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This book is dedicated to all who have lost their lives to the
devastating effects of climate change and to all farmers around
the world who rely heavily on livestock production for their
principal livelihood security and to all researchers who are
actively involved in research pertaining to improving livestock
production in the changing climate scenario.






Climate change and food security are two emerging issues faced by almost
every nation. Climate change as a result of green house gases (GHGs) emis-
sions poses a serious threat to the environment, economy and well-being of
both human and animals. While livestock’s role in contributing to food secu-
rity is well acknowledged, its negative impacts, by way of contributing to
GHG in the atmosphere, raise criticism. Livestock agriculture accounts for
significant amount of methane (CH,) and nitrous oxide (N,O) emitted world-
wide. The negative impact of climate change is evident on all animals, but its
effect on ruminant livestock are of huge concern as these animals apart from
getting affected by climate change also directly contribute to the phenome-
non through enteric CH, emission and manure management. It is therefore
imperative that animal agriculture practices and the welfare of animals be
considered when developing climate change policies and programmes, both
as potential victims and causes. Under the changing climatic scenarios,
efforts are equally needed to reduce the impacts of climate change on live-
stock production and reproduction as well as to identify suitable mitigation
strategies to reduce CH, production.

With dynamic climate shifts, endeavours are needed to hoist platforms for
suitable adaptation and mitigation strategies to reduce genesis of climate
change. This forms the basis of this book Climate Change Impact on
Livestock: Adaptation and Mitigation. This volume was specifically prepared
by a team of multi-disciplinary scientists to be a valuable reference source 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, policy makers, politicians and other professionals involved in live-
stock production. With information and case studies collated and synthesized
by professionals working in diversified ecological zones, this book attempts
to study the climate change impact, adaptation and mitigation in livestock
production system across the global biomes.

The 27 chapters provide the reader with an insight into the impact of cli-
mate change on livestock production and role of livestock in contributing to
climate change. An attempt is also made to discuss the various mitigation
strategies to reduce livestock related GHGs. Further, efforts have also been
made to highlight several housing management and feeding practices to
reduce climate change’s impact on livestock production and reproduction. In
addition, this book also emphasizes the various policy issues that require
focus to understand in depth the impact of climate change and its mitigation
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Preface

by 2025. Therefore, this book is a comprehensive resource for the researchers
to understand climate change impact and its management to improving live-
stock production.

The contributors of various chapters are world class professionals with
vast experience in the chosen field supported by several peer-reviewed publi-
cations. The Editorial Committee take this opportunity to thank all the con-
tributors 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 cannot be individually listed, were also very pertinent in completing
this relevant and an important volume.

Bangalore, Karnataka, India Veerasamy Sejian
Gatton, QLD, Australia John Gaughan
Ames, IA, USA Lance Baumgard
Bangalore, Karnataka, India Cadaba S. Prasad

9th December, 2014
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Veerasamy Sejian, Raghavendra Bhatta, N.M. Soren,
P.K. Malik, J.P. Ravindra, Cadaba S. Prasad,
and Rattan Lal

Abstract

This chapter provides an overview of the impact of climate change on
livestock production and its adaptation and mitigation. Animal agriculture
is the major contributor to increasing methane (CH,) and nitrous oxide
(N,O) concentrations in Earth’s atmosphere. Generally there are two-way
impacts of livestock on climate change. The first part is the livestock con-
tribution to climate change, while the second part is concerned with live-
stock getting affected by climate change. Hence, improving livestock
production under changing climate scenario must target both reducing
greenhouse gas (GHG) emission from livestock and reducing the effect of
climate change on livestock production. These efforts will optimize live-
stock production under the changing climate scenario. The role of live-
stock on climate change is primarily due to enteric CH, emission and those
from manure management. Various GHG mitigation strategies include
manipulation of rumen microbial ecosystem, plant secondary metabolites,
ration balancing, alternate hydrogen sinks, manure management, and mod-
eling to curtail GHG emission. Adapting to climate change and reducing
GHG emissions may require significant changes in production technology
and farming systems that could affect productivity. Many viable opportu-
nities exist for reducing CH, emissions from enteric fermentation in rumi-
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nant animals and from livestock manure management facilities. To be
considered viable, these emission reduction strategies must be consistent
with the continued economic viability of the producer and must accom-
modate cultural factors that affect livestock ownership and management.
The direct impacts of climate change on livestock are on its growth, milk
production, reproduction, metabolic activity, and disease occurrences. The
indirect impacts of climate change on livestock are in reducing water and
pasture availability and other feed resources. Amelioration of environmen-
tal stress impact on livestock requires multidisciplinary approaches which
emphasize animal nutrition, housing, and animal health. It is important to
understand the livestock responses to the environment and analyze them,
in order to design modifications of nutritional and environmental manage-

ment, thereby improving animal comfort and performance.

Keywords

Adaptation ¢ Climate change * Enteric fermentation  Manure » Mitigation

* Shelter design

Livestock production is the world’s dominant
land use, covering about 45 % of the Earth’s land
surface, much of it in harsh and variable environ-
ments that are unsuitable for other uses. Climate
change could impact the amount and quality of
produce, reliability of production, and the natural
resource base on which livestock production
depends. Climate is an important factor of agri-
cultural productivity. The changing climate is
expected to have severe impact on livestock pro-
duction systems across the world. World demand
for animal protein will rise as the population and
real incomes increase and eating habits change.
Therefore, animal production plays and will con-
tinue to play a key role in food supply. While the
increasing demand for livestock products offers
market opportunities and income for small, mar-
ginal, and landless farmers, livestock production
globally faces increasing pressure because of
negative environmental implications particularly
because of greenhouse gas (GHG) emission.
Global climate change is expected to alter
temperature, precipitation, atmospheric carbon
dioxide (CO,) levels, and water availability in
ways that will affect the productivity of crop and
livestock systems (Hatfield et al. 2008). For live-
stock systems, climate change could affect the
costs and returns of production by altering the
thermal environment of animals, thereby affect-

ing 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 production, and reproduction rates (St.
Pierre et al. 2003). Climate changes could impact
the economic viability of livestock production
systems worldwide. Surrounding environmental
conditions directly affect mechanisms and rates
of heat gain or loss by all animals (NRC 1981).
Environmental stress reduces the productivity
and health of livestock resulting in significant
economic losses. Heat stress affects animal per-
formance and productivity of dairy cows in all
phases of production. The outcomes include
decreased growth, reduced reproduction,
increased susceptibility to diseases, and ulti-
mately delayed initiation of lactation. Heat stress
also negatively affects reproductive function
(Amundson et al. 2006). 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. The livelihood of the rural
poor in developing countries depends critically
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on local natural resource-based activities such as
crop and livestock production. As a result of
negative weather impact on livestock rearing, the
poor shepherds/farmers whose principal liveli-
hood security depends on these animal perfor-
mances are directly on stake. Housing and
management technologies are available through
which climatic impacts on livestock can be
reduced, but the rational use of such technologies
is crucial for the survival and profitability of the
livestock enterprise (Gaughan et al. 2002).

The relationship between the livestock sector
and climate change is likely to greatly influence the
overall nature of the approach to adaptation within
the livestock sector (Havlik et al. 2014). The sector
has been much maligned since the publication of
Livestock’s Long Shadow by FAO in (2006) and the
allegation that the industry contributes more to cli-
mate change than the automobile industry does.
However, the real relationship between livestock
and climate change is much more complex, and the
environmental services of extensive livestock sys-
tems have generally been overlooked. Such ser-
vices could become crucial to adaptation in the
sector in the future. Livestock play a critical role in
rural poverty reduction; therefore, livestock devel-
opment is vital for farmers in developing world in
particular. Development in all sectors will be
increasingly scrutinized for its “clean” credentials,
and it is desirable that livestock development can
be carried out without significantly contributing
further to climate change. This volume is an attempt
to collate and synthesize all relevant information
pertaining to how livestock contributes to climate
change, in addition to getting impacted by the
same. Further, the volume will address in detail the
various mitigation strategies available to prevent
livestock-related climate change by highlighting
measures to be taken to curtail greenhouse gas
(GHG) emission. In addition, the volume will
address in detail the various adaptation and amelio-
ration strategies to counter the impact of climate
change on livestock production. Lastly, this volume
also emphasizes the importance of visioning cli-
mate change impact 2025 and addresses the vari-
ous steps to be taken to increase the resilience of
livestock production systems and livestock-
dependent livelihoods to climate change. All these

crucial information pertaining to sustaining live-
stock production under changing climate scenario
are dealt elaborately in six different parts in this
volume. Figure 1.1 describes the various concepts
pertaining to climate change impact on livestock
production and its adaptation and mitigation.

GHG Emission and Climate
Change

1.1

Part I of this volume comprises two chapters cov-
ering in detail the general principles governing
the sources and sinks of GHGs and their contri-
bution to climate change. Special emphasis has
been given to highlight the significance of
agricultural-related activities’ contribution to
GHGs and its importance to global climate
change.

The temperature of the Earth’s surface and
atmosphere is determined by the balance between
incoming and outgoing energy. Surface tempera-
tures rise when more energy is received than lost.
The Earth’s surface receives about 50 % of the
incoming solar radiation (after some losses by
atmospheric absorption and reflection), and this
energy heats the surface. The warmed surface
reradiates heat back out at longer infrared wave-
lengths. This radiation is known as terrestrial
radiation, as opposed to solar radiation coming in
from the sun. The greenhouse effect is a result of
the partial absorption and reradiation back to
Earth of this outgoing infrared radiation. A
change in the net radiative energy available to the
global Earth-atmosphere system is termed as a
radiative forcing, and changes in the concentra-
tions of GHGs in the troposphere (such as CO,,
CH,, N,0, H,0, etc.) are one such forcing (Rogelj
et al. 2012). Increases in the concentrations of
GHGs will reduce the efficiency with which the
Earth’s surface radiates to space. More of the out-
going terrestrial radiation from the surface is
absorbed by the atmosphere and reemitted at
higher altitudes and lower temperatures. These
result in a positive radiative forcing that tends to
warm the lower atmosphere and surface. Because
less heat escapes to space, this is the enhanced
greenhouse effect — an enhancement of an effect
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Fig.1.1 Concepts of climate impact on livestock and its adaptation and mitigation

that has operated in the Earth’s atmosphere for
billions of years due to the presence of naturally
occurring GHGs: water vapor, carbon dioxide
(CO,), ozone, methane (CH,), and nitrous oxide
(N,0).

Different GHGs have differing abilities to
warm the atmosphere. The net warming from an
ensemble of GHGs depends on the size of the
increase in concentration of each GHG, the radia-
tive properties of the gases involved, and the con-
centrations of other GHGs already present in the
atmosphere. Further, many GHGs reside in the
atmosphere for centuries after being emitted,
thereby introducing a long-term impact to posi-
tive radiative forcing. When radiative forcing
changes, the climate system responds on various
time scales. The longest of these are due to the
large heat capacity of the deep ocean and dynamic
adjustment of the ice sheets. This means that the
transient response to a change (either positive or
negative) may last for thousands of years. Any
changes in the radiative balance of the Earth,

including those due to an increase in GHGs or in
aerosols, will alter the global hydrological cycle
and atmospheric and oceanic circulation, thereby
affecting weather patterns and regional tempera-
tures and precipitation.

1.1.1 Different Sources of GHGs

There are two ways that GHGs enter Earth’s
atmosphere. One of them is through natural pro-
cesses like animal and plant respiration. The other
is through human activities. The main human
sources of GHG emissions are fossil fuel use,
deforestation, intensive livestock farming, use of
synthetic fertilizers, and industrial processes.
There are four main types of forcing GHGs: CO,,
CH,, N,0, and fluorinated gases. The main feed-
back of GHG is water vapor. The GHGs that
humans do emit directly in significant quantities
are (1) carbon dioxide — accounts for around
three-quarters of the warming impact of current
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human GHG emissions. The key source of CO, is
the burning of fossil fuels such as coal, oil, and
gas, though deforestation is also a very significant
contributor. (2) Methane — accounts for around
14 % of the impact of current human GHG emis-
sions. Key sources of CH, include agriculture
(especially livestock and rice fields), fossil fuel
extraction, and the decay of organic waste in
landfill sites. Methane doesn’t persist in the atmo-
sphere as long as CO,, though its warming effect
is much more potent for each gram of gas released.
(3) Nitrous oxide — accounts for around 8 % of
the warming impact of current human GHG emis-
sions. Key sources of N,O include agriculture
(especially nitrogen-fertilized soils and livestock
waste) and industrial processes. N,O is even more
potent per gram than methane.

1.1.2 Agricultural Contribution
to Climate Change

Modern agriculture and food production and dis-
tribution are major contributors of GHGs.
Agriculture is directly responsible for 14 % of
total GHG emissions, and broader rural land use
decisions have an even larger impact.
Deforestation currently accounts for an addi-
tional 18 % of emissions. In this context, a his-
torical perspective needs to be considered: Dr.
Rattan Lal, professor of soil science at Ohio State
University, has calculated that over the last
150 years, 476 billions of tonnes (Pg) of carbon
have been emitted from terrestrial ecosystems
which converted to agroecosystems through
deforestation, soil cultivation, drainage, etc. since
the dawn of settled agriculture.

Agriculture has significant effects on climate
change, primarily through the production and
release of GHGs such as CO,, CH,, and N,O
(Tubiello et al. 2013). Further, alterations in land
cover can change its ability to absorb or reflect
heat and light, thus contributing to radiative forc-
ing. Land use changes such as deforestation and
desertification together with fossil fuels are the
major anthropogenic sources of CO,. In addition,
animal agriculture is the major contributor to
increasing CH, and N,O concentrations in the
Earth’s atmosphere.

The global food system, from fertilizer manu-
facture to food storage and packaging, is respon-
sible for up to one-third of all human-caused GHG
emissions, according to the latest figures from the
Consultative Group on International Agricultural
Research (CGIAR), a partnership of 15 research
centers around the world. Using estimates from
2005, 2007, and 2008, the researchers found that
agricultural production provides the huge share of
GHG emissions from the food system, releasing
up to 12 Pg of CO, equivalents a year — up to 86 %
of all food-related anthropogenic GHG emissions.
The global release of CH, from agricultural
sources accounts for two-thirds of the anthropo-
genic CH, sources (Moss et al. 2000). These
sources include rice growing, fermentation of
feed by ruminants (enteric CH,), biomass burn-
ing, and animal wastes. CH, is a potent GHG, and
its release into the atmosphere is directly linked
with animal agriculture, particularly ruminant
production (Sejian et al. 2012a). Apart from this,
livestock wastes also contribute enormously to the
agricultural sources of CH, and N,0.

1.2  Impact of Climate Change

on Livestock Production

The second part of this volume addresses in detail
the impact of climate change on livestock pro-
duction. This part comprises of six chapters cov-
ering the direct impacts of climate change on
livestock growth, milk production, reproduction,
metabolic activity, and disease occurrences. This
part also discusses elaborately on the indirect
impacts of climate change on livestock, water
and pasture availability, and other feed resources.
In addition, this part highlights the significance
of different inherent mechanisms by which live-
stock adapts to the changing climate.

1.2.1 Impact on Growth

It is known that livestock that are exposed to high
ambient temperatures augment the efforts to dis-
sipate body heat, resulting in the increase of res-
piration rate, body temperature, and consumption
of water and a decline in feed intake (Marai et al.



2007; Sejian et al. 2010a). Apart from feed
intake, feed conversion also significantly
decreases after exposure to heat stress (Padua
et al. 1997). Exposure of the animal to a high
environmental temperature stimulates the periph-
eral thermal receptors to transmit suppressive
nerve impulses to the appetite center in the hypo-
thalamus and thereby causes a decrease in feed
intake (Marai et al. 2007). The decrease in feed
intake could be due to the adaptive mechanism of
animal to produce less body heat. Growth, the
increase in the live body mass or cell multiplica-
tion, is controlled both genetically and environ-
mentally (Marai et al. 2007). Elevated ambient
temperature is considered to be one of the envi-
ronmental factors influencing growth and aver-
age daily weight gain in livestock (Habeeb et al.
1992; Ismail et al. 1995). The reason for the
effects of elevated ambient temperature on
growth reduction could be due to the decrease in
anabolic activity and the increase in tissue catab-
olism (Marai et al. 2007). The increase in tissue
catabolism could be attributed to the increase in
catecholamines and glucocorticoids after expo-
sure to heat stress in livestock.

1.2.2 Impact on Milk Production

The effect of elevated temperature on milk pro-
duction is probably most deleterious for any ani-
mal production system which forces animal to
reduce feed intake, resulting in lowered milk
yield (Dunn et al. 2014). The heat stress not only
decreases the milk yield in the animals but it also
drastically affects the quality of milk (Bernabucci
and Calamari 1998). Apart from high tempera-
ture, humidity is also an important factor influ-
encing milk yield in the animals. The Jersey
crossbreds were less affected by climate than
Holstein crossbreds for average milk yield per
day. The decreases in milk production can range
from 10 to >25 %. As much as 50 % reduction in
milk yield can be due to reduced feed intake dur-
ing thermal stress, and other 50 % might depend
on heat-related lactogenic hormone fluctuations
(Johnson 1987). Besides the thermal stress, the
decline in milk yield is also dependent upon
breed, stage of lactation, and feed availability
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(Bernabucci and Calamari 1998). The effect of
heat stress is more in high-yielding cow as com-
pared to low-yielding cow.

The cow exposed to heat stress produces milk
and colostrums with lower percentage of protein
and fat (Nardone et al. 1997). Milk fat, milk
protein, solid not fat (SNF), and total solid per-
centages were lower in the summer season in
dairy cows (Bouraoui et al. 2002; Ozrenk and
Inci 2008). Thermal stress also appears to bring
about some decrease in percentage of lactose and
acidity in the milk which in turn affects the milk
freezing point. In addition to this, the heat stress-
exposed animals’ milk has lower value of cal-
cium (Ca), phosphorus (P), and magnesium (Mg)
and high chloride (Bernabucci et al. 2013). In
heat-stressed cow, the proportion of short-chain
(C4-C10) and medium-chain (C12-C16) fatty
acids are low, while long-chain fatty acid (C17-
C18) are more in milk (Bernabucci et al. 2013).
These changes in the fatty acid chain may be due
to reduced synthesis of these free fatty acids
(FAA) in the mammary glands as well as due to
negative energy status of the cow exposed to ther-
mal stress. Heat stress also has a negative impact
on the milk casein (a- and p-casein). The lower
content of a- and P-casein tends to increase the
pH of milk and lower P content, during the sum-
mer months (Kume et al. 1989).

