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 um 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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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)

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).
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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

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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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;
Nagqvi 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 Nap/Kp 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. 20006).

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-ff concentra-
tion. They established that food restriction is clearly associated with higher plasma
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concentration of estradiol 17-f 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 CI17)
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.



116 S. M. K. Nagqvi et al.

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 pg/gm and spermatic vein plasma
content from 8.2 to 1.9 pg/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 5'-nGAAn-3' (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; Koubkovd 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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Fig. 6.1 Direct and indirect effects of climate change on livestock production

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
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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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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
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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
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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
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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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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) 1191 £ 035" 948 £ 026° 1075+ 032° 859 +0.17¢ 1091 £ 0.12°
PCV (%) 4133 &+ 1.46* 3131 + 1.64° 3580 + 1.73°  26.54 + 2.05°  35.80 & 0.75"
Glucose 52.08 + 243" 47.80 £ 1.61*° 44.19 + 1.91° 4299 + 2.52°  39.39 & 0.53¢
(mg/dl)
Total protein ~ 8.88 + 0.33*  7.95 + 041*® 791 £ 026  7.08 £ 033"  6.37 & 0.08°
(g/dD)
Total 5231 + 1.86" 4296 + 2.29° 42,65 +£221° 3562+ 233 30.58 &+ 1.78¢
Cholesterol
(mg/dl)

ACP (KA units) 2.14 + 0.12* 148 + 0.14>° 178 &+ 0.09*®  1.16 £ 0.18° -

ALP (KA units) 5.89 + 0.25° 5.10 + 0.37° 557 & 0.25*°  4.10 £ 0.33° -

T, (nmol/L) 171 £ 0.01*  1.33 £0.00°  1.42 £ 0.00° 1.14 £+ 0.01° 1.39 + 0.05°
T, (nmol/L) 76.24 + 4.17* 58.90 & 3.22° 62.97 £ 3.64° 4594 + 5.14°  24.41 + 0.10¢

Cortisol 18.63 + 1.30% 76.98 + 5.18" 8.50 & 1.06° 46.44 £ 3.64°  31.03 £ 1.08°
(nmol/L)

Insulin 4744 £2.92* 39.79 + 320" 3515 + 1.39°° 2641 +£2.84° -
(MicrolU/
mL)

Combined stresses—thermal and nutritional stress; multiple stresses—thermal, nutritional, and walking
stress

ACP acid phosphotase; ALP alkaline phosphatase; T’ tri-iodo-thyronine; T, thyroxine

Means and SEM within a row having different superscripts differ significantly (P < 0.05)

(Source Sejian et al. 2010a, b)

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
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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



142 V. Sejian et al.

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 Combined Multiple
stress stress stress

Initial body weight 3375 4+ 256" 33.52 4+ 1.85% 34.68 £ 1.70* 34.87 + 1.46* 32.63 + 0.98"

Final body weight 39.67 £ 2.65% 35.19 + 1.46™° 30.39 + 1.50° 30.04 + 1.35° 29.55 4+ 1.22°

ADG 169.14 & 0.01* 47.71 + 0.07°

122.57 + 0.06° -
138.00 + 0.07° -88.00
Ewes in heat (%) 85.71 57.14 85.71 71.43 41.7
Estrus duration (hrs) ~ 38.00 & 2.41* 23.40 £ 3.34°> 28.50 & 5.68"° 18.75 &+ 3.75"¢ 144 +2.78
Estrus cycle length 18.17 & 031" 20.28 & 0.74*" 18.00 & 0.27° 22.25 + 1.67* 23.56 + 1.45
(days)

Conception rate (%)  71.43* 42.86*° 57.14%° 28.57° -
Lambing rate (%) 71.43° 42.86"° 57.14%° 28.57° -
Estradiol (pg/mL) 14.58 + 0.96* 12.06 + 0.73° 12.80 &+ 0.91° 10.04 £ 0.74° 7.19 + 0.23¢

Progesterone (ng/mL) 331 4 0.56°  4.48 + 0.32*°  3.98 + 026" 519 £ 027°  7.34 £ 0.28¢

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)

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

S.No. THI indices

References

tdb + 0.36tdp + 41.5

Thom (1958)