1.2.3 Impact on Reproduction

Reproductive axis is one plane where stress
effects are the most pronounced and have gross
economic impact. Livestock farmers in arid and
semiarid environment primarily depend on their
livestock for their livelihood security. The key
constraints in arid and semiarid tropical environ-
ment are their low biomass productivity, high cli-
matic variability, and scarcity of water (Sejian
2013). All these constraints make these regions a
major challenge for sustainable livestock produc-
tion. In particular, the reproductive potential of
livestock in these areas is influenced by the expo-
sure to harsh climatic conditions, namely, high
ambient temperature, and long-distance walking
in search of food and water resources. It is an
established fact that reproduction processes are
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influenced during thermal exposure in ruminant
species (Naqvi et al. 2004) and glucocorticoids
are paramount in mediating the inhibitory effects
of stress on reproduction (Kornmatitsuk et al.
2008). Heat stress significantly reduces the level
of primary reproductive hormone estradiol
(Sejian et al. 201la, 2013). Decreased
concentration of estrogen may result from
diminished ovarian follicular development
caused by suppressed peripheral concentration of
gonadotrophins following heat stress (Gougeon
1996). The impact of heat stress on plasma estra-
diol concentration could be both due to reduced
GnRH secretion and reduced feed intake in ewes.
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
etal. 1999). Glucocorticoids may also exert direct
inhibitory effects on gonadal steroid secretion
and sensitivity of target tissues to sex steroids
(Magiakou et al. 1997). Thermal stress influence
on estrous incidences and embryo production is a
well-established fact (Naqvi et al. 2004; Tabbaa
et al. 2008; Sejian et al. 2014a). In the changing
scenario of climate change, thermal stress along
with feed and water scarcity is the major predis-
posing factor for the low productivity of rumi-
nants under hot semiarid environment.

Livestock grazing under hot semiarid environ-
ment face extreme fluctuations in the quantity and
quality of feed on offer throughout the year
(Martin et al. 2004). It has been postulated that
nutrition is one of the main factors affecting ovu-
lation rate and sexual activity in sheep (Vinoles
et al. 2005; Forcada and Albecia 2000). It is gen-
erally accepted that nutrition modulates repro-
ductive endocrine functions in many species
(Polkowska 1996; Martin et al. 2004). Further,
undernutrition affects reproductive function in
ruminants at different levels of the hypothalamic-
pituitary-gonadal axis (Boland et al. 2001; Chadio
et al. 2007). Nutrient deficiency that results fol-
lowing reduced feed intake after heat exposure
potentially acts on the reproductive process and
affects estrus behavior and ovulation rate. Further,
undernutrition lowers estradiol concentration in
sheep (Kiyma et al. 2004; Sejian et al. 2014b).

1.2.4 Impact on Pasture and Feed

Availability for Livestock

Climate change and associated environmental
stress such as drought, high/low temperature,
ozone, elevated CO,, soil water logging, and
salinity affect the pasture and forage availability
to livestock (Dawson et al. 2014). Collectively,
stresses may reduce the harvested forage yield,
alter its nutritive value, and change species com-
position of the sward. With the current societal
emphasis on climate change and its related
impact, forage crop production will become more
important, and thus, the scientific knowledge of
how abiotic or environmental stresses limit for-
age production must increase.

The most important impacts of climate change
on grazing lands will likely be through changes
in both pasture productivity and forage quality.
However, there are several other impacts on graz-
ing lands that researchers will have to address
including botanical changes in vegetation com-
position; pests, diseases, and weeds; soil erosion;
and animal husbandry and health (Hall et al.
1998). Rising temperatures could benefit pas-
tures in cooler and boreal climates by increasing
the length of the growing season and reducing
frost damage. However, increased plant growth
in the cooler months could deplete soil moisture
at the expense of subsequent pasture growth in
the spring. Changes in seasonal patterns of forage
availability could pose additional challenges for
grazing management. In warmer climates,
increased heat stress and increased evaporative
demand would likely have negative effects on
pastures (Cobon and Toombs 2007). Further,
drought, an environmental stress with periods of
limited or no water during the growing season,
reduces forage production for grazing and hay-
making. Prolonged drought forces livestock and
hay producers to better manage their fields to
minimize recovery after the drought ends.
Modeling studies that have calculated “safe”
livestock carrying capacity from resource attri-
butes and climate data have indicated that pasture
growth is sensitive to small variations in climate
and that responses to rainfall are nonlinear
(Scanlan et al. 1994; Day et al. 1997).



1.2.5 Impact on Water Availability

for Livestock

Researches pertaining to impact of climate change
on water resources for livestock are very scanty.
Water resources in particular are one sector which
is highly vulnerable to climate change. Climate
change and variability have the potential to impact
negatively on water availability and access to and
demand for water in most countries. Climate
change will have far-reaching consequences for
livestock production, mainly arising from its
impact on rainfall patterns which later determine
the quantity and quality of grassland and range-
land productivity (Assan 2014). Overall, the net
impact of climate change on water resources and
freshwater ecosystems will be negative due to
diminished quantity and quality of available water
(IPCC 2013). Increasing heat stress as a result of
climate change will significantly increase water
requirements for livestock. Climate change can
often exacerbate water problems, for instance,
where climate change has led to overgrazing in
some areas which then suffer rapid runoff and
flooding. The impact of climate change can aggra-
vate water problem in hot semiarid areas leading
to overgrazing which ultimately culminate in
rapid runoff in these areas leading to flooding.
Frequent droughts might be a cause of concern in
terms of disease and parasites distribution and
transmission, apart from the physical losses to
livestock. As a result of climate change, all water
resources will dry up due to extreme tempera-
tures, and livestock production will be severely
hampered in such cases (Rust and Rust 2013).
Further, the drying of water resources will create
a situation where livestock need to walk long dis-
tances in search of water, creating an additional
stress to these animals. Hence, it’s going to be a
huge challenge for livestock researchers across
the globe to develop appropriate strategies to
ensure access to water for livestock production.

1.2.6 Impacton Disease

Occurrences in Livestock

Global climate change alters ecological construc-
tion which causes both the geographical and
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phonological shifts (Slenning 2010). These shifts
affect the efficiency and transmission pattern of
the pathogen and increase their spectrum in the
hosts (Brooks and Hoberg 2007). Increased spec-
trum of pathogen increases the disease suscepti-
bility of the animal, and thus climate change
supports the pathogenicity of the causative agent.
Heavy rainfall causes flood and increases atmo-
spheric humidity which results in favorable con-
dition for the proliferation of pathogen, ticks,
flies, and mosquitoes. These pathogens and
insects may serve as vector or invader for the
transmission of diseases in humans and livestock.
Recent disease outbreaks are consistent with
model projections that warmer and wetter condi-
tions lead to greater transmission potential even
at high altitudes and elevations. Mosquito-borne
diseases are now reported at higher elevations
than in the past at sites in Asia, Central Africa,
and Latin America (Epstein et al. 1998).
Environmental changes caused either by natural
phenomenon or anthropogenic interference
change the ecological balance and context within
which disease hosts or vectors and parasites
breed, develop, and transmit disease (Patz et al.
2000). Climate change affects the occurrence and
spread of disease by impacting the population
size and range of hosts and pathogens, the length
of the transmission season, and the timing and
intensity of outbreaks (Epstein et al. 1998).
Pathogens from terrestrial and marine taxa are
sensitive to hot temperature, heavy rainfall, and
humidity. Climate warming can increase patho-
gen development and survival rates, disease
transmission, and host susceptibility (Harvell
et al. 2002). Understanding the spatial scale and
temporal pattern of disease incidence is a funda-
mental prerequisite for the development of appro-
priate management and intervention strategies. It
is particularly important given the need to under-
stand the elevated risks linked to climate change
(Rose and Wall 2011).

Global climate change predictions suggest
that far-ranging effects might occur in the
population dynamics and distributions of live-
stock parasites, provoking fears of widespread
increases in disease incidence and production
loss (Morgan and Wall 2009). Climatic restric-
tions on vectors, environmental habitats, and
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disease-causing agents are important for under-
standing the outbreak of several animal diseases.
Changes in temperature and precipitation regimes
may result in spread of disease and parasites in
new regions or produce high incidence of dis-
eases with concomitant decrease in animal pro-
ductivity and increase in mortality (Baker and
Viglizzo 1998). Baylis and Githeko (2006) evalu-
ated the effect of climate change on parasites,
pathogens, disease hosts, and disease vectors on
domestic livestock. The potential clearly exists
for the increased rate of development of patho-
gens and parasites due to early arrival of spring
and warmer winters, and such seasonal change
allows greater proliferation and survivability of
these organisms. Warming and changes in rain-
fall distribution may lead to changes in spatial or
temporal distributions of diseases such as anthrax,
blackleg, hemorrhagic septicemia, and vector-
borne diseases that thrive in the presence of
moisture.

1.2.7 Adaptation Mechanisms
of Livestock to Climate
Change

The process by which the animals respond to
extreme climatic condition includes: genetic or
biological adaptation, phenotypic or physiologi-
cal adaptation, acclimatization, acclimation, and
habituation (Gaughan 2012). The behavioral and
physiological mechanisms are the initial response
by which livestock tries to adapt when exposed to
adverse environmental condition. Neuroendocrine
responses to stress play an integral role in the
maintenance of homeostasis in livestock.
Substantial evidence suggests that neuroendo-
crine responses vary with the type of stressor and
are specific and graded, rather than “all or none.”
While acute responses have important adaptive
functions and are vital to coping and survival,
chronic stressors elicit endocrine responses that
may actually contribute to morbidity and mortal-
ity (Sejian et al. 2010b; Mohankumar et al. 2012).
Integration of these responses is possible through
the network of mutual interactions that exist
between the immune system, the central nervous
system, and the endocrine system. A crucial

component of this network is the stress axis or
hypothalamic-pituitary-adrenal ~ (HPA)  axis.
Activation of the stress axis is accomplished
through the release of several neurotransmitters
and hormones.

Heat shock response is a rapid molecular
mechanism, transient, and short acting which
emerges via production of heat shock proteins
(HSPs), subsequent to exposure of the cells to
sublethal stress (Saxena and Krishnaswamy
2012). The heat shock response involves both
heat shock factors (HSFs) and HSPs. The heat
shock response is induced by accumulation of
mis-folded proteins in the cytoplasm and is
mediated by HSFs. HSF-1, HSF-2, HSF-3, and
HSF-4 have been identified to date. HSF-1
plays a major role in heat shock response, while
other members (HSF-2, HSF-4) are activated
after prolonged stress or participate in normal
cellular processes, embryonic development,
and cellular differentiation. Once activated, the
HSF-1 monomer trimerizes with other HSF-1
molecules which is essential for DNA binding.
The activated complex can then enter the
nucleus and initiate transcription of heat shock
proteins.

Genetic selection has been a traditional
method to reduce effects of environment on live-
stock by development of animals that are geneti-
cally 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. It is the cellular/
molecular level at which stress also has its delete-
rious 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 (Naskar et al. 2012). As a
result of stress, there are an increased number of
nonnative conformational proteins with anoma-
lous folding. Heat shock proteins, as we know,
are evolutionary conserved, and many of them
act as regulator of protein folding and structural
functions of proteins. There is a presence of com-
mon environment-specific response genes, mak-
ing 18-38 % of the genome. These genes induce
expression of classical heat shock proteins,
osmotic stress protectants, protein degradation
enzyme, etc.



Functional genomic 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. 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 asso-
ciated with acclimation to thermal stress is to uti-
lize gene expression microarrays in models of
thermal acclimation to identify changes in gene
expression during acute and chronic thermal
stress. Further, gene knockout models in single
cells also allow for better delineation of the cel-
lular 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 ther-
mal imprinting of the genome could also be an
efficient method to improve thermal tolerance.

Role of Livestock in Climate
Change

1.3

Part III of this volume deals with livestock role in
climate change. The primary focus of this part is
to address contribution of livestock and its related
activities to global climate change. Globally,
ruminant livestock are responsible for about 85 Tg
of the 550 Tg CH, released annually (Sejian et al.
2011b). This part comprises six chapters covering
in depth the livestock-related sources and sinks
for GHG emission, enteric CH, emission, enteric
CH, emission in different feeding systems, differ-
ent methodologies to estimate enteric CH, emis-
sion, role of metagenomics in understanding
rumen microbial diversity, and opportunities and
challenges for livestock C sequestration.
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1.3.1 Enteric Methane Emission
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 pro-
cesses. 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. CH, production through
enteric fermentation is of concern worldwide for
its contribution to the accumulation of GHGs in
the atmosphere, as well as its waste of fed energy
for the animal. Among livestock, CH, production
is greatest in ruminants, as methanogens are able
to produce CH, freely through the normal pro-
cess of feed digestion. Globally, ruminant live-
stock produce~80 Tg of CH, annually,
accounting for~33 % of anthropogenic emis-
sions of CH, (Beauchemin et al. 2008). CH, pro-
duced by cattle and other ruminants is actually a
loss of feed energy from the diet and represents
inefficient utilization of the feed. Enteric CH, is
produced under anaerobic conditions in the
rumen by methanogenic archaea, using CO, and
H, to form CH,, thus reducing the metabolic H,
produced  during microbial  metabolism
(McAllister and Newbold 2008). The amount of
CH, produced from enteric fermentation is influ-
enced by various factors including animal type
and size, digestibility of the feed, and the intake
of dry matter, total carbohydrates, and digestible
carbohydrates (Wilkerson et al. 1995). Typically,
about 6-10 % of the total gross energy consumed
by the dairy cow is converted to CH, and released
via the breath (Eckard et al. 2010). Therefore,
reducing enteric CH, production may also lead to
production benefits.

As animal production systems are vulnerable
to climate change and are large contributors to
potential global warming through CH,, it is very
vital to understand in detail the enteric CH, emis-
sion in different livestock species. Before target-
ing the reduction strategies for enteric CH,
emission, it is very important to know the mecha-
nisms of enteric CH, emission in livestock, the
factors influencing such emission and prediction
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models, and estimation methodology for
quantification of enteric CH, emission. The thor-
ough understanding of these will in turn pave
way for the formulation of effective mitigation
strategies for minimizing enteric CH, emission in
livestock.

1.3.2 Enteric Methane Emission
Under Different Feeding
System

Since CH, production is negatively correlated
with total VFA and proportion of propionate
(Wang et al. 2009), improvements in ruminal fer-
mentation that favor propionic acid may also
allow a decrease in CH, production, because pro-
pionic acid contains more hydrogen than other
volatile fatty acids (VFA). Hence, the pattern of
ruminal fermentation may be changed by the use
of different cereal sources that encourage effec-
tive utilization of the other feed ingredients
(Danielsson et al. 2014). The degradation rate of
cereal starch differs based on the source (corn-
starch less degradable than barley) which in turn
may modify ruminal fermentation pattern
(Schimidely et al. 1999). A higher content of
fibrous carbohydrates in diets of low feeding
value increases the CH, emitted per unit feed
digested (Moe and Tyrell 1979). A higher rate or
ruminal starch digestion for barley than for corn
has resulted in greater efficiency of microbial syn-
thesis for dairy ruminants (McCarty et al. 1989).
An increase in the concentrate ratio may improve
the nutritional status of animals and will also
increase the ratio of propionic to acetic acid.
Concentrate supplementation at higher levels
sometimes leads to metabolic disorders, but rumi-
nants can learn the physiological consequences of
ingestion of particular feeds and can recognize the
limit of feed ingredients offered as free choice
according to their post-ingestive effects (Yurtseven
and Gorgulu 2004) and thus can consume high
concentrate feed without suffering from meta-
bolic disorders (Fedele et al. 2002). Further, free
choice system of feeding has been reported to
emit lower CH, and CO, as compared to total
mixed ration in sheep (Sabri et al. 2009). CH,

production (g per unit production) is generally
higher for ruminant livestock in extensive grass-
land-based systems than in intensive systems
where diets offered are typically higher quality. In
contrast, CH, production (g per day) is typically
lower in grassland-based systems due to low lev-
els of productivity (Sere and Gronewold 1996).

1.3.3 Estimation Methodologies
for Enteric Methane Emission

Knowledge about methods used in quantification
of GHG is currently needed to curtail global
warming and to execute the international com-
mitments to reduce the emissions. In the agricul-
tural sector, one important task is to reduce
enteric CH, emissions from ruminants. Accurate
CH, measurements are required for identifying
mitigation strategies that can discriminate among
treatments relevant to on-farm conditions (Lassey
2008). Different methods for quantifying these
emissions are presently being used and others are
under development, all with different conditions
for application (Storm et al. 2012; Bhatta et al.
2008). There are several methodologies available
such as open-circuit respiration chambers, sulfur
hexafluoride (SF6) tracer technique, inverse-
dispersion technique, micrometeorological mass
difference technique, and backward Lagrangian
stochastic (bLS) dispersion technique (Sejian
et al. 2011b). For researchers working with
reduction of enteric methane emission, it is very
important to understand the advantages and dis-
advantage of the different methods in use which
will help them to quantify methane. Chapter 13
addresses in detail the different methodologies
currently being employed and their significance
in quantifying enteric CH, emission in
ruminants.

1.3.4 GHG Emission from Livestock
Manure

Livestock manure and its common use as fertil-
izer contribute to GHG emissions. Manure con-
tains organic compounds such as carbohydrates
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and proteins. These relatively complex
compounds are broken down naturally by bacte-
ria. In the presence of oxygen (O,), the action of
aerobic bacteria results in the C being converted
to CO,, and, in the absence of O,, anaerobic bac-
teria transform the C skeleton to CH,. When live-
stock are in fields and their manure ends up being
spread thinly on the ground, aerobic decomposi-
tion usually predominates. However, with mod-
ern intensive livestock practices, where animals
are often housed or kept in confined spaces for at
least part of the year, manure concentrations will
be higher, and manure will often be stored in
tanks or lagoons where anaerobic conditions gen-
erally predominate and CH, will be evolved.
Animal wastes also contain N in the form of vari-
ous complex compounds. The microbial pro-
cesses of nitrification and denitrification of
animal waste form N,O. CH, and N,O are the two
major GHGs produced from livestock manure
which has direct impact on global warming.
Besides these GHG emissions, other emissions
from livestock manure management systems are
ammonia (NHy), nitric oxide (NO), and non-CH,
volatile organic compounds (NMVOC).

1.3.5 Significance of Metagenomics

Genetic and biological diversity of microorgan-
isms is an important area of scientific research.
Considering the importance of ruminants in live-
stock strategies, their ability to convert locally
available feedstuff to animal products should be
improved. Recent advances in the molecular biol-
ogy and genomics now offer new opportunities to
conduct a more holistic examination of the struc-
ture and function of rumen communities. To
understand the complex microbial community
function and how microbes interact within their
niches represents a major challenge for rumen
microbiologists today. Metagenomics has the
potential for providing insight into the functional
dimensions of the rumen genomic database and
will help to achieve a major goal of rumen micro-
biology, the complexities of microbial commu-
nity function and interaction among these
microbes. This particular chapter in this volume
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will address in detail the molecular methods of
culture-independent insight “metagenomics” and
their recent application to study the rumen eco-
system for enhancing the livestock productivity.

1.3.6 Scope of Livestock Carbon
Trading

IPCC undertook an initiative to tackle climate
change issue and established international cli-
mate policy treaty Kyoto Protocol in 2005. The
primary purpose of establishing KP is to frame
rules and regulations for instructing countries
with higher emission rate to curtail the reduction
to a tune of 5.2 % below their 1990 levels over
the commitment period 2008-2012. The cap set
under the KP on the amount of GHGs that an
Annex I country can produce is allocated (or auc-
tioned) to the carbon-emitting entities in the
country such as electric utilities, industrial units,
etc., that is, the committed country, in turn, set
quotas on the emissions of businesses. The quota
permits are freely tradable and can be bought and
sold in the form of carbon credits between busi-
nesses or in the international markets (Sirohi and
Michaelowa 2008). The livestock sector offers
huge scope for carbon trading. Based on the lat-
est livestock census (2007) and the emission fac-
tors of bovine animals used by United Nations
Framework Convention on Climate Change
(UNFCCCQC), the current level of CH, emissions
from bovine animals works out to be 8,832 Gg.
Adding the emissions from the ovines (at 5 kg./
annum from adult sheep and goat as per the IPCC
default emission factors), the total CH, budget
from enteric emissions is about 9,483 Gg at
present, clearly indicating a large potential for
carbon trading if the mitigation strategies can be
effectively put in place (Sirohi et al. 2007).

1.4  Methane Mitigation

Strategies in Livestock

Part IV of this volume covers CH, mitigation
strategies in detail. The primary focus of this part
would be to identify and discuss in detail the
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different strategies that are available to reduce
livestock-related GHG emission. Various strate-
gies such as manipulation of rumen microbial
ecosystem, plant secondary metabolites, ration
balancing, alternate hydrogen sinks, manure
management, and significance of modeling in
curtailing GHG emission will be covered in detail
in six chapters.

There are many strategies that could be con-
sidered for the purpose of reducing CH, emis-
sions from enteric fermentation in dairy farms.
Although the reduction in GHG emissions from
livestock industries is seen as a high priority,
strategies for reducing emissions should not
reduce the economic viability of enterprises if
they are to find industry acceptability (Hascic
et al. 2012). The reduction of enteric CH, emis-
sions from livestock by selection for more feed-
efficient animals based on their estimated
breeding value offers a novel way of reducing the
CH, production in livestock species without
compromising the growth rate. Improved knowl-
edge of quantitative nutrition provides powerful
tools to develop concepts to undertake a wide
range of problem-oriented research with the goal
of curtailing CH, production by livestock farms.
Many recommended on-farm practices, such as
genetic selection for production traits, feed test-
ing, and ration balancing, using CH, inhibitors
can reduce enteric CH, emissions and reduce
feed costs associated with higher animal produc-
tion. Several other CH, reduction strategies are at
various stages of investigation, such as the use of
feed additives, ionophores, defaunation, and vac-
cination. With an improved understanding of
how these mitigation strategies affect livestock
responses in a whole-system context, there are
grounds for optimism that in the medium term,
new effective strategies may become available to
supplement those presently available.

The metabolic pathways involved in hydrogen
production and utilization, as well as the metha-
nogenic community, are important factors that
should be considered when developing strategies
to control CH, emissions by ruminants. An inte-
grated approach that considers the rumen micro-
biota, the animal, and the diet seems the best
approach to find a long-term solution for reduc-

ing enteric CH, production by ruminants. It has
been reported that enteric CH, is the most impor-
tant GHG emitted (50-60 %) at the farm scale in
ruminant production systems (Ogino et al. 2007).
CH, represents also a significant energy loss to
the animal ranging from 2 to 12 % of gross energy
(GE) intake (Johnson and Johnson 1995). So,
decreasing the production of enteric CH, from
ruminants without altering animal production is
desirable both as a strategy to reduce global GHG
emissions and as a means of improving feed con-
version efficiency. Any given strategy has to
address one or more of the following goals: (1)
reduction of hydrogen production that should be
achieved without impairing feed digestion and (2)
stimulation of hydrogen utilization toward path-
ways producing alternative end products benefi-
cial for the animal and/or an inhibition of the
methanogenic archaea (numbers and/or activity).

Responding to the challenges of global warm-
ing necessitates a paradigm shift in the practice
of agriculture and in the role of livestock within
the farming system. Science and technology are
lacking in thematic issues, including those related
to climatic adaptation, dissemination of new
understandings in rangeland ecology, and a holis-
tic understanding of pastoral resource manage-
ment. There is a new need for further concerted
research on methane emission by livestock and
its mitigation. For instance, there are several new
and more advanced CH,; mitigation options,
including the addition of probiotics, acetogens,
bacteriocins, archaeal viruses, organic acids, and
plant extracts to the diet, as well as immuniza-
tion, and genetic selection of animals. Although
these new strategies are promising, more research
is needed for validation purposes and to assess
in vivo their effectiveness in reducing CH, pro-
duction in dairy animals. There is also a need to
improve the efficacy of current strategies both
economically for livestock production and
increasing their capacity to limit emissions.
Vaccine development against methanogens is
promising and calls for concerted research efforts
if this strategy is to become a reality. The devel-
opment of biomarkers to identify low CH, emis-
sion animals or low CH,-producing bacteria also
merits further investigation.
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1.4.1 Nutritional Interventions

Feeding management is one of the most impor-
tant strategies for CH, mitigation in ruminants.
Both the amount of digestible nutrients ingested
and the composition of the diet are among major
factors governing CH, production (Blaxter and
Clapperton 1965; Bhatta et al. 2008). Increasing
the level of concentrate in the diet leads to a
reduction in CH, emissions as a proportion of
energy intake or expressed by unit of animal
product (milk and meat). Increasing energy den-
sity also increases productivity, thereby also con-
tributing to decreased C per unit of product.
Replacing structural carbohydrates from forages
(cellulose, hemicellulose) in the diet with non-
structural carbohydrates (starch and sugars) con-
tained in most energy-rich concentrates is
associated with increases in feed intake, higher
rates of ruminal fermentation, and accelerated
feed turnover, which results in large modifica-
tions of rumen physiochemical conditions and
microbial populations. This results in a lower
CH, production because the relative proportion
of ruminal hydrogen sources declines, whereas
that of hydrogen sinks increases.

Dietary fat seems a promising nutritional
alternative to depress ruminal methanogenesis
without affecting other ruminal parameters. The
modes of action of lipids are multiple: a common
effect for all lipid sources is that unlike other feed
constituents such as forages and cereals, they are
not fermented in the rumen, and thus the decrease
in fermented organic matter leads to a decrease in
CH,. In addition, medium-chain FAs and polyun-
saturated FAs also contribute to CH, decrease
through a toxic effect on cellulolytic bacteria and
protozoa (Doreau and Ferlay 1995; Nagaraja
et al. 1997; Machmuller et al. 2003). These
microbial changes favor a shift of ruminal fer-
mentation toward propionate and thus to an
increase in hydrogen utilization by this process.
These multiple actions may impair digestion, if
the number and activity of primary microbial fer-
menters are affected or if the negative effect on
methanogens leads to an accumulation of hydro-
gen in the rumen. Methanogenesis tends to be
lower when forages are ensiled than when they
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are dried, and when they are finely ground or pel-
leted than when coarsely chopped (Beauchemin
et al. 2008).

1.4.2 Manipulation of Rumen
Microbial Ecosystem

Hydrogen is the key element to consider for
reducing CH, production (Joblin 1999). In the
rumen ecosystem, the ubiquitous protozoa are
large producers of this metabolic end product. In
addition, a physical association between proto-
zoal cells and methanogens exists in the rumen
ecosystem that favors hydrogen transfer (Rose
etal. 2014). The methanogens found both attached
and inside ciliate protozoal cells have been esti-
mated to contribute between 9 and 37 % of the
rumen methanogenesis (Finlay et al. 1994;
Newbold et al. 1995). Some lipids, saponins, tan-
nins, and ionophores are toxic to protozoa.
Ionophore antibiotics, such as monensin and lasa-
locid, are used to improve the efficiency of animal
production and are known to decrease CH, pro-
duction (Beauchemin et al. 2008). Their effect on
other microbes associated with propionate pro-
duction is the most likely mode of action.
Ionophores also affect protozoa; the reduction
and subsequent recovery in protozoal numbers
perfectly matched CH, abatement up to 30 % and
restoration to previous level in a cattle trial (Guan
et al. 2006). For tannin-containing plants, the
antimethanogenic activity has been attributed
mainly to the group of condensed tannins. Two
modes of action of tannins on methanogenesis
have been proposed: a direct effect on ruminal
methanogens and an indirect effect on hydrogen
production due to lower feed degradation
Tavendale et al. (2005). Saponins are glycosides
found in many plants that have a direct effect on
rumen microbes. Saponins decrease protein deg-
radation and at the same time favor microbial pro-
tein and biomass synthesis (Makkar and Becker
1996): the two processes result in reduced avail-
ability of hydrogen for CH, production (Dijkstra
et al. 2007). However, the mode of action of sapo-
nins seems to be mostly related to their antiproto-
zoal effect (Newbold and Rode 2006).
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1.4.3 Secondary Plant Metabolites

The chemical composition of plants reveals that
in addition to normal constituents like cellulose,
hemicellulose, soluble sugars, proteins, fats, etc.,
there are also present some unique molecules. As
these molecules are not synthesized as a result of
primary metabolism of the plants, such com-
pounds are known as plant secondary metabo-
lites, which are usually meant for providing
protection to the plants against predators, patho-
gens, invaders, etc. Several thousands of such
metabolites have been identified. Majority of
these compounds fall either in one of the category
of lignins, tannins, saponins, terpenoids/volatile
essential oils, alkaloids, etc. These plant second-
ary metabolites have antimicrobial activity, but
their mechanism of action and inhibition of
microbial growth is very specific, and therefore
these are active against a specific group of
microbes (Bhatta et al. 2012). This specificity of
these plant secondary metabolites against micro-
bial groups can be used for selective manipulation
of rumen fermentation. The methanogens which
are classified as archaea have a distinctly different
chemical composition of the cell walls from that
of the other true bacteria present in the rumen.
Therefore, there is a possibility that any one of the
plant secondary compounds might act as a selec-
tive inhibitor of methanogens and can be used as
a feed additive for the manipulation of rumen fer-
mentation (Bhatta et al. 2013a). The role of tan-
nins, saponins, and essential oils has been proved
in the inhibition of methanogens or the process of
methanogenesis in the rumen (Hess et al. 2004;
Agarwal et al. 2009; Bhatta et al. 2013b).

1.4.4 Ration Balancing Significance

A balanced ration is the amount of feed that will
supply the proper amount and proportions of
nutrients needed for an animal to perform a spe-
cific purpose such as growth, maintenance, lacta-
tion, or gestation. Ration balancing concept could
be employed for enteric methane reduction. FAO
(2012) signified the importance of ration balanc-
ing on enteric methane reduction in ruminants.

Kannan and Garg (2009), apart from recording
significant enteric methane reduction, also docu-
mented remarkable progress in animal perfor-
mance utilizing a program to feed balanced
rations to lactating cows (n=>540) and buffaloes
(n=1,131) in India. Evaluation of the nutritional
status of animals showed that for 71 % of the ani-
mals, protein and energy intakes were higher, and
for 65 %, Ca and P intakes were lower than the
requirements. Balancing the rations significantly
improved milk yield by 2—-14 % and milk fat by
0.2-15 %. Feed conversion efficiency, milk N
efficiency, and net daily income of farmers also
increased as a result of the ration balancing.
Thus, it is of paramount importance that science-
based feeding systems and feed analysis are
gradually introduced into developing countries
with subsistence animal agriculture. This will not
only have a measurable economic benefit for the
farmer but will also help maximize production
and feed utilization and consequently reduce
GHG livestock emissions.

1.4.5 Alternate Hydrogen Sinks

Rumen fermentation results in the production of
excess hydrogen, which needs to be removed
from the rumen for the fermentation process and
microbial growth to continue efficiently (Immig
1996). Several strategies for utilizing hydrogen in
the rumen as alternatives to methanogenesis have
been identified. Two approaches which could be
promoted as alternative hydrogen sinks to metha-
nogenesis are reductive acetogenesis and
increased synthesis of propionate and butyrate
through the provision of intermediates such as
malate, fumarate, and crotonate. If we are to
employ these strategies successfully, we need a
more complete understanding of the physiology
and ecology of the microorganisms underpinning
these metabolic pathways. When methane reduc-
tion is attempted, it is therefore necessary to con-
sider  alternative  hydrogen  sinks to
methanogenesis. The primary pathway for hydro-
gen utilization is through increased propionogen-
esis by addition of substrates (fumarate and
malate) to the diet that support propionate
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production (Mitsumori and Sun 2008). In
addition, propionate production can be increased
by introducing bacteria expressing reductive ace-
togenesis into the rumen (Molano et al. 2008).
Other reactions such as nitrate and nitrite reduc-
tion, reductive acetogenesis, and biohydrogena-
tion of unsaturated fatty acid play a relatively
minor role in hydrogen consumption within the
rumen (Kobayashi 2010). The inhibition of meth-
ane production by nitrate is most likely attribut-
able to the energetically more favorable use of
hydrogen in the reduction of nitrate to ammonia.
Sulfate reduction to hydrogen sulfide also con-
sumes eight electrons and thus offers the same
potential per mole to reduce methane emissions
as nitrate (Ungerfeld and Kohn 2006).

1.4.6 Strategies to Reduce GHG
Emission from Livestock
Manure

There are two potential strategies for GHG reduc-
tion from animal manure. The first strategy is to
capture the CH, and use it for energy, and the sec-
ond strategy to reduce GHG emissions from ani-
mal manure is to eliminate the methane emissions
by changing manure management. Composting
animal manure has the potential to reduce emis-
sions of N,O and CH, from agriculture. Some of
the common practices followed for reducing
GHG from livestock manure are manure cooling,
altering manure pH, compaction, frequent
spreading, anaerobic digestion, covering manure
storage, CH, use for energy, and manure aeration.
The composition of livestock diets can also affect
the amount and ratios of nitrogenous components
excreted in manure (Paul et al. 1998), providing
another route by which livestock feed can influ-
ence GHG emissions. Misselbrook et al. (2005)
looked at the potential of increasing the tannin
level in diets to decrease the rate of release of
N,O, but the net benefit is likely to depend on the
composition of the manure and the ambient con-
ditions. The mitigation potential and financial
viability of these potentially significant manage-
ment opportunities require further research
before widespread implementation.
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1.4.7 Modeling of GHG
in Livestock Farm

In the wake of the current global climate crisis, it
has become increasingly clear that there is an
urgent need to not only better understand the
magnitude of the livestock sector’s overall
contribution to GHG emissions but also to iden-
tify effective approaches to reduce emissions.
Enteric fermentation, manure management, and
farmland activities are the major sources of
GHGs from farms. Since on-site measurement of
GHG emissions from livestock production facili-
ties requires complex and often expensive equip-
ment, estimates of emissions from individual
farms or from different farming systems may
need to be made by means of prediction equa-
tions. Models of rumen function aim at an
improved prediction of fermentation in the rumen
for practical purposes, e.g., microbial representa-
tions in protein evaluation systems, or at an
improved understanding and integration for
research purposes. Such quantitative approaches
may be broadly classified into empirical and
mechanistic models. Broadly, there are two types
of models present, viz., empirical/statistical and
mechanistic/dynamic model. At present, among
two models, mostly mechanistic models are used
to estimate CH, emissions from enteric fermenta-
tion at a national and global level. Empirical
models use experimental data to quantify rela-
tionships directly. In contrast, mechanistic mod-
els are constructed by examining the structure of
a system and analyzing the behavior of the sys-
tem in terms of its individual components and
their interactions. The low prediction accuracy of
empirical CH, prediction models in whole farm
models may introduce substantial error into
inventories of GHG emissions and lead to incor-
rect mitigation recommendations. Therefore, the
impact of mitigation strategies to reduce CH,
emissions has to be assessed holistically, and
empirical models lack the biological basis for
such an assessment. Various mechanistic models
have been developed that account for the most
important features of ruminal digestion and
microbial metabolism (Ellis et al. 2007; Chianese
et al. 2009).
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Mechanistic models are important tools for
assessing mitigation options and for directing
experimental research toward options most likely
to result in significant reduction of CH, emis-
sions from enteric fermentation. Some models
have been developed specifically to predict GHG
emissions from animals, and others have either
been modified or adapted to estimate GHG emis-
sion from the entire farm (Sejian et al. 2011c).
Computer simulation provides a cost-effective
and an efficient method of estimating GHG emis-
sions from dairy farms, and data inputs from
management scenarios may affect generated
GHG emission results. The integrated farm sys-
tem model (IFSM) has been used effectively in
dairy farms to predict the whole farm GHG emis-
sions (Rotz et al. 2009). IFSM predicts the effect
of management scenarios on farm performance,
profitability, and environmental pollution. Future
developments in the area of modeling must
accompany any improved understating of the
underlying rumen biology. Furthermore, the need
to develop simpler and more accurate models
compatible with current trends in computer tech-
nology cannot be overemphasized.

1.5 Amelioration Strategies
to Improve Livestock
Production Under Changing

Climate

Part V of this volume elaborates on ameliorative
strategies that should be given due consideration
to prevent economic losses incurred due to climate
change on livestock productivity. This part com-
prises of five chapters covering in detail different
adaptation, mitigation, and amelioration strate-
gies. Efforts are made in this chapter to propose
suitable shelter design for different livestock under
the changing climate scenario. Special emphasis
would be given to highlight those strategies that
are essential to improve production and reproduc-
tion in livestock from climate change perspectives.
Emphasis has also been given to identify different
strategies pertaining to improving livestock
genetic resources to target developing different
livestock breeds of high thermotolerance.

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 (Dunshea et al. 2013).
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, manipu-
lation of diet energy density and intake may also
be beneficial for livestock challenged by environ-
mental conditions. Additionally, socioeconomi-
cal status, technological tools, and financial
infrastructure have instrumental roles in modify-
ing environment stress. The ameliorative mea-
sures, to be incorporated, are therefore driven by
socioeconomical and environmental factors
(Dhakal et al. 2013).

1.5.1 Ideal Shelter Design

for Different Livestock

While new knowledge about animal responses to
the environment continues to be developed, man-
aging animal to reduce the impact of climate
remains a challenge. Changing animal housing to
reduce the magnitude of heat stress offers the
most immediate and cost-effective approach. The
main climatic factors from which protection is
needed are high and low ambient temperatures,
environmental humidity, solar radiation, wind,
and rain. The basic requirement of good animal
housing is that it should alter or modify the envi-
ronment for the benefit of animals and also pro-
tect them from predation and theft. Animal
housing should buffer the animal from climate
extremes to reduce stress allowing optimal ani-
mal performance in terms of growth, health, and
reproduction.