2 (0.8 x Amb tem) + {[(RH/100) x (Amb tem — Thom (1959)
14.4)} 4 46.4
3 [0.4 x (Tdb 4+ Twb)] x 1.8 + 32 + 15 Thom (1959)
4 (0.15 x Tdb + 0.85 x Twb) x 1.8 + 32 Bianca (1962)
5 (0.35 x Tdb 4 0.65 x Twb) x 1.8 + 3.2 Bianca (1962)
8 0.55DB + 0.2DP + 17.5 Johnson (1965)
9 (Tdb 4+ Twb) x 0.72 + 40.6 National Research Council
(1971)
10 (0.55 x Tdb 4+ 0.2 x Tdp) x 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 4+ 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 x Humidity) Ravagnolo and Misztal
X (9/5 Temp°C — 26) (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 x DBT + 0.15 x WBT) x V00% Tao and Xin (2003)
20 t air — [0.55 — (0.55 x RH/100)] x (t air — 58.8) Oklahoma State University
(2003)
21 Temp — (0.55 — (0.55 x (RH/100) x (Temp — 58) Amundson et al. (2005)
22 BGHI = tbg + 0.36 tdp + 41.5 Buffington et al. (1981)
23 THVI = (0.85 x DBT + 0.15 x WBT) x V9% Tao and Xin (2003)
24 WBGTI = (0.7Twb) + (0.2Tbg) + (0.1Tdb) Al-Tamimi (2005)
25 HLIgG - 25 = 8.62 + (0.38 x RH) + (1.55 x BG Gaughan et al. (2008)
temp) — (0.5 x wind speed) + (e** ~ Wind speedy
26 HLIgg < »5 = 10.66 + (0.28 x RH) + (1.3 x BG) Gaughan et al. (2008)

— wind speed

Abbreviations: THI Temperature-humidity-index; #dp Dry bulb temperature; twb Wet bulb
temperature; tbg Black globe temperature; Tdp Dew point temperature; 7w Wet bulb tempera-
ture; 7d 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

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
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Table 7.2 Different THI categories in Bos taurus cattle

THI category Descriptive characteristics

Duration THI* —h  THI* — h Nighttime recovery
> 79 (day) > 84 (h # 72 THI")
1. Slight Limited: 10-25 None Good: 5-10
3—4 days h/night
2. Mild Limited: 18-40 #5/day Some: 3-8
3—4 days h/night
3. Moderate ~ More 25-50 #6/day Reduced: 1-6
persistent h/night
(4-6 days usually)
4. Strong Increased 33-65 #6/day Limited: 04
Persistence h/night
(5-7 days)
5. Severe Very Persistent 40-80 3-15/day on Very limited:
(usually 3 or more 0-2 h/night
6-8 days) successive
days
6. Extreme Very Persistent 50-100 15-30/day Nil: #1 for 3 or
(usually 6-10 + on 3 or more more successive
days) successive days days

# 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 > 84, and can exceed 24

Source Hahn et al. (1999)

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 faurus 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
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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 (%) = [100 — ARD] x 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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Approaches to alleviate thermal Stress

Nutritional
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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

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
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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

e Natural shades
e Artificial shade

2. Cooling methods
2.1 Direct (cooling of the animal)

e Wetting the animal
e Forced ventilation
e 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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Table 7.3 Some comparative differences between tree and artificial shade (Adapted from
Valtorta and Gallardo 2004)

Characteristic Tree shade Artificial shade®
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

# Considering a structure built following the proper design recommendations

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 (Schiitz 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 (Schiitz 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
(Schiitz 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 (Schiitz 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. (Schiitz et al. 2010). In addition, painting the roof white increases
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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.



7 Ameliorative Measures to Counteract Environmental Stresses 165

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:

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

e Active transpiration evaporates 170 g/h, equivalent to 95.2 kcal/h

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

. Fresh cows (first 3 weeks postpartum)

. Close pre-partum cows (3 weeks prepartum)

. High producing cows (first 100 days)

. Cows in mid lactation (100-200 days)

. Dry cows (from dry to 3 weeks before delivery)
. Late lactation cows (over 200 days)

o R N N S

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 (Catald 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:

. Higher energy content per unit volume
. More digestible fiber

. Eftective fiber (NDFef)

. Lower protein degradability

. More bypass nutrients.
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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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Table 7.4 Characteristics of cold and hot diets

Diet Cold Hot

characteristics

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, Mature Pasture, Fibrous hays and silages,
high fat concentrates High fiber concentrates

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
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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

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

. 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.

O8]

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).
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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 =16+ [(1.58 £ 0.271) x (DMI)] + [(0.9 & 0.157) x (MP)]
+[(0.05 £ 0.023) x (Na*)]+[(1.20 & 0.106) x (Tma)],

where

WI Water intake (kg/day)

DMI  Dry matter intake (kg/day)

MP  Milk production (kg/day)

Na®  sodium (g/day)

Thnq  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 1/day) water with TDS > 7,000 mg/1
would not be suitable, but would have little effect on low producing animals
(<25 I/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 1/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/1)
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
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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.
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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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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

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
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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,



186 N. M. Soren

Table 8.1 Lower critical temperature for different farm animals

Species Body weight (kg) Lower critical References
temperature (°C)
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)

Table 8.2 Upper critical

. Species Body weight  Upper critical
terpperature for different farm (kg) temperature (°C)
animals (FASS 2010) -

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

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,
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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 = 0.72(W 4+ D) + 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
confi