There are various housing and floor designs
that can be used depending on the production
system employed and local climate. Cost of con-
struction, ease of cleaning, proper ventilation and
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drainage, and adequate lighting are important
aspects to be considered in designing a house.
For construction of farm buildings, selection of
site is most important. Proper housing is condu-
cive to good health, comfort, and protection from
inclement weather and would enable the animals
to utilize their genetic ability and feed for optimal
production. Animal housing in tropical and semi-
tropical regions should be kept to a minimum
except for intensive production systems. In the
arid tropics, no protection other than natural
shade may be required. In humid climates, a sim-
ple thatched shelter will provide shade and pro-
tection from excessive rain. Adequate ventilation
within the housing system is essential in main-
taining animal health.

1.5.2 Strategies to Improve
Livestock Reproduction

Under the climate change scenario, elevated
temperature and relative humidity will definitely
impose heat stress on all the species of livestock
and will adversely affect their production and
reproduction specially dairy cattle. Fortunately,
proven strategies exist to mitigate some effects of
heat stress on animal reproduction. These include
housing animals in facilities that minimize heat
stress, use of timed artificial insemination (AI)
protocols to overcome poor estrus detection, and
implementation of embryo transfer programs to
bypass damage to the oocyte and early embryo
caused by heat stress. There are also several
promising avenues of research that may yield
new approaches for enhancing reproduction dur-
ing heat stress. These include administration of
antioxidants and manipulation of the bovine
somatotropin  insulin-like  growth factor-1
(bST-IGF-1) axis. Opportunities also exist for
manipulating animal genetics to develop an
animal that is more resistant to heat stress. Genes
in animals exist for regulation of body tempera-
ture and for cellular resistance to elevated
temperature, and identification and incorporation
of these genes into heat-sensitive breeds in a
manner that does not reduce production and
reproduction would represent an important
achievement.
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1.5.3 Nutritional Interventions
to Sustain Livestock
Production

During hot dry summer, there is a decrease in
dietary feed intake which is responsible for the
reduced productivity. In this situation, the effi-
cient practical approaches like frequent feeding,
improved forage quality, use of palatable feeds,
good nutrition balance, and greater nutrient den-
sity are required (Sejian et al. 2012b). Feeding
more concentrate at the expense of fibrous ingre-
dients increases ration energy density and reduces
heat increment. Increased feeding of concentrates
is a common practice during conditions condu-
cive to heat stress, but maximal benefit from con-
centrates appears to be approximately 60-65 %
of the diet. Feeding high-quality forages and bal-
anced rations will decrease some of the effects of
heat stress. Feeding a high-quality bypass fat pro-
vides an energy-dense diet at a time when cows
are consuming little feed. The use of fat in diets
could also lower the heat load because of high
energy density and lower metabolic heat when
compared with other ingredients such as fiber
and carbohydrate. Nutritional tools such as anti-
oxidant feeding (Vit-A, selenium, zinc, etc.) and
ruminant-specific live yeast can help (Sejian
et al. 2014a). Studies have shown that addition of
antioxidant in diets of cows is able to reduce
stress and is a good strategy to prevent mastitis,
optimize feed intake, and reduce the negative
impact of heat stress on milk production and
quality. Moreover, the use of antioxidants such as
Vit-E, Vit-A, selenium, and selenium-enriched
yeast helps reduce the impact of heat stress on the
oxidant balance, resulting in improved milk qual-
ity and cow health.

1.5.4 Strategies to Improve
Livestock Genetic Resources

There are clear genetic differences in resistance to
heat stress, with tropically adapted breeds experi-
encing lower body temperatures during heat stress
than nonadapted breeds. Even in nonadapted
breeds, it is probably possible to perform genetic
selection for resistance to heat stress since the
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heritability estimate for rectal temperature in
cattle is high (0.25-0.65). There are also specific
genes that could be selected which confer
increased thermoregulatory ability, including
those for coat color and the slick gene identified in
Senepol cattle that causes short hair length. It may
be possible to identify genes that control cellular
resistance to elevated temperature (Collier et al.
2008). The superior fertility of tropically adapted
breeds during heat stress is a function in large part
of the enhanced ability of animals from these
breeds to regulate body temperature in response to
heat stress. Identification of the genes responsible
for enhanced cellular resistance to heat shock may
allow these genes to be transferred into thermally
sensitive breeds through conventional or trans-
genic breeding techniques to produce an animal
whose oocytes and embryos have increased resis-
tance to elevated temperature (Collier et al. 2008).

1.6 Climate Change
and Livestock Production:
Research and Development

Priorities

Part VI is the last part of this volume which sum-
marizes the opinion of different contributors.
This part also signifies the importance of plan-
ning that is needed to develop strategies that will
help to sustain livestock production under the
changing climate scenario keeping in view the
adverse impact of climate change by 2025. The
primary focus of the part would be on the pro-
jected climate change impact on livestock pro-
duction by 2025, and the ways that agricultural
systems and the people that manage and govern
them need to change in the next 10 years in order
to achieve food security through livestock sector.
The focal point of discussion in this part would
be to signify the importance of minimizing cli-
matic change on animal husbandry. While
attempts to reduce the GHG emissions are an
important response to the threat of climate
change, adaptation to climate change in addition
to mitigation will also form a necessary part of
the response. The chapter on vision 2025 attempts
to project strategies to sustain livestock produc-
tion under the changing climate scenario. The

chapter will highlight the significance of
improving the adaptive and resilience capacity of
livestock to climate change apart from discussing
different approaches for curtailing methane emis-
sion from ruminant livestock. This chapter also
highlights the several institutional measures that
need to be taken to support the adaptation process
and also focuses on the technological interven-
tions that are needed to meet the climate change
challenge. Efforts are being made in this chapter
to signify the importance of developing breeds
with high thermotolerance and the challenges
associated while formulating such breeding pro-
grams under changing climate scenario.
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Abstract

This chapter is divided into two parts. The first part covers three major
topics: (1) greenhouse gas emission sources at the organisation level, (2)
what GHG inventory is and its importance and (3) principles governing
GHG accounting and carbon stock accounting. The second part will pro-
vide researchers with necessary information on technical issues relating to
the significance of trees that we grow in our farms and any forest that
exists. People in the world over don’t realise the importance of forests and
therefore focus a lot on using timber, logs and wood fuel. The chapter
takes through stages to quickly understand the gravity of science by apply-
ing mathematics. The reason is to quantify the carbon stocks that are
sequestered over time. The basis will be understanding accounting and
environmental science and their relationship with climate change. This
provides the best solution to combat climate change.

Keywords
Carbon sequestration * Climate change * GHGs accounting and global
warming

2.1 Introduction to Climate

Change

Human activities are the major factors influenc-
ing the atmospheric changes since the beginning
of industrial era. Climate change refers to long-
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term temperature fluctuations, wind, precipita-
tion and other parameters. Natural processes like
solar-irradiance variations and volcanic activities
can produce variation in climate. Changes in the
concentration of various gases in the atmosphere
affect the earth’s absorption of radiation. The
outgoing terrestrial radiation emitted to the atmo-
sphere is averagely balanced. Greenhouse gases
(GHGs) absorb infrared radiation as it is reflected
from the earth’s surface acting like a blanket and
keep the earth warm. Human activities are the
major catalysts for changing and destabilisation
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of the earth’s natural systems as a result of GHGs
emission. The concentrations of GHGs grew rap-
idly in the past two and a half centuries particu-
larly due to the increasing usage of fossil fuels
like oil, natural gas and coal as energy source.

2.2  Greenhouse Gases

The major greenhouse gases are carbon dioxide
(CO,), methane (CH,), nitrous oxide (NO,),
hydrofluorocarbons (HFCs), perfluorocarbons
(PFCs) and sulphur hexafluoride (SFs). The
greenhouse effects are primarily the function of
the concentration of water vapour. Carbon
dioxide and other trace gases in the atmosphere
absorb the terrestrial radiation leaving the surface
of the earth (IPCC 1997), thereby holding every-
thing else constant. Increase in the greenhouse
gas concentrations in the atmosphere will pro-
duce a net increase in the absorption of energy in
the form of heat. We have unequivocal empirical
evidence that human activities have affected con-
centrations, distribution and life cycles of these
gases (IPCC 1997). Overall, the most abundant
and dominant greenhouse gas in the atmosphere
is water vapour. Water vapour is neither long
lived nor well mixed in the atmosphere, varying
spatially from 0 to 2 % (IPCC 1997). Human
activities are not believed to directly affect the
average global concentration of water vapour, but
the global warming by the increased concentra-
tion of other greenhouse gases may indirectly
change the hydrologic cycle.

Global Greenhouse Gas
Emission

2.2.1

GHG emission sources are classified in relation
to boundaries stating whether direct (Scope 1),
indirect (Scope 2) and other indirect (Scope 3),
commonly referred to as fugitive emissions. This
chapter will enable you to learn basically how to
identify, calculate, account and report GHG
emission. Climate change is an environmental,
economic and social issue affecting all sectors of
the economy including agriculture, transport and
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public works, energy, tourism, health and water
resources. Human activities contribute to global
warming and the climate change. GHG account-
ing which is the major focus of this chapter
enables us to track down accurately the GHG
types and take steps to manage it. You can’t con-
trol that you can’t measure, the saying goes. This
principle works well in the GHG accounting
concept.

2.2.2 Climate Change
and Accounting

GHG accounting offers better solutions to cli-
mate change problem. In understanding GHG
accounting, there are five principles that govern
climate change accounting work. These are the
principle of transparency, the principle of rele-
vance, the principle of completeness, the
principle of consistency and finally the principle
of accuracy. There are similar principles laid
down by the financial experts to provide road
maps for financial accountants to speak the same
language and reporting format. Based on the
same concept, climate change experts have
developed GHG accounting which is accepted
internationally.

2.2.3 Where Do We Start
from in Tackling Climate
Change Causes?

The starting point of tracking down GHG emis-
sions is by developing GHG inventory. Even
financial managers have developed various
inventories for decision making. The GHG inven-
tory enables one to identify GHG emission reduc-
tion opportunities. Companies, institutions and
governments can only control emissions through
these inventories. Through inventories, one will
know the emission sources and types of emis-
sion, and with an acceptable quantification meth-
odology, you can arrive at what you want. This
chapter guides you to deal with climate change
and also make decisions for improved profit for
shareholders in an investment.
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2.2.4 Boundary Conditions

To be able to track down emissions, drawing
boundary conditions is the way forward.
Boundaries are imaginary lines. The creation of
boundaries will help us in addressing climate
change but with specific focus to organisations.
There are two types of boundary conditions:

2.2.4.1 Organisational Boundary
Conditions

This defines the breadth of the GHG inventory. It
enables the organisation to know where it can
assume responsibility for its GHG emission.
Organisation’s boundary can either be defined by
the amount of equity an organisation has in an
operation (equity approach) or be based on the
organisation  operational  control  (control
approach). Selection of the type of organisational
boundary must be one that best accurately reflects
the activities of the organisation on a day-to-day
business practice. Companies may choose their
organisational boundaries of the GHG inventory
according to “control approach”. Consistent with
the approach, the organisation is responsible to
account for GHG emission from its location for
which it has direct control on operations. This
can extend to locations leased by the organisation
or company.

2.2.4.2 Operational Boundary
Conditions

This operational boundary provides the depth to
company’s inventory by identifying which emis-
sion sources are to be accounted for within the
organisational boundaries. This work is done in
line with the GHG Protocol. The GHG Protocol
outlines three emission sources referred to as
Scopes. The three Scopes are Scope 1 (direct
emissions), Scope 2 (indirect emission) and
Scope 3 (other indirect emissions). Scope 1 is
emissions that occur directly on sites and mobile
emission sources owned by the company. Scope
2 refers to indirect emissions that occur off-site to
produce electricity or steam purchased for use at
the company site or location. Scope 3 refers to
fugitive emission from activities down- or
upstream from a companies’ core business as

product use, commuting, waste disposal and
business travel. Scopes 1 and 2 are mandatorily
to be reported by the organisation or companies,
while Scope 3 emission is optional. However, it is
very important for organisations to track down
Scope 3 for a complete understanding of their
emission level for decision making. Scope 3 has
been found to contribute significantly to emis-
sions to the atmosphere. For easy learning, Scope
1 emissions include all on-site fuel combustion
and all mobile fuel combustion, from all leased
and owned vehicles and refrigerants. Scopes 2
are emissions identified as those from purchased
electricity and steam at some facilities. Scope 3
emission sources include air travel but are only
included if found to contribute significant portion
of the companies’ GHG emissions and is cost
effective in quantifying.

2.2.5 Understanding Emission
Quantification

It is important to know from the outset that
quantification of GHG emission is technical and
very scientific in nature. This task calls for
quality data (QD), sufficient enough to be used;
therefore, correction of data is a must. It must be
emphasised that data collection process is very
critical as quality data gives better analytical
results. The GHG inventory benefits are many
including providing GHG emission sources
contained within the defined boundaries.
Quantification methodologies are based on
guidance from the GHG Protocol with emission
factors taken from international organisations
and government. Such important sources
include the US Environmental Protection
Agency (EPA), the Intergovernmental Panel on
Climate Change (IPCC) and the World
Resources Institute (WRI).

2.2.6 Quantification Enablers

It is possible to directly measure emissions from
some sources, but in most cases, you can estimate
emissions based on activity data and emission
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factors. The following equation is generally used
for quantification of emissions:

Y*X=K

where Y is an activity data, X is emission factor
and K is emission. Activity data quantifies an
activity. Activity may be represented in units that
can help to calculate litres or gallons of heating
oil, litres of jet fuel, miles travelled, etc. Emission
factor changes activity to emission values.
Emission factors are published locally, interna-
tionally and even regionally. Emission factors are
on specific units like pounds of CO, per kWh of
electricity.

2.2.7 How to Find Activity Data

Direct activity data are from fuel combustion
sources owned by a company or institution. In this
case, data source is purchased fuel records or
invoices. More details can be found in GHG
Protocol Calculation Tools. Indirect activity data
are purchased electricity and can be had from the
electricity bill units. However, collecting data for
indirect emission can be challenging. The best
advice that we can give in that situation is that con-
sider consulting third party for information or one
can use the estimates. Electricity data is a bit
straight to obtain. The approach to collect emission
information on electricity more or less is the same
as the one applied by financial accountants when
apportioning electricity consumption bills in shared
property offices. For example, (area occupied by
your office) * (total building electricity used)/(total
building area) = estimated electricity used by your
office space. This approach enables organisations
sharing office space to distribute their emission
accurately and profile their emissions.

2.2.8 How to Collect Emission
Factors (EF)

It is important to know emission factors used to
quantify activity data. These are typically pub-
lished by government-owned agencies and are
regularly updated. One must remember to do
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some research to use the updated records.
Researchers must refer to emission factor sources
which can be found in the GHG Protocol
Calculation Tools (Ranganathan et al. 2004) and
other upcoming credible sources like Otcarborn
Solution Systems which is under development
and expected soon to be in the market. Therefore,
with the availability of activity data and emission
factors, calculation of emission is found to be
simple by the application of methods or
formulae.

2.2.9 HowImportantlIs Data
and Collection Procedure

in This Work?

This chapter helps the researchers to have a clear
insight and understanding of climate change to
take appropriate ameliorative measures. Data
quality is very critical for better results. The pro-
cess of collecting data for the quantification of
GHG emissions is equally critical. A well-
established data collection process can improve
the quality of data collected and such data will be
more efficient. Further, the quality of data col-
lected depends on (1) which data to be collected,
(2) sources of data, (3) who collects the data, (4)
how do we maintain information or data and (5)
quality of staff handling the job. The sources of
data vary as information is collected from differ-
ent places or locations depending on its rele-
vance. Maintaining data quality is important, and
this can best be achieved through elaborate inter-
nal systems. Like all systems in large organisa-
tions, processing of information takes several
stages before the approval stage. This will check
and eliminate some common mistakes when
entering data for processing. Large organisation
may develop complex systems, even web-based
systems to check on their collection of data and
quantifications for accurate results.

2.2.10 Tracking GHG Emissions

At the organisation or company level, companies
undergo tremendous changes. Such changes
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include acquisitions, mergers and divestments.
These changes can significantly alter the compa-
nies’ historical emission profile making compari-
son of emission difficult over a period of time.
Therefore, in order to make comparisons of fig-
ures possible and relevant, recalculation of his-
toric emission data should be done. Climate
change is a result of GHG emission from various
sources, and hence, there is a need to track down
GHG emissions from companies too. Reasons for
companies to track down emission include estab-
lishing GHG targets, controlling or managing
risks and opportunities, public reporting and also
addressing the needs of investors and stakehold-
ers. Effective GHG monitoring therefore calls for
companies to keep records for comparisons, sim-
ilar to the way in which financial records are
kept. The best point to be identified in the process
is to find a base year. The base year helps to com-
pare the changes. Companies choose a base year
when data is available, and they must explain
why they choose that particular year.

2.2.11 What Are the Steps
for Identifying
and Calculating GHG
Emissions?

Once inventory boundaries are established, com-
panies calculate emission using the following
strategies: (1) identify greenhouse gas emission
sources; (2) select a greenhouse gas emission cal-
culation approach; (3) collect activity data and
choose emission factors to be used; (4) apply cal-
culation tools; and (5) roll up greenhouse gas
emissions data to corporate level.

Overview on Carbon
Sequestration and Climate
Change

2.3

Carbon sequestration refers to the uptake of CO,
and storage of carbon in biological sink. During
photosynthesis, plants take in carbon as CO,
from the atmosphere and store it in their tissues.
Until this carbon is cycled back into the atmo-

sphere, it resides in any of the carbon pools.
Pools include above-ground biomass, e.g. in a
forest, farmland and other terrestrial environ-
ments; below-ground biomass, e.g. roots; and
biomass-based products, e.g. wood products dur-
ing use and even in landfills. Carbon can remain
in some of these pools for a very long time. If
carbon stocks stored in these pools increase, it
translates to a net removal of carbon from the
atmosphere and, in reverse case, a net addition of
carbon to the atmosphere, leading to global
warming.

2.3.1 Accounting for Forest Carbon

Stocks (AFCS)

Investors of forests or companies investing in for-
ests need to know how well the forests have per-
formed in withdrawing CO, from the atmosphere.
They will get to know this by doing calculations
to lay claim for compensation. However, national
government inventories are important and recog-
nise measures of tracking carbon stocks. That is
the reason as to why inventories for GHG emis-
sions are prepared. It is recognised that changes
in stocks of sequestered carbon and the associ-
ated exchanges of carbon with atmosphere are
the subject of GHG inventories. There are also
companies in biomass-based industries such as
forest product industries. The most significant
aspect of a company’s role in the atmospheric
CO, level is the result of impacts on sequestered
carbon in their operations as well as their value
chain. Those companies, who care, have to track
their GHG emission footprint (GHGF).
Companies who collect their data on GHGF find
it useful for decision making and for educating
their shareholders and other stakeholders. The
information helps the companies to identify
reduction opportunities and potentially increase
their profitability as well as profiles. Researchers
need to know that for accounting of sequestered
carbon, consensus methodology is not yet devel-
oped. However, the critical aspects that need to
be addressed when evaluating biologically
sequestered carbon under a GHG inventory must
include tracking removal over time, setting
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operational boundaries, setting organisational
boundaries, identifying and calculating GHG
removals and reporting GHG removals.

2.3.2 Organisational Boundaries
for Sequestered Carbon

The organisational boundaries include two steps:
(1) consider applying equity share approach or
the control approach to emissions directly or
removal associated with sequestered atmospheric
carbon; and (2) interrogate ownership of seques-
tered carbon under contractual arrangements or
obligation that commonly touches on land man-
agement, harvesting rights and wood ownership.

2.3.3 Operational Boundaries

The operational boundary emphasises on the
need to provide for value chain description to
bring important areas to the notice of policy and
decision makers in the organisation or govern-
ments. This will include pools in the analysis and
the reasons for the selection of the pool.

2.3.4 Tracking Sequestered Carbon
Over Time

The question to be addressed in this includes land
acquisition, adjustments and recalculation of
base year and also divesture, land use changes
and land-related activities. The inventory data on
carbon sequestered may need to be averaged over
years to accommodate year to year changes
(IPCC 2000).

2.3.5 Calculation: Sequestered
Carbon

In other cases, quantification methods for national
inventories (IPCC methodologies) or project level
accounting may be used for corporate level quan-
tification. There are no widely accepted calcula-
tion tools for sequestered carbon (IPCC 2003).
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2.3.6 Reporting Sequestered
Carbon

There is no consensus yet on reporting methods,
but information is best reported in the “Optional
Information™ part of the report. To conclude,
sequestered carbon, biofuel emissions and GHG
offsets are well handled by special GHG account-
ing and reporting rules. Carbon sequestered
should be reported under Optional Information,
while biofuels should be reported as a Memo
Item, separate from the scope (GHG Protocol
Initiative 2006).

2.3.7 Enhancing Better
Understanding on GHG
Accounting for Forestry
Inventory

These are some of the very technical parts of track-
ing causes which are very critical for controlling
global warming and the climate change. To under-
stand these subjects well, researchers must know
what “a sink” is. A sink is defined as any process
or activity that removes a greenhouse gas, an aero-
sol or a precursor of a greenhouse gas from the
atmosphere. With this understanding, one is better
equipped to run and discover many steps that fol-
low. Learners need to know also about emission
sources. What is “emission source”? This can be
defined as any process or activity that releases a
greenhouse gas, an aerosol or precursor of a green-
house into the atmosphere. Emission is also
defined as the release of greenhouse gases and/or
their precursors into the atmosphere over a speci-
fied area and period of time. Sometimes, one could
ask whether all forests are carbon sinks. All forests
are not necessarily carbon sinks. The net balance
of emissions and removals determines if a forest is
a source or sink. Carbon in the form of CO, is both
removed and emitted in forests. This is a very
important point to note.

Forests are sinks because they remove CO,
from the atmosphere through photosynthesis.
When removals are greater than emissions which
occur from combustion, harvesting and respira-
tion, then the forest is a net sink. The reason that
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forests can be a source of CO, is relevant to the
net balance of CO, emission removals in a forest,
but it is not the process that makes forests
uniquely able to be net sink of CO,. Carbon is
stored in forest carbon pools, e.g. living biomass,
dead organic matter, wood products and soils. As
a basic rule, organisations who prepare a forest
GHG inventory either own land or manage for-
estland. The organisational boundaries of forest
greenhouse gas inventory should include forest-
land. However, some but not all organisation pre-
paring a forest GHG inventory would also harvest
wood from these forests, actively plant forests on
land that was previously non-forest or own or
control wood-processing facilities.

A forest GHG inventory will by all standards
include forests within the operational boundaries
of the organisation, and the objectives of such an
inventory would be to determine whether and by
how much the forest is a net source or sink of
CO,. This is done by estimating the yearly net
flux of CO, in forests. Net forest carbon emis-
sions or removals in a given year are determined
by estimating annual carbon flux or the change in
carbon stocks from 1 year to the next. If a forest
is a net source or sink in a given year, you com-
pare carbon stocks from the most recent year’s
data with that of previous year’s.

2.3.8 Recalculating Base Year Forest
Carbon Stocks

Recalculating base year can be done after selling
or acquiring a new forestland. If the amount of
land included in the organisational boundaries
changes, then this is a structural change in an
organisation that impacts base year carbon
stocks. To ensure you are comparing “like with
like” when you assess cumulative changes in car-
bon stocks over a time within your organisation,
you need to recalculate a base year to include car-
bon stocks from a newly acquired land. If you
harvest some portion of your forests or you con-
vert some of your forests to another land use,
those changes can only impact carbon stocks on
currently owned land but do not change the struc-
ture of an organisation. The principle of conser-

vativeness is emphasised when estimating CO,
emissions in a forest. The most conservative
option for estimating net CO, flux in harvested
wood product (HWP) after a forest stand is har-
vested is that you ensure that eventually all the
carbon stored in harvested wood products will be
emitted back to the atmosphere and record these
emissions as occurring in the year the wood is
harvested. This means underestimations of
removals.

Here is the question researchers need to
answer to increase their understanding. Do we
need to consider CH, and NO, emission in forest
GHG inventory preparations? Methane and NO,
emissions occur from biomass combustion and
NO, emissions can occur from nitrogen addi-
tions. These emission sources are typically small
when compared to CO, emissions and removals
in forest carbon pools. Forest GHG inventory
guidelines do not explicitly demand or provide
specific calculation methods for their estimation.
That notwithstanding, these gases have a rela-
tively greater impact on global warming per unit
mass of gas emitted over a given time frame than
CO,, and basic methods including default emis-
sion factors for estimating emission from these
sources are available in the [PCC guidelines. It is
highly recommended therefore to calculate GHG
emissions from these sources to ensure the forest
GHG inventory is complete.

2.3.9 GHG Accounting
and Reporting Principles

Like financial accounting, GHG accounting prin-
ciples are intended to underpin and guide GHG
accounting to ensure that the reported informa-
tion represents a faithful, true and fair account of
a company’s GHG emissions. The principles
listed below are derived in part from generally
accepted financial accounting and reporting prin-
ciples. They also reflect the outcome of a collab-
orative process involving stakeholders from a
wide range of technical, environmental and
accounting disciplines. Therefore, the following
five principles for accounting and reporting for
GHG are used:
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2.3.9.1 Relevance

This ensures that the GHG inventory appropri-
ately reflects the GHG emissions of the company
and serves the decision-making needs of users,
both internal and external, to the company.

2.3.9.2 Completeness

This demands that you account for and report all
GHG emission sources and activities within the
chosen inventory boundary. This also ensures
disclosing and justifying any specific exclusion.

2.3.9.3 Consistency

This demands that you use a consistent method-
ology to allow meaningful comparisons of emis-
sions over time. This also ensures transparency in
documenting any changes to the data, inventory,
methods or any other relevant factors in the time
series.

2.3.9.4 Transparency

Address all relevant issues in a factual and coher-
ent manner based on a clear audit trail. Disclose
any relevant assumptions and make appropriate
references to the accounting and calculation
methodologies and data sources used.

2.3.9.5 Accuracy

Ensure that the quantification of GHG emission
is systematic. The actual emissions are judged
without bias and the uncertainties are reduced as
far as practicable. Achieve sufficient accuracy to
enable users to make decision with reasonable
assurance as to the integrity of the reported
information.

These principles are meant to address all mat-
ters of GHG accounting and reporting. Their
application will ensure the GHG inventory condi-
tion of the company’s GHG emissions.

For example, Nyandakwoga is the largest car
maker in Kenya. While preparing its GHG inven-
tory position, Nyandakwoga discovered that the
structure of its GHG emission sources had under-
gone reasonable changes in 5 years. Emission
from its production process, which initially was
considered unnecessary at the entity level in
1998, today constitutes 30 % of its aggregated

S.M. Otenyo

GHG emissions at the operation. The growing
emission sources recently started operations for
carrying out testing of equipments. This is an
example that suggests that reassessing of opera-
tion sites from time to time is necessary to have a
complete GHG inventory. This example is meant
to teach learners of this chapter on the need to
track down and account for emissions from
organisation levels. The emission sources indeed
contribute GHG to the atmosphere that finally
causes climate to change.

2.3.10 Does the Company or
Organisation Benefit
from GHG Inventory Profiles?

This is a very important question. How do
companies gain? The answer to the question is
that organisations who undertake GHG invento-
ries understand better the kind of decisions to
make better planning. The understanding of
your company’s emission sources makes great
business sense. This point is well brought out
through the GHG Protocol Corporate Standard
that has been designed as comprehensive GHG
accounting and provides the information for
business goals.

2.3.11 Business Objectives
of Developing GHG
Inventories

We do forget our activities around us that cause
GHG emissions. The reason to put forth this
chapter so much under scrutiny is to be able to
understand the climate change causes in a com-
pressive manner and bring all GHG emission
sources into account. Therefore, the business
objectives of developing GHG inventories are (a)
helping in setting GHG reduction targets, (b)
helping in taking part in GHG markets, (c) help-
ing in voluntary GHG programme participation,
(d) certifying GHG, (e) identifying GHG
reduction opportunities, (f) helping to define
cost-effective reduction opportunities, etc.
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Abstract

Agriculture sector is a potential contributor to the total green house gas
(GHG) emission with a share of about 24 % (IPCC, AR5 to be released) of
the total anthropogenic emission, and a growing global population means
that agricultural production will remain high if food demands are to be
met. At the same time, there is a huge carbon sink potential in this sector
including land use, land-use change, and forestry sector. For over four
decades, evidence has been growing that the accumulation of GHGs in the
upper atmosphere is leading to changes in climate, particularly increases
in temperature. Average global surface temperature increased by
0.6+0.2 °C over the twentieth century and is projected to rise by 0.3—
2.5 °C in the next 50 years and 1.4-5.8 °C in the next century (IPCC,
Climate change: synthesis report; summary for policymakers. Available:
http://www.ipcc.ch/pdf/assessment-report/ar4/syr/ar4_syr_spm.pdf,
2007). In the recent report of IPCC ARS (yet to be released), it has been
observed that warming will continue beyond 2100 under all representative
concentration pathways (RCP) scenarios except RCP 2.6. Temperature
increase is likely to exceed 1.5 °C relative to 1850-1900 for all RCP sce-
narios except RCP 2.6. It is likely to exceed 2 °C for RCP 6.0 and RCP 8.5
(Pachauri, Conclusions of the IPCC working group I fifth assessment
report, AR4, SREX and SRREN, Warsaw, 11 November 2013). Agriculture
is a potential source and sink to GHGs in the atmosphere. It is a source for
three primary GHGs: CO,, N,O, and CH, and sink for atmospheric CO,.
The two broad anthropogenic sources of GHG emission from agriculture
are the energy use in agriculture (manufacture and use of agricultural
inputs and farm machinery) and the management of agricultural land.
Mitigation methods to reduce emissions from this sector are thus required,
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along with identification and quantification of emission sources, so that
the agricultural community can act and measure its progress. This chapter
focuses on different sources of GHG emission from agriculture sector and
their key mitigation strategies.

Keywords

GHG emission * Agriculture sector ® Livestock * Mitigation strategies

3.1 Introduction

A continued rise in concentration of the green-
house gases (GHGs) has led to enhanced green-
house effect resulting in global warming and
global climate change. Globally, GHG emission
has increased by about 75 % since 1970. Looking
at the total source of GHGs at present CO, con-
tributes 76 %; CH, about 16 %, N,O about 6 %,
and the combined F-gases about 2 % (IPCC ARS5,
yet to be released). The impact of human activi-
ties on GHG emission through fossil fuel burn-
ing, agriculture, and industrial processes is
important and familiar to people. The effects of
GHG emissions on the ecological and socioeco-
nomic vulnerability have already been noticed
and will continue to grow regionally and globally
in the years to come (IPCC 2007; Pachauri 2013).
Carbon dioxide (CO,), methane (CH,), nitrous
oxide, hydrofluorocarbons, perfluorocarbons,
and sulfur hexafluoride are the important GHGs
that are monitored by the United Nations
Framework Convention on Climate Change
(UNFCCC 2008). Global GHG emissions due to
human activities (anthropogenic) have grown
since the beginning of the industrial revolution
with an increase of 70 % between 1970 and 2004
(IPCC 2007). The radiative forcing of CO,, CH,,
and N,O is very likely (>90 % probability)
increasing at a faster rate during the current era
than any other time in the last 10,000 years. This
is because of the increase in the global abundance
of the three key GHGs, namely, carbon dioxide
(CO,), methane (CH,), and nitrous oxide (N,O),
in the atmosphere. The concentrations of CO,,
CH,, and N,0 have increased markedly by 30 %,
145 %, and 15 %, respectively, as a result of

human activity since the period of industrial rev-
olution (IPCC 2007). Management of agricul-
tural land, land-use change, and forestry has a
profound influence on atmospheric GHG concen-
tration. The two broad anthropogenic sources of
GHG emission from agriculture are the energy
use in agriculture (manufacture and use of agri-
cultural inputs and farm machinery) and the man-
agement of agricultural land. In the agriculture
sector, besides the CO, emissions due to burning
of crop and animal waste, the world’s livestock
population and rice fields are significant contrib-
utors to CH, emissions. An understanding of
GHG emissions by sources and removal by sinks
in agriculture is important to take appropriate
mitigation and adaptation strategies and to esti-
mate and create inventory of GHGs.

It is clear that the agriculture sector is increas-
ing in size, but exactly how this is impacting on
GHG emissions remains uncertain, as do the
opportunities for mitigation. Within the scientific
community there is increasing recognition that
agriculture in general, and livestock production
in particular, contribute significantly to GHG
emissions (Bell et al. 2014; Bellarby et al. 2013;
Galloway et al. 2007). As a result, the global agri-
cultural community is committed to reducing
emissions to safeguard the environment; how-
ever, it must simultaneously meet the demands of
a growing human population and their increasing
requirements for food high in quality and quan-
tity. There is a need to improve the efficiency of
agricultural production if we are to meet global
food supply demands and decrease agriculture’s
impact on climate change. Quantification of the
impacts that agriculture is having on the environ-
ment is thus of major importance. This chapter
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illustrates the different sources and sinks of GHG
from agriculture sector including forestry and
land-use changes and their mitigation potential.

Sources and Sinks of GHG
from Agriculture

3.2

Sectoral distribution of GHG emission compar-
ing the emission levels at 2004 (AR4) and 2010
(ARS) is given in Fig. 3.1. By sector, the largest
sources of GHGs were the sectors of energy pro-
duction (mainly CO, from fossil fuel combus-
tion) and agriculture, forestry, and other land use

(AFOLU) (mainly CH, and N,0). The contribu-
tion of AFOLU (agriculture, forestry, and other
land use) to total emission has come down from
31 % (2004) to 24 % (2010). Identification of
GHG sources and quantification of GHG emis-
sion from agriculture sector has passed through
many phases of refinement. The 1996 IPCC
inventory guidelines require emission reporting
from the following six categories: energy,
industrial processes, solvent and other product
use, agriculture, land-use change and forestry
(LUCF), and waste (Crosson et al. 2011). These
categories were revised in the 1996 revised
guidelines, where LUCF was expanded to include
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emissions/sequestration  from land under
continuous use. The new category land use, land-
use change, and forestry (LULUCF) was thus
created (Paustian et al. 2006). In the 2006 IPCC
guidelines, the categories have been altered and
amalgamated, with only four sectors to which
GHG emissions are now attributed. The agricul-
ture and LULUCF sectors were combined to
produce the sector agriculture, forestry, and other
land use (AFOLU) (Crosson et al. 2011).

Figure 3.2 gives a schematic presentation of
emission by sources and removals by sinks in
agriculture. And their detailed discussion is given
in following section.

In agriculture the non-CO, sources (CH, and
N,O) are reported as anthropogenic GHG emis-
sions, however. The CO, emitted is considered
neutral, being associated to annual cycles of
carbon fixation and oxidation through photosyn-
thesis (IPCC 2007). Soil respiration is roughly

Fig.3.2 Schematic presentation of sources and sinks of GHGs in agriculture, forestry, and other land use (AFOLU)
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balanced by the net uptake of CO, through plant
photosynthesis. Carbon inputs to the soil are
determined by the quantity, quality, and distribu-
tion of primary productivity. The organic matter
decomposition and microbial respiration are
influenced by soil physicochemical and biologi-
cal soil properties controlling the activity of soil
microorganisms and fauna. Also there is growing
consensus on soil respiration and hence CO,
evolution is higher when any organic material is
added to soil. Similarly soils with higher soil
organic carbon (SOC) content emit more CO,
than soil with low SOC, thereby increasing con-
centration of CO, in the atmosphere. On the other
hand, higher concentrations of atmospheric CO,
also will stimulate the growth of most plants,
especially Cs; agricultural crops. Increased pro-
ductivity can supply more plant residues to the
soil, possibly increasing storage of SOM. But,
higher level of atmospheric CO, is also coupled
with temperature rise which would have both
positive and negative effects on plant productiv-
ity. If the productivity decreases it would have a
negative effect on soil carbon storage. Thus,
accounting CO, emission and removal in agricul-
ture should be considered in creating GHG inven-
tory from agriculture. Further, the link between
agriculture and climate change must be assessed
and presented accurately and consistently. Flaws
in the assessment of agriculture’s contribution
will lead to dispute, failure to trust the science,
and, consequently, failure to act. Global recogni-
tion of the extent of agriculture’s contribution to
GHG emissions is required, as is quantification
of how its contribution compares to that of other
emission sources.

3.2.1 Rice Cultivation

The four decades since 1961 have seen an
increase in area, production, and productivity of
rice of 31.2, 174.9, and 109.7 %, respectively. The
acreage under rice cultivation in the world is esti-
mated at about 151.54 million hectares, mostly
planted in wet monsoon or irrigated systems by
flooding and puddling fields. These rice fields are
a major source of emission of GHGs like CH,

a

and N,O. From 1961 to 2010, global emissions
increased with average annual growth rates of
0.4 %/year (FAOSTAT 2013) from 0.37 to 0.52
GtCO, eq/year. The growth in global emissions
has slowed in recent decades, consistent with the
trends in rice-cultivated area. The developing
countries are major producers of rice and also the
largest share of methane emission approximately
94 % came from them. Researchers have
attempted to model and estimate GHG emissions
from rice fields under varying growing condi-
tions. However, there are uncertainties in the esti-
mation of GHG from rice fields due to diverse
soil and climatic conditions and crop manage-
ment practices. Flooded paddy soils have a high
potential to produce CH,, but part of produced
CH, is consumed by CH, oxidizing bacteria, or
methanotrophs. It is known that microbial-medi-
ated CH, oxidation, in particular aerobic CH,
oxidation, ubiquitously occurs in soil and aquatic
environment, where it modulates CH, emission.
In rice fields, it is possible that a part of produced
CH, in anaerobic soil layer is oxidized in aerobic
layers such as surface soil-water interface and the
rhizosphere of rice plants, and the net emission
will be positive or negative depending on the rel-
ative magnitudes of methanogenesis and metha-
notrophy, respectively; the emission pathways of
CH, which are accumulated in flooded paddy
soils are diffusion into the flood water, loss
through ebullition, and transport through the aer-
enchyma system of rice plants. Some promising
mitigation options are (1) system of rice intensi-
fication (SRI), (2) water management, (3) adding
organic material along with inorganic fertilizers,
(4) reducing tillage operations before sowing,
and (5) selecting suitable variety which emit less
CH,, and there is no reduction in yield.

3.2.2 Livestock Production

Livestock contribute both directly and indirectly
to climate change through the emissions of GHGs
such as carbon dioxide, methane, and nitrous
oxide. Globally, the sector contributes 18 % (7.1
billion tonnes CO, equivalent) of global GHG
emissions. Although it accounts for only 9 % of
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global CO,, it generates 65 % of human-related
nitrous oxide (N,O) and 35 % of methane (CH,),
which has 310 times and 23 times the global-
warming potential (GWP) of CO,, respectively.

There are two sources of GHG emissions from
livestock: (a) From the digestive process, methane
is produced in herbivores as a by-product of
“enteric fermentation,” a digestive process of
enzymatic degradation elaborated by symbiotic
microbes inhabiting in rumen medium in which
carbohydrates are broken down into simple mol-
ecules for absorption into the bloodstream. (b)
From animal wastes, animal wastes contain
organic compounds such as carbohydrates and
proteins. During the decomposition of livestock
wastes under moist, oxygen-free (anaerobic)
environments, the anaerobic bacteria transform
the carbon skeleton to methane. Animal wastes
also contain nitrogen in the form of various com-
plex compounds. The microbial processes of
nitrification and denitrification of animal waste
form nitrous oxide, which is emitted to the
atmosphere.

The major global-warming potential (GWP)
of livestock production worldwide comes from
the natural life processes of the animals. Methane
production appears to be a major issue although it
presently contributes only 18 % of the overall
warming. It is accumulating at a faster rate and is
apparently responsible for a small proportion of
the depletion of the protective ozone layer.
Methane arises largely from natural anaerobic
ecosystems, rice/paddy field, and fermentative
digestion in ruminant animal (Sejian et al. 2011).
In fact, CH, considered to be the largest potential
contributor to the global-warming phenomenon
is an important component of GHG in the atmo-
sphere and is associated with animal husbandry.
Much of the global GHG emissions currently
arises from enteric fermentation and manure
from grazing animals and traditional small-scale
mixed farming in developing countries. The
development of management strategies to
mitigate CH, emissions from ruminant livestock
is possible and desirable. Not only can the
enhanced utilization of dietary “C” improve
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energy utilization and feed efficiency, hence
animal productivity, but a decrease in CH,
emissions can also reduce the contribution of
ruminant livestock to the global CH, inventory.

3.2.2.1 Enteric Methane Emission
from Livestock

Livestock are produced throughout the world and
are an important agricultural product in virtually
every country. CH, is emitted as a by-product of
the normal livestock digestive process, in which
microbes resident in the animal’s digestive sys-
tem ferment the feed consumed by the animal.
This fermentation process, also known as enteric
fermentation, produces CH, as a by-product. The
CH, is then eructated or exhaled by the animal.
Within livestock, ruminant livestock (cattle, buf-
falo, sheep, and goats) are the primary source of
emissions. Other livestock (swine and horses) are
of lesser importance in nearly all countries. The
number of animals and the type and amount of
feed consumed are the primary drivers affecting
emissions. Consequently, improvements in man-
agement practices and changes in demand for
livestock products (mainly meat and dairy prod-
ucts) will affect future CH, emissions (Sejian
et al. 2012).

Among the livestock, cattle population con-
tributes most towards enteric CH, production
(Johnson and Johnson 1995). Enteric fermenta-
tion emissions for cattle are estimated by multi-
plying the emission factor for each species by the
relevant cattle populations. The emission factors
are an estimate of the amount of CH, produced
(kg) per animal and are based on animal and feed
characteristic data, average energy requirement
of the animal, the average feed intake to satisfy
the energy requirements, and the quality of the
feed consumed. The district- or country-level
emission from enteric fermentation is computed
as a product of the livestock population under
each category and its emission coefficient
(Chhabra et al. 2009). The emission coefficients
for CH, emissions from enteric fermentation are
country specific, and these coefficients should
conform to IPCC guidelines (IPCC 2007).
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3.2.2.2 GHG Emission from Livestock
Manure

Animal manures contain organic compounds
such as carbohydrates and proteins. These rela-
tively complex compounds are broken down nat-
urally by bacteria. In the presence of oxygen, the
action of aerobic bacteria results in the carbon
being converted to carbon dioxide, and, in the
absence of oxygen, anaerobic bacteria transform
carbon to methane. When livestock are in fields
and their manure ends up being spread thinly on
the ground, aerobic decomposition usually pre-
dominates. However, with modern intensive live-
stock practices, where animals are often housed
or kept in confined spaces for at least part of the
year, manure concentrations will be higher, and
manure will often be stored in tanks or lagoons
where anaerobic conditions generally predomi-
nate and methane will be evolved. Methane
emissions from manure depend on (1) the quan-
tity of manure produced, which depends on
number of animals, feed intake, and digestibility;
(2) the methane-producing potential of the
manure which varies by animal type and the
quality of the feed consumed, e.g., slurry from
swine emits more GHG than does slurry from
cattle (Dinuccio et al. 2008); the way the manure
is managed (e.g., whether it is stored as liquid or
spread as solid); the climate as the warmer the
climate the more biological activity takes place
and the greater the potential for methane evolu-
tion and temperature and duration of storage as
long-term storage at high temperature results in
higher methane emissions.

Management decisions about manure disposal
and storage affect emissions of CH, and N,O,
which are formed in decomposing manures as a
by-product of methanogenesis and nitrification/
denitrification, respectively. Livestock manure is
principally composed of organic material. When
this organic material decomposes under anaero-
bic environment, methanogenic bacteria produce
methane. When manure is stored or treated as a
liquid (e.g., in lagoons, ponds, tanks, or pits), it
tends to decompose anaerobically and produce a
significant quantity of methane. When manure is
handled as solid (e.g., in stacks or pits) or depos-
ited on pastures and rangelands, it tends to
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decompose aerobically and little or no methane is
produced. Furthermore, volatilization losses of
NH; and NO, from manure management systems
and soils lead to indirect GHG emissions. There
are three potential sources of N,O emissions
related to livestock production (Swamy and
Bhattacharya 2011). These are (a) animals them-
selves, (b) animal wastes during storage and
treatment, and (c) dung and urine deposited by
free-range grazing animals. Direct emission from
animals is not reported. Only liquid systems
(anaerobic lagoons and other liquid systems)
qualify under manure management. Emissions
from stable manure applied to agricultural soil
(e.g., daily spread), from dung and urine depos-
ited by range grazing animals, and from solid
storage and dry lot are considered to be emissions
from agricultural soil. Although CH, and N,O
emissions from manure management are minor,
manure itself is an important contributor to emis-
sions because it is either applied on cropland as
organic fertilizer or directly deposited by grazing
animals on pasture. Global emissions from
manure, as either organic fertilizer on cropland or
manure deposited on pasture, grew between 1961
and 2010 from 0.57 to 0.99 GtCO, eq/year.
Emissions grew by 1.1 %/year on average (IPCC
ARS). Also the GHG emissions are more from
manure deposited on soil surface in pasture lands
or the backyard of farm land compared to when
applied to agricultural land before sowing.

3.3  Agricultural Soils

Direct and indirect emissions from agricultural
soil are determined by a multitude of factors such
as the rate of fertilizer and organic manure appli-
cation, yield, and area under cultivation. Direct
emission sources include N fertilizers, crop resi-
dues, and mineralization process of soil organic
matter. Indirect sources comprise leaching, run-
off, and atmospheric deposition. N,O emitted
from the soil represents some 50 % of the total
agricultural emissions. Even when it is not being
cultivated, the soil naturally releases GHGs. N,O
is generated as a by-product of microbial
activities that convert ammonium into nitrate
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(nitrification) or nitrate into nitrogen gas N,
(denitrification). Both processes are influenced
and controlled by environmental conditions.
They are independent of the origin of N, whether
from organic or mineral fertilizers or soil organic
matter. Emissions increase with agricultural
activity, partly as a result of N input from manure,
mineral fertilizers, or from symbiotic N fixation
in legumes. Globally, use of synthetic fertilizers
in agriculture has increased more than agricul-
tural production, and emissions from synthetic N
fertilizers are increasing more than ninefold,
from 0.07 to 0.68 GtCO, eq/year from 1951 to
2010 (Tubiello et al. 2013). Considering current
trends, synthetic fertilizers will become a larger
source of emissions than manure deposited on
pasture in less than 10 years and the second larg-
est of all agricultural emission categories after
enteric fermentation. Globally, agricultural
sources contribute to 4-6 Tg N/year through
N0, including both direct and indirect emissions
(Sharma et al. 2011).

The Intergovernmental Panel on Climate
Change (IPCC) assumes a default value of 1 % of
N content of the substrate, emitted as N,O. As
these emissions are the consequences of natural
processes, they are difficult to control. The best
possible approach is to increase nitrogen use effi-
ciency. In addition, emission during fertilizer
manufacturing can be reduced with new cleaning
technology which can enable N,O emission
reduction by about 70-90 % (Kongshaug 1998).

3.4 Burning of Agricultural

Residues in Field

The contribution of crop residue burning is the
lowest 0.5 % of the total agricultural emissions
among different sources of GHG emission in the
agriculture sector. In developing countries agri-
cultural wastes are burnt in the field to clear the
remaining straw and stubble after harvest and to
prepare the field for the next cropping cycle.
Farmers prefer crop residue burning as a quick
and labor-saving process to dispose of the crop
residues of rice, wheat, maize, and sugarcane.
Emissions of CO, during burning of crop resi-
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dues are considered neutral, as it is reabsorbed
during the next growing season. However, bio-
mass burning is one of the significant sources of
atmospheric aerosols and trace gas emissions,
which has a major impact on human health. In
addition to aerosol particles, biomass burning
due to forest fires and crop residue burning are
considered a major source of carbon dioxide
(CO,), carbon monoxide (CO), methane (CH,),
volatile organic compounds (VOC), nitrogen
oxides, and halogen compounds. Carbon monox-
ide is a chemically active gas in the troposphere
influencing the abundance of O; and the oxidiz-
ing capacity (OH) of the troposphere. Thus, an
increase in concentration of CO, VOC, and NO,
also increases concentration of GHGs in the
atmosphere. Biomass burning is one of the main
causes for dense brown clouds. Smoke particles
from biomass burning have direct radiative
impact by scattering and absorbing shortwave
radiation and indirect radiative impact by serving
as cloud-condensation nuclei (CCN) and chang-

ing the cloud microphysical and optical
properties.
3.5 Forestry and Other Land Use

(FOLU) Changes

This section of agriculture sector encompasses
anthropogenic emission from deforestation, cul-
tivation of organic soils, peatland drainage for
cultivation, forest fires, etc. Emissions from culti-
vation of organic soils have become important
because when peatlands are drained and degraded
there is change in absolute carbon stocks. The
continued expansion of farmland has a major
environmental impact. It decreases biodiversity
through destruction of ecologically valuable nat-
ural environments, such as forests and natural
grasslands. In addition, deforestation and deple-
tion of the humus releases large quantities of CO,
from the carbon bound in the trees and the soil
organic matter (SOM). Furthermore, deforesta-
tion has an immediate impact on the natural water
cycle, resulting in a greater likelihood of flooding
or drought. Some 24 % of the total global GHG
emissions can be currently attributed to
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agriculture. About 12 % of these are due to change
in land use and, with extended agricultural pro-
duction, this percentage would rise considerably
(FAOSTAT 2013). Further extension of the agri-
cultural land area, therefore, should be kept to the
minimum. Changes in land use have negatively
affected the net ability of ecosystems to sequester
C from the atmosphere. For instance, the C-rich
grasslands and forests in temperate zones have
been replaced by crops with much lower capacity
to sequester C. However, the estimates indicate
that the FOLU sector is a net sink. It helps in
sequestering CO, annually offsetting FOLU
emissions. The sink capacity of FOLU is due to
afforestation and forest protection.

3.6  Agricultural Inputs and Farm
Machinery
3.6.1 Fuel and Electricity

Use of fossil fuels in agriculture results in CO,
emissions, and there are additional emissions
associated with production and delivery of fuels
to the farm. Carbon emissions attributed to fossil
fuels are estimated using existing C coefficients,
higher heating values, fuel chemistry, and the
energy consumed during production and trans-
port of the fuels. Nontraditional fuels sometimes
used in processing agricultural materials include
scrap tires and biomass. The CO, emission attrib-
uted to electricity consumption is based on the
fuels used in power generation.

3.6.2 Fertilizers
and Agricultural Lime

The production of fertilizers demands much
energy and generates considerable GHG emis-
sions. Kongshaug (1998) estimates that fertilizer
production consumes approximately 1.2 % of the
world’s energy and is responsible for approxi-
mately 1.2 % of the total GHG emissions. The
fertilizer industry deals primarily with supplying
N, P, and K, although chemical fertilizers are
used to supply 13 essential plant nutrients. This
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analysis includes the three primary nutrients and
agricultural lime (CaCQs) in the form of crushed
limestone. Carbon dioxide emissions result from
the energy required for production of fertilizers
plus the energy required for their transport and
application. The energy required per tonne of N
and phosphate (P,Os) varies considerably with
the form in which the nutrient is supplied. Carbon
emissions from fossil fuels used in the produc-
tion of fertilizers include emissions from mineral
extraction and fertilizer manufacture.
Postproduction emissions can include those from
packaging, transportation, and field application
of fertilizers. Energy is also used during fertilizer
application using farm machinery, thus the
greater the fertilizer use, the greater are the emis-
sions. Carbon emissions from agricultural lime
are calculated from the fuel used for mining lime-
stone and for grinding the stone into a usable
product. Energy used in the transportation of fer-
tilizers and lime should be included in estimating
the total energy budget.

3.6.3 Pesticides

Modern pesticides are almost entirely produced
from crude petroleum or natural gas products.
The total energy input is thus both the material
used as feedstock and the direct energy inputs.
Carbon dioxide emissions from production of
pesticides consist of both these contributions to
manufacture the active ingredient. Postproduction
emissions include those from formulation of the
active ingredients into emulsifiable oils, wettable
powders, or granules and those from packaging,
transportation, and application of the pesticide
formulation. Carbon dioxide emissions from pes-
ticide use are estimated for specific pesticide
classes by calculating average values of energy
input for the production and application of indi-
vidual pesticides.

3.6.4 Irrigation

The on-farm wells, on-farm surface reservoirs,
and off-farm surface reservoirs are the major



46

sources of irrigation water. Fossil fuels used to
power pumps, which distribute irrigation water,
were calculated using energy expenses for on-
farm pumping and energy price estimates. The
energy use and C emissions from pumping water
were applied to both on-farm wells and off-farm
surface reservoirs. It is assumed that the average
energy and CO, cost of pumping water is the
same per ha-m of water for the two sources. The
energy cost of collecting and distributing on-farm
surface water, powered primarily by gravitational
forces, was considered to be negligible.

3.6.5 Harvesting and Threshing

Energy and CO, emissions during harvesting and
threshing of agricultural produce are also impor-
tant. The greater the productivity, the greater are
the energy and emissions required for harvesting
and threshing.

3.6.6 Farm Machinery

Energy and CO, emissions associated with dif-
ferent tillage practices are a consequence of the
fuel used by farm machines and the energy con-
sumed in manufacture, transportation, and repair
of the machines. While CO, emissions associated
with the application of fertilizers and pesticides
were calculated along with other farm operations,
they do not occur on all fields and in all years, as
do other farm operations. Therefore, CO, emis-
sions from the application of fertilizers and pesti-
cides are weighted by their extent of application.

3.7 Key Mitigation Options
in Agriculture, Forestry,

and Other Land Use

To reduce the impact of climate change mitiga-
tion and adaptation are the two key options avail-
able. Mitigation options are focused at reducing
the emissions of GHGs from agriculture sector
and at the same time meeting the demands of
food production by the growing population.
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Mitigation activities are traditionally employed
as natural resources conservation measures, but
they generally serve the dual purposes of reduc-
ing the emission of GHG from anthropogenetic
sources and enhancing carbon “sink.” Forestry
sector holds the key to the success of mitigation
efforts and has great potential to sequester carbon
through reduced emissions from deforestation
and degradation (REDD), afforestation and refor-
estation, and forest management (Lenka et al.
2013). A variety of options exists for mitigation
of GHG emissions in agriculture. The most
prominent options are improved crop and grazing
land management (e.g., improved agronomic
practices, nutrient use, tillage, and residue man-
agement), increasing partial factor productivity
and input use efficiency, restoration of organic
soils that are drained for crop production, and
restoration of degraded lands. Lower but still sig-
nificant mitigation is possible with improved
water and rice management; set-asides, land-use
change (e.g., conversion of cropland to grass-
land), and agroforestry or other perennial plant-
ing in agricultural lands; as well as improved
livestock and manure management. Many miti-
gation opportunities use current technologies and
can be implemented immediately, but technologi-
cal development will be a key driver ensuring the
efficacy of additional mitigation measures in the
future. Also the suitability and recommendation
of mitigation technology is site specific and need
based. There are few constraints and challenges
in transferring of these mitigation technologies to
a farmer’s field. There is a need to address the
issues and constraints and devise ways in achiev-
ing the large-scale adoption of climate-friendly
agricultural practices. The established linkage of
GHG emission with climate change has led to
international negotiations and the recognition of
carbon (C) as a tradable commodity. Agriculture
practices with low C footprint can be a triple win
in form of enhanced adaptation, increased miti-
gation, and stability in the food security and sus-
tainability in the country. The imposition of a
CO, tax on agricultural activity would result in a
reduction of agricultural production, particularly
for GHG-intensive commodities. In contrast, if
farmers were rewarded for carbon sequestration
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activities (specifically agroforestry), this would
lead to intensification, as more inputs are
applied to the land remaining in agriculture.
Emissions per unit of agricultural land would
increase but would decline per unit of output.
They are also supportive of arguments made by
others that if global agriculture is to meet the
needs of an expanding world population while
simultaneously contributing to mitigation of
GHG emissions, changes in the structure of
production and intensification will be required
(Blandford et al. 2014). Carbon offset program
can be successful in agriculture sector only if
the carbon credits to be traded are in a bulk
quantity, easily measurable, and there are buy-
ers to buy the credits. Thus, measures at the
government level to effectively integrate farm-
ers into carbon trading processes are needed.
For example, if conservation agriculture is con-
sidered as a tradable activity, then the scale of
adoption should be sizable so that a pool of
credits is generated. Similarly, degraded land
restoration measures and soil health improve-
ment programs can be brought into the C trad-
ing network.

3.8 Conclusion

Management of agricultural land, land-use
change, and forestry has a profound influence on
atmospheric GHG concentration. In the agricul-
ture sector, besides the CO, emissions due to
burning of crop and animal waste, the world’s
livestock population and rice fields are significant
contributors to CH, emissions. The two broad
anthropogenic sources of GHG emission from
agriculture are the energy use in agriculture
(manufacture and use of agricultural inputs and
farm machinery) and the management of agricul-
tural land. An understanding of GHG emissions
by sources and removal by sinks in agriculture is
important to take appropriate mitigation and
adaptation strategies and to estimate and create
inventory of GHGs. Within the scientific commu-
nity there is increasing recognition that agricul-
ture in general, and livestock production in
particular, contributes significantly to GHG
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emissions. As a result, the global agricultural
community is committed to reducing emissions
to safeguard the environment; however, it must
simultaneously meet the demands of a growing
human population and their increasing require-
ments for food high in quality and quantity. There
is a need to improve the efficiency of agricultural
production if we are to meet global food supply
demands and decrease agriculture’s impact on
climate change.
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Impact of Climate Change
on Livestock Production
and Reproduction
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Abstract

There is little doubt that climate change will have an impact on livestock
performance in many regions and for most predictive models the impact
will be detrimental. The real challenge is how do we mitigate and adapt
livestock systems to a changing climate? Livestock production accounts
for approximately 70 % of all agricultural land use, and livestock produc-
tion systems occupy approximately 30 % of the world’s ice-free surface
area. Globally 1.3 billion people are employed in the livestock (including
poultry) sector and more than 600 million smallholders in the developing
world rely on livestock for food and financial security. The impact of cli-
mate change on livestock production systems especially in developing
countries is not known, and although there may be some benefits arising
from climate change, however, most livestock producers will face serious
problems. Climate change may manifest itself as rapid changes in climate
in the short term (a couple of years) or more subtle changes over decades.
The ability of livestock to adapt to a climatic change is dependent on a
number of factors. Acute challenges are very different to chronic long-
term challenges, and in addition animal responses to acute or chronic
stress are also very different. The extents to which animals are able to
adapt are primarily limited by physiological and genetic constraints.
Animal adaptation then becomes an important issue when trying to under-
stand animal responses. The focus of animal response should be on adap-
tation and management. Adaptation to prolonged stressors will most likely
be accompanied by a production loss, and input costs may also increase.
Increasing or maintaining current production levels in an increasingly hos-
tile environment is not a sustainable option.
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4.1 Introduction

It is somewhat misleading to focus our discussion
on potential livestock production and reproduc-
tive losses due to climate change. For a start we
do not really know what these losses will be in
20, 30 or 100 years due to the interrelationships
between climate, the environment and the ani-
mal. Of course human intervention is also a com-
plicating factor, and some animals will adapt. It is
easy to model production losses. We know what
the impact of high temperature will be on a
Holstein dairy cow producing 40 L of milk per
day and we know the impact on a cow producing
19 L of milk per day. Similarly, for many of the
traditional farm animals, we know the effect of
exposure to hot conditions (Nardone et al. 2010).
In contrast, we know little about some of the
indigenous breeds that are used in many develop-
ing countries. One area in which we have little
knowledge is the responses to extreme events
which are likely to be a feature of climate change.
So what should we do? What we need to focus on
is how to ameliorate the negative effects of cli-
mate change on livestock production. We need to
focus on animal adaptation and focus on plan-
ning for extreme events — this includes pre, post
and during the event.

Livestock production accounts for approxi-
mately 70 % of all agricultural land use, and live-
stock production systems occupy approximately
30 % of the world’s ice-free surface area
(Steinfeld et al. 2006). Globally 1.3 billion peo-
ple are employed in the livestock (includes poul-
try) sector and more than 600 million smallholders
in the developing world rely on livestock for food
and financial security (Thornton et al. 2006). For
many smallholders livestock not only provide
food but also provide a source of income that
gives livelihood. Meat and milk consumption is
increasing especially throughout the developing
world due to improved living standards of the
middle class (Delgado 2003). In 1973, approxi-

mately 6 % of caloric intake in the developing
countries was obtained from beef, pork, goats,
sheep, milk and eggs (Delgado 2003). In 1997,
this had risen to approximately 10 % (Delgado
2003). In 2009, livestock products contributed
17 % to kilocalorie consumption and 33 % to
protein consumption globally, but there were
large differences between rich and poor countries
(Rosegrant et al. 2009).

It has been estimated that agricultural produc-
tion will need to increase 60 % (based on 2005—
2007 production values) just to meet the demand
from an increasing world population (FAO 2013).
Estimates of future demand for animal-based
proteins vary, but based on current growth, and
the potential negative impacts of climate change
on the livestock sectors in many countries, it is
unlikely that food from livestock and poultry will
be able to meet demand. The impact of climate
change on livestock production systems espe-
cially in developing countries is not known, and
although there may be some benefits arising from
climate change (e.g. in northern Europe there are
potential increase in crop yields (Olesen and
Bindi 2002)), most livestock producers will face
serious problems (Thornton et al. 2009).
Furthermore, there is a growing shift in livestock
production away from temperate dry areas to
warmer, more humid and potentially more dis-
ease-prone environments (Steinfeld 2004).
Potentially, these are areas that are more vulner-
able to climate change. On account of changes in
land use, there are shifts in livestock production
and also changes in crop production (Thornton
et al. 2009; Nardone et al. 2010). Both of these
complicate the debate on how climate change
will impact livestock production.

Climate change will impact on livestock sys-
tems in many ways, some of which are direct
effects, e.g. heat stress, water availability, water
quality, feed availability, feed quality, disease/
parasites and disease/parasite vectors. Indirect
effects may include human health issues that are
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influenced by climate as well as non-climate fac-
tors (Thornton et al. 2009). Other indirect effects
include land degradation (due to overstocking)
and market access. The indirect effects although
important are outside the scope of this chapter.
The focus of this chapter will be on the impact of
climate change on production and reproduction
in livestock. The focus will not be on production
losses per se but how we might reduce the impact
of climate change on livestock.

4.2 Impact of Climate Change
on Animal Production
and Reproduction

4.2.1 General Response to Climate

Change

Climate change may manifest itself as rapid
changes in climate in the short term (a couple of
years) or more subtle changes over decades. The
ability of livestock to adapt to a climatic change is
dependent on a number of factors. Acute chal-
lenges are very different to chronic long-term
challenges, and in addition animal responses to
acute or chronic stress are also very different. The
extents to which animals are able to adapt are pri-
marily limited by physiological and genetic con-
straints (Devendra 1987; Parsons 1994). Animal
adaptation then becomes an important issue when
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trying to understand animal responses. For exam-
ple, should we try to enhance adaptive capacity
through selective animal breeding or use breeds
that are already adapted? An adjunct to this ques-
tion is: are we focused on increasing animal per-
formance (and hence food production) or simply
family survivability? Unfortunately increased
‘genetic’ performance often leads to an increase
in input costs and an animal that is more suscep-
tible to harsh conditions. The ability of animals to
cope with climatic extremes (more on this later) is
influenced by their level of production. For exam-
ple, high production Holstein dairy cows (>30 kg
milk/day) exposed to high heat load had a 13.7 %
reduction in milk yield compared with low pro-
duction cows (<19 kg milk/day) which had a
4.1 % reduction under the same climatic condi-
tions (Gaughan and Lees 2010). Further to this,
reproductive rates fell by more than 20 % in the
high production cows. Placing high production
cows into a hot environment is not sustainable,
and if there is an increase in extreme events, then
selection of animals that can cope with these
events is critical. Angus steers have faster growth
rates and are more efficient in turning grain-based
diets into meat than Brahmans are when lot fed,
but Angus are also more susceptible to heat stress
(Fig. 4.1). The higher rumen temperature of the
Angus is an indication that they are not adapted to
hot conditions. However, other factors will need
to be considered.
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Fig.4.1 Hourly rumen temperatures of unshaded Angus (AA), Charolais (CH) and Brahman (BH) steers in a feedlot
over summer in Queensland, Australia (Gaughan unpublished)
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4.2.2 Animal Adaptation

The introductory arguments suggest that live-
stock and poultry production will not meet the
human demand for meat, milk and egg products
due to the negative impacts of climate change.
On this premise what can be done to improve ani-
mal performance when they are being challenged
by a changing climate? Much has been said about
the need to select animals that are adapted to cer-
tain climatic (or environmental) conditions or
select those that have the capacity to adapt.
However, adaptation is not necessarily a simple
process and selection for this may be difficult.

Animal adaptation is a function of a number
of intertwined factors, i.e. ani-
mal x human x resources. Animal adaptability in
the face of a changing climate is as much about
the animal as it is about the adaptability of
humans and their use of the available resources
(e.g. land, feed, water and money). Any discus-
sion about animal adaptability needs to encom-
pass all of the factors that will either enhance
adaptability or reduce adaptability. There is
another underling question. Should we be look-
ing for adaptability in farm animals or should we
focus on genotype, i.e. only use animals that are
already adapted to the conditions? Or should we
look for alternatives, e.g. changing from cattle to
goats?

Furthermore, there are a number of issues fac-
ing livestock systems in much of the developing
world and in parts of the developed world. These
factors need to be addressed as prerequisites to
animal adaptation. Some of these are:
¢ Low productivity (genetic)

e Low productivity (environment)

e Low productivity (G x E)

e Availability of land

e Availability of feed

e Availability of water

e Land degradation
livestock)

e Capacity to adapt or change

e Cultural norms (prestige of owning livestock)

e Market access (and a fair price)

Effective management of livestock and nutri-
tion under suboptimal conditions, rather than

(natural,  cropping,

J. Gaughan and A.J. Cawdell-Smith

maximum production or selection for adaptabil-
ity, may be a more realistic goal. Grazing live-
stock can improve soil fertility, reduce woody
weeds and increase grass growth and reduce fire
hazards. But only if the animals are managed
correctly — overgrazing is a management issue
not an animal issue.

The effects of climate change will be exacer-
bated where there is a lack of animal and resource
management. Adaptation to climate change is
more than adaptation to heat. Unfortunately,
much of the focus has been on the potential for
elevated heat in the future and in particular
extreme heat events (which we will discuss
below). It is difficult even with the most techno-
logically advanced nations to select animals for
climate extremes without a major reduction in the
animals’ performance. Therefore, there is a need
to focus on the big picture. How will a changing
climate impact on the animals’ overall environ-
ment? Again a number of interacting factors need
to be considered, and these include precipitation
(variation and extremes), soil moisture, feed
resources, parasite exposure, solar load, tempera-
ture (variation and extremes) and drinking water
availability.

There is a growing need to select animals (and
species) that are suited to the current climatic
conditions, as well as the predicted future condi-
tions. This is not an easy task. First, the future is
largely unknown. Secondly there is a consider-
able breed variation, within and between breeds,
for thermal tolerance and overall stress tolerance.
The ability of livestock breeders to identify phe-
notypes, which carry specific genes, is difficult
partly because phenotypic variance is due to the
combined effects of genetic and environmental
components. Therefore, there is a reliance on
selecting animals from within the environment or
from a similar environment in which they are
expected to live. Livestock need to have ‘ade-
quate’ performance in four key areas:

e Survivability (to reproductive age)

e Productivity (milk, wool, meat, egg production)
e Productivity

o Fertility

It can be argued that a reliance on ‘natural’
selection is fundamentally the correct approach
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(but it may not be quick enough). However,
animals with adequate survival rates under harsh
conditions may achieve this survivability at the
expense of growth, production and fertility.
Furthermore, the extent to which a location is
likely to be favourable or unfavourable to the spe-
cies or breed concerned at some point in the
future needs to be considered. The time taken to
fundamentally change the genetics of a breed is
dependent upon the number of animals in a
breeding programme, the fertility of the popula-
tion, selection pressure (on the traits of interest),
selection differential, the heritability of the trait
concerned, and the generation interval. Reaching
a desired goal may take 15-20 years (or longer).
In a static environment this is probably not an
issue, but if climate is changing, where do we
head with a breeding programme? If predicted
changes are wrong, a breeder may be 20 years
into a breeding programme only to find they
made the wrong decisions years ago.

In a further complication, livestock breeders
are generally more concerned with local climatic
conditions than regional or global change because
the local changes have the biggest immediate
impact on animal performance and it is this cur-
rent performance that biases selection. It is
unlikely that a smallholder will be able to do
much to enhance genetic change in their animals
without financial and technological assistance.

In the context of livestock production — what
can be achieved? In the 2013/2014 drought in
Queensland, Australia, cattle losses due to a lack
of feed and water were high. However, the ability
to move cattle (adjistment, feedlotting or selling)
reduced mortality but was expensive. Even in a
developed nation, a lack of financial resources
will reduce options for short-term and long-term
adjustment. Financial setbacks due to droughts,
floods, fires and disease further reduce the capac-
ity for livestock producers (large and small) to
adapt to change. Furthermore, it is not possible
for animals to adapt to no food and no water.
Extreme events are likely to be more problematic
in any selection programme for adaptation than
the overall change in temperature. Nyong et al.
(2007) studied the value of indigenous knowl-
edge in climate change mitigation and adaptation

strategies in the African Sahel. In their conclu-
sion, they made a salient comment that has appli-
cation in both developed and developing nations:
‘Reducing vulnerability entails the strengthening
of adaptive capacities of vulnerable individuals
and groups. Capacity building should emphasize
the need to build on what exists, to utilize and
strengthen existing capacities.” This statement
applies broadly to the global livestock sector.

4.2.3 Heat Stress

Generally climate change is associated with an
increasing global temperature. Various climate
model projections suggest that by the year 2100,
mean global temperature may be 1.1-6.4 °C
warmer than in 2010 (Nardone et al. 2010). In
many cases, animals and livestock systems will
be able to adapt to an increased mean tempera-
ture (provided other factors such as feed and
water remain available). The difficulty facing
livestock is weather extremes, e.g. intense heat
waves. In addition to production losses, extreme
events also result in livestock death. There is little
doubt that there has been an increase in extreme
events since the 1990s. Documented heat wave
mortalities for livestock include some 50,000
feedlot animals in North America between 1990
and 2014 and 12,000 feedlot steers in Australia
between 1990 and 2014; 26,000 dairy cows died
in California in July 2006; it was estimated that
700,000 poultry died during the July 2006 heat
wave, and during a heat wave in India (2007),
more than 800 peacocks died. It is likely that ani-
mal deaths are considerable in developing coun-
tries as well. Unfortunately data is mostly
non-existent. Further to this, extreme events are
often multifactorial, e.g. drought+heat, so cate-
gorising the cause of death as heat or drought is
not easy. Livestock deaths are costly, not only is
future income forgone, but past expenses are also
not recovered. There is also a cost associated (in
some countries) with carcass disposal. It should
not be forgotten that major heat waves also
kill humans. The 2003 heat wave that occurred
in Europe left 35,000 dead, during the 2012
Russia event 15,000 died and a heat wave in
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Andhra Pradesh killed more than 500 people in
2013. It is clear that extreme events are the problem
and it is the uncertainty and irregular occurrence of
these events which make management difficult.

Production/reproduction losses due to heat
stress are well documented for sheep, pigs, poul-
try, beef cattle and dairy cows, although most of
the research focuses on large-scale intensive pro-
duction systems in developed countries. The pro-
ceeding few paragraphs will only discuss heat
stress (generally) for dairy cows, poultry and
beef cattle. This does not imply that the other
species are not worth discussing. The reader is
encouraged to look for the scientific literature to
further their knowledge in this area.

4.2.3.1 Dairy Cows

Holstein-Friesian dairy cows are particularly
vulnerable to heat stress (see West 2003). When
ambient temperature exceeds 25 °C, dairy cows
are subjected to heat stress (Staples and Thatcher
2011). The first manifestation of heat stress is an
increase in body temperature and respiration rate
(Fig. 4.2). As body temperature increases, there
is a concurrent reduction in feed intake and a
reduction in milk output (West 2003; Staples and
Thatcher 2011). The magnitude of reduced pro-
duction is, as mentioned earlier, a function of the
degree of heat load and genetic merit of the cow.
Staples and Thatcher (2011) reviewed a number
of studies. They reported that when rectal tem-
perature increased from 38.8 to 39.9 °C, there
was a reduction in milk output from 22.4 to
19.2 kg/day. Dry matter intake also fell. Although
data is limited, there is evidence that higher pro-
duction cows are more susceptible to heat stress
than are low production cows. A comparison of
three studies (Staples and Thatcher 2011) shows
that there is a difference in the heat stress
response between high and low production cows
with the high production cows (32.6 kg milk/
day) having a 4.7 kg/day decrease in milk pro-
duction compared with a 2.7 kg reduction in the
low production cows (19.0 kg milk/day)
(Table 4.1). Lower reductions were reported by
Gaughan and Lees (2010). In a study, 150
Holstein-Friesian cows were studied over
120 days of summer. The cows were not housed
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Fig.4.2 Effect of environmental temperature on respira-
tion rates and rectal temperatures of lactating dairy cows
(Staples and Thatcher 2011)

and were subjected to natural Australian
(Queensland) summer conditions. High produc-
tion cows (34.4 kg milk/day) had a 2.3 kg per
day reduction in milk yield compared with low
production cows (<20 kg) where there was no
change in milk yield. Reproductive performance
of dairy cows also declines during heat stress. As
with production losses, the impacts on reproduc-
tion are well documented (Jordan 2003; Hansen
and Furquay 2011). There also appears to be a
relationship between the level of production and
fertility. Al Katanani et al. (1999) reported that
during summer the fertility depression in
Holstein cows was greater for high production
cows (>9,072 kg milk) as compared to low pro-
duction cows (<4,536 kg). Fertility depression
was assessed by non-return rates (i.e. the number
of cows that do not return to oestrus 21 days pos-
tinsemination). The non-return rate for the low
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Table 4.1 Differences in dry matter intake (DMI) and milk yield between low and high production dairy cows exposed

to heat stress

Low production cows (<25 kg milk/day)

Change in rectal temperature (°C) ~ 38.9-39.9
Change in DMI (kg/day) 17.4-15.0
Change in milk yield (kg/day) 19.0-16.3

Reduction in milk output (kg) 2.7
per 1 °C increase RT

Adapted from Staples and Thatcher (2011)

production cows was 44.9 % and for the high
production cows the non-return rate was 5.3 %.

4.2.3.2 Poultry

Poultry production is expanding worldwide with
much of the growth in developing countries in the
tropics and sub-tropical zones. Heat stress is
likely to be a major limiting factor in poultry pro-
duction in many regions. Given that the optimum
temperature for broilers is 18-22 °C (Lin et al.
2006), projected climate change scenarios are a
major concern for the global poultry industry
(Tanizawa et al. 2014). Because of this, more
heat stress-related research has been undertaken
for poultry than any other farm animal. Heat
stress impacts on performance (reduced egg pro-
duction, reduced growth rate), reduces product
quality, decreases immune function and leads to
an increase in mortalities (Sahin et al. 2013).
Poultry (broilers) are probably more susceptible
to heat stress than other farm animals due to their
selection for rapid growth and feed efficiency
(Lin et al. 2006). Selection for heat tolerance has
not been a major consideration by breeding com-
panies primarily because heat tolerance means
reduced performance (Washburn et al. 1980).
However, Yahav and Hurwitz (1996) demon-
strated that thermotolerance could be induced in
chickens by exposure to high temperatures at an
early age. This is a continuing area of research
and many researchers have demonstrated higher
heat tolerance in poultry where embryos are
exposed to high temperature for short periods
(Fig. 4.3). Thermal conditioning resulted in sig-
nificant (P<0.05) reductions in rectal tempera-
ture compared with non-treated birds (42.87 vs.
43.09 °C, respectively) and also for respiration

High production cows (>30 kg milk/day)
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Fig.4.3 Rectal temperature and respiration rate of chick-
ens before and after thermal conditioning (From Tanizawa
et al. 2014)

rate (108.2 vs. 116.8 breaths/min) (Tanizawa
et al. 2014).

4.2.3.3 Beef Cattle

The effects of heat load on different breeds of
cattle (Bos indicus, Bos taurus and various Bos
indicus x Bos taurus crosses) have been reviewed
by a number of authors, e.g. Blackshaw and
Blackshaw (1994), Finch (1986), Hammond
et al. (1996, 1998), Gaughan et al. (1999), and
Beatty et al. (2006). Bos indicus breeds (e.g.
Brahman), although having greater heat tolerance
than Bos taurus breeds (Fig. 4.4), often have
lower productivity (growth rate and reproductive
efficiency) than the less heat-tolerant breeds
(Gaughan et al. 2010). The normal respiration
rate for Bos taurus cattle under thermoneutral
conditions is 20-30 breaths per minute. Under
extreme heat stress, respiration rate may exceed
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150 breaths per minute. Rectal temperatures may
increase from 38.6 to 41.5 °C. When faced with
hot ambient conditions, cattle (especially grain-
fed cattle) reduce their feed intake. An inverse
relationship between ambient temperature and
feed intake exists for beef cattle. During periods
of high heat load, dramatic drops in feed intake
occur. A 17 % reduction in feed intake was
reported by Brown-Brandl et al. (2005) for
unshaded heifers when mean ambient tempera-
ture increased from 19.7 °C (maximum 21 °C) to
2777 °C (maximum 35 °C). A depression in
intake of 3-5 % has been reported to occur when
ambient temperature increases from 25 to 35 °C;
intake reductions go beyond 30 % when tempera-
tures exceed 35 °C. Reduced production as a
result of reduced feed intake is the major issue
facing beef cattle exposed to chronic heat stress.
Reproductive performance of beef cattle is
also affected by ambient conditions; however,
there is little published data. In a US study,
Amundson et al. (2006) reported that pregnancy
rate decreased when the minimum night-time
temperature exceeded 16.7 °C and temperature
humidity index was greater than 72.9 units.

4.3 Can Livestock Adapt

to Climate Change?

Returning to our original question — can livestock
adapt? When environmental conditions change, an
animal’s ability to cope (or adapt) to the new

conditions is determined by its ability to maintain
essential functions and oxidative metabolism
(Portner and Knust 2007). As we have discussed,
environmental stressors brought about by climate
change include reductions in available feed and
water, changes in temperature and an increase in
extreme events. The individual stress response to
these challenges is influenced by a number of fac-
tors including species, breed, previous exposures
to the stressor, health status, levels of performance,
body condition, metabolic state (e.g. pregnant, lac-
tating), mental state and age. To further complicate
things, the stressors may be acute, sudden changes
(usually short term, e.g. hours to days) in weather,
or chronic, prolonged (weeks to months) exposure
to stress. Animal responses to acute and chronic
stressors may be very different. If we are looking
for animals adapted to climate change do we select
for acute or chronic stress? Given the earlier prem-
ise that selection for extremes is difficult, selection
should probably focus on chronic environmental
stress.

If an animal is not acclimated or adapted, then
its physiological, behavioural and metabolic
responses will most likely be different to when it
is acclimated or in adapted. It is important there-
fore, while discussing animal adaptation, to
understand that animal responses to a given set of
stressors may change over time as the animal
adjusts. It is possible that acclimatisation or
adaptation may alleviate the stress response
(Kassahn et al. 2009), but performance may not
return to prestress levels. And this is the conun-
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drum that livestock producers face. Adaptation is
often at the expense of performance, and surviv-
ability is often better in ‘low’-performance ani-
mals because their input needs (especially feed)
are not high.

4.4  Conclusion

There is little doubt that climate change will have
an impact on livestock performance in many
regions and for most predictive models the impact
will be detrimental. The real challenge is how do
we mitigate and adapt livestock systems to a
changing climate. Should the focus be on animal
adaptation or an overall adaptation of the systems
involved? Farmers need to adapt and invoke strat-
egies that will reduce the impact of climate
change. The capacity of animals to adapt in the
short to medium term will be limited primarily by
their genetics. However, financial resources and
management capacity will have a major role.
Adaptation to prolonged stressors will most
likely be accompanied by a production loss, and
input costs may also increase. Increasing or
maintaining current production levels in an
increasingly hostile environment is not a sustain-
able option. It may be wiser to look at using
adapted animals, albeit with lower production
levels (and also lower input costs), rather than try
to infuse °‘stress tolerance’ genes into a non-
adapted breed. This may be contrary to govern-
ment policies and can be counter intuitive. It is
not always easy to convince someone that they
are better off with a cow that produces 9 L of
milk per day versus one that produces
20 L. Perhaps a better solution is to change spe-
cies, e.g. use goats instead of cattle. Animal adap-
tation is one part of the solution but it is not the
solution to protect food resources in a changing
climate.
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Abstract

Climate change, and thermal stress (i.e., heat and cold) in particular, is a
key limiting factor to efficient animal production and negatively impacts
health and development during postnatal life. In addition, thermal stress
(especially heat stress) during in utero development can permanently alter
postnatal phenotypes and negatively affect future animal performance.
The global effects of thermal stress on animal agriculture will likely
increase as climate models predict more extreme weather patterns in most
animal-producing areas. While the ultimate consequence of heat and cold
stress is similar (reduced productivity and compromised animal welfare),
their mechanism(s) of action substantially differs. Predictably, many of the
metabolic and physiological effects of heat and cold stress are biologically
contrasting; however, both are homeorhetically orchestrated to prioritize
survival at the cost of agriculturally productive purposes. Consequently,
thermal stress threatens global food security and this is especially apparent
in developing countries. There is an urgent need for the scientific commu-
nity to develop mitigation strategies to increase production of high-quality
animal protein for human consumption during the warm summer months.
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negatively impact health and development in
almost all livestock species. Typical animal
responses to thermal stress include slower and
inconsistent growth, altered metabolism and
body composition, reduced milk synthesis, poor
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Brown-Brandl et al. 2004; Baumgard and Rhoads
2013). As climate models predict an increase in
extreme summer conditions for most global
livestock-producing areas, the negative effects of
heat stress (HS) will likely become more signifi-
cant in the future (Luber and McGeehin 2008).
Further, because increased basal heat production
is an unintended consequence of most traditional
genetic selection programs (Brown-Brandl et al.
2004), some suggest more productive animals
have greater sensitivity to HS (Nienaber and
Hahn 2007). In addition to its aforementioned
postnatal effects, HS during gestation can impact
a variety of fetal development parameters
(Graham et al. 1998) and has the potential to
adversely affect lifetime productivity. While cold
stress (CS) does not pose a significant threat to
animal homeothermy in modern agricultural sys-
tems (animals rarely die from CS in commercial
operations), it can negatively impact productiv-
ity, especially in livestock species raised primar-
ily outdoors (Young 1981). Consequently, there
is an urgent need to better understand the mecha-
nisms by which thermal stress compromises effi-
cient production of high-quality animal protein
for human consumption.

5.2  Global Impact of Thermal

Stress

Thermal stress-induced suboptimal animal per-
formance is already a considerable economic
problem and food security issue. However, if cli-
mate change continues as expected (Bernabucci
et al. 2010), the negative consequences of ther-
mal stress could be an incredibly serious issue for
global animal agriculture. Climate change affects
ambient temperature, weather patterns, and sea
levels and is thought that deforestation and green-
house gas emissions are a significant contributor
to the changing climate (U.S. EPA 2013).
According to the US Environmental Protection
Agency (2013), average global temperatures are
expected to increase by 1.1-6.4 °C by 2100, dou-
bling the increased experienced in the last
100 years. Further, an increase in average tem-
perature worldwide would imply more frequent
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and intense extreme heat events with days over
32.2 °C expected to increase from 60 to 150 in
the United States alone (U.S. EPA 2013). With
increased heat wave frequency and periods of
extreme temperature expected, incidences of
thermal stress-related maladies in animals (and
humans) are likely to increase. Therefore, there is
an urgent need to better understand how thermal
stress affects physiology and ultimately produc-
tivity of agriculturally important species in order
to develop mitigation strategies.

5.3  Economic and Food Security

Impacts of Heat Stress

The agriculture sector contributes $200 billion
annually to the US economy (USGCRP 2009)
and is likely more sensitive and vulnerable to cli-
mate change than any other sector (IPCC 2014).
The economic impact of HS-related maladies is
estimated to account for billions of dollars in lost
revenue due to reduced production in almost
every aspect of animal agriculture. In the United
States alone, estimated economic losses due to
HS range from $1.7 to $2.4 billion annually
(St-Pierre et al. 2003). Despite improved man-
agement practices and cooling technology (shade,
sprinklers, etc.), animal productivity remains
compromised during the summer months
(St-Pierre et al. 2003; Baumgard and Rhoads
2013).

Economic losses continue to occur because
animals are being raised in regions where envi-
ronmental conditions are outside the zone of
thermal comfort during summer season (St-Pierre
et al. 2003). During HS, efficiency is compro-
mised because nutrients are diverted to maintain
euthermia since preserving a safe core tempera-
ture becomes the highest biological priority and
tissue synthesis is de-emphasized (Baumgard and
Rhoads 2013). The effects of HS are especially
evident in tropical and subtropical regions where
many developing countries are located (Battisti
and Naylor 2009; Muller et al. 2010). As a result,
these regions may experience extended periods
of HS compared with temperate climates, making
HS a significant economic, food security, and
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humanitarian concern (Battisti and Naylor 2009).
Further, because both the population and afflu-
ence of developing regions continue to rapidly
grow (Godfray et al. 2010), the need for high-
quality protein will also increase, and this will
likely amplify the negative consequences of ther-
mal stress on animal agriculture.

5.4 Thermal Stress and Animal
Production
5.4.1 Heat Stress

Heat stress reduces feed intake, body weight
gain, reproductive efficiency, and in severe cases
may cause mortality in agriculturally important
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livestock species (Baumgard and Rhoads 2013;
Table 5.1). Due to the aforementioned conse-
quences, the efficiency of animal product synthe-
sis is compromised during the summer heat, and
it is estimated that a 1.0 °C increase in ambient
temperature during summer months leads to a
4.5 % reduction in production output (Qi et al.
2014). Reduced feed intake is a highly conserved
consequence of HS (Baumgard and Rhoads
2013) and is probably a strategy to reduce meta-
bolic rate in an attempt to maintain the balance
between heat production and heat loss. Although
decreased feed intake was traditionally thought
to be the primary contributor to reduced produc-
tivity (Beede and Collier 1986; Collin et al. 2001;
West 2003), recent results challenge this dogma.
These studies used controls that were pair fed to

Table 5.1 The effects of heat stress (HS) and cold stress (CS) on livestock production variables

Parameter Species HS Reference (HS) CS Reference (CS)
Feed intake Rodents Decrease 6,17 Increase 11, 13,21
Cattle Decrease 16, 29, 38 Increase 8, 35, 38
Pigs Decrease 14, 15,18, 19,30 Increase 24,28
Sheep Decrease 4,25 Increase 2
Poultry Decrease 22,23,26 Increase 1
Body weight gain  Rodents Decrease 3,17 Decrease 11,13
Cattle Decrease 16, 20, 36 Decrease 33, 35, 38
Pigs Decrease 14, 15, 18, 19 Decrease 24,28
Sheep Decrease 4,25 Decrease 2
Poultry Decrease 23,26 Decrease 1,34
Milk production ~ Rodents Decrease 10 Increase 13
Cattle Decrease 20, 37, 37 Decrease 7,12,33
Pigs Decrease 5,31 - -
Sheep Decrease 9,32 No change 27
Egg production Poultry Decrease 23,26 Decrease 1
1. Alves et al. (2012) 14. Johnson et al. (2013a) 27. McBride and Christopherson (1984)
2. Ames and Brink (1977) 15. Johnson et al. (2013b) 28. Nyachoti et al. (2004)
3. Baumgard et al. (2012) 16. Johnson et al. (2015a) 29. O’Brien et al. (2010)
4. Bhattacharya and Hussain (1974)  17. Johnson et al. (2015b) 30. Pearce et al. (2013a)
5. Black et al. (1993) 18. Johnson et al. (2014a) 31. Renaudeau and Noblet (2001)
6. Brobeck (1948) 19. Johnson et al. (2014b) 32. Sevi and Caroprese (2012)
7. Broucek et al. (1991) 20. Kadzere et al. (2002) 33. Soren (2012)
8. Christopherson et al. (1979) 21. Klain and Hannon (1969) 34. Spinu and Degen (1993)
9. Finosshiaro et al. (2005) 22. Leeson (1986) 35. Webster (1974)
10. Halder and Bade (1981) 23. Lin et al. (2006) 36. West (2003)
11. Heroux (1969) 24. Lopez et al. (1991) 37. Wheelock et al. (2010)
12. Johnson (1976) 25. Marai et al. (2007) 38. Young (1981)
13. Johnson and Speakman (2001) 26. Marsden and Morris (1987)
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their HS counterparts but remained in thermal
neutral conditions allowing for the evaluation of
the direct effects of thermal stress while eliminat-
ing the confounding effects of dissimilar nutrient
intake. Utilizing this model demonstrated that
reduced feed intake only accounts for 35-50 % of
decreased milk yield in dairy cattle during envi-
ronmentally induced hyperthermia (Rhoads et al.
2009; Wheelock et al. 2010). In agreement, HS
lambs do not gain as much body weight as pair-
fed counterparts (Mahjoubi et al. 2014). However,
there appears to be differences in how HS alters
nutrient partitioning in pigs as HS pigs actually
gain more weight than pair-fed counterparts
(Pearce et al. 2013a). Regardless of species dif-
ferences in the response to HS, these data indi-
cate that HS directly alters nutrient partitioning
and characterizing how and why this occurs is of
practical interest.

5.4.2 Experimental Design
Considerations

Although the pair-fed thermal neutral (PFTN)
model attempts to separate the direct and indirect
effects of HS, some limitations of this experi-
mental design need consideration. The negative
consequences of HS on productivity may be
mediated by reduced intestinal integrity (Pearce
et al. 2013b; Sanz Fernandez et al. 2014). During
HS, blood flow is diverted to the skin in an
attempt to increase heat dissipation, which results
in decreased intestinal blood flow (Lambert
2009). Reduced blood flow leads to hypoxia at
the intestinal epithelium, which can alter intesti-
nal morphology, and may compromise the ability
of tight junctions to maintain an effective barrier
increasing the probability of bacterial transloca-
tion into the blood stream (Baumgart and Dignass
2002; Yan et al. 2006; Pearce et al. 2013b). The
subsequent endotoxemia/septicemia and inflam-
mation might be partially responsible for the
negative effects of HS on productivity (Baumgard
and Rhoads 2013). Further, HS-induced changes
on villi morphology may decrease nutrient
digestibility and absorption in heat-stressed ani-
mals as suggested by Pearce and colleagues
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(2013b), likely putting HS pigs at an even lower
plane of nutrition than pair feeding can account
for. However, it is important to note that nutrient
restriction itself may also increase intestinal per-
meability (Ferraris and Carey 2000; Pearce et al.
2013b). In addition, voluntary reduced feed
intake during HS is likely a strategy to reduce
basal heat production (i.e., the thermic effect of
feeding) in a concerted effort to acclimate to
hyperthermia (Curtis 1983). However, limit-
feeding pigs in thermo neutral (TN) conditions
(i.e., an involuntary nutrient restriction) may ini-
tiate a stress response resulting in increased
activity, abnormal behavior, and enhanced stress
hormone secretion. Therefore, it is likely that
PFTN animals are not only nutrient restricted,
but may also be more psychologically stressed
compared to their HS counterparts. A report by
our group (Pearce et al. 2013a) indicated that pair
feeding reduces core body temperature when
compared to pigs fed ad libitum and raised in TN
conditions. This core temperature decrease could
result from reduced heat production from nutri-
ent processing (i.e., the thermic effect of feed-
ing), and in an attempt to maintain homeothermy,
PFTN pigs may increase fasting heat production
compared to HS pigs. Increased fasting heat pro-
duction would imply greater maintenance costs,
thus reducing energy efficiency in PFTN pigs
compared to HS counterparts. Finally, because
PFTN pigs lose more body weight when com-
pared to heat-stressed counterparts (Pearce et al.
2013a), nutrient restriction in heat-stressed pigs
may not be as metabolically stressful compared
to PFTN pigs. Pair feeding as a percent of body
weight can help mitigate nutrient intake differ-
ences due to altered rates of body weight gain.
However, despite its limitations the PFTN model
is currently the best method to minimize the con-
founding effects of dissimilar feed intake during
HS experiments.

5.4.3 Heat Dissipation Limit Theory
A recently proposed theory for hyperthermia-

induced production loss is the heat dissipation
limit (HDL) theory (Speakman and Krol 2010),
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which states that the capacity of an animal to lose
heat is the key variable controlling maximum
energy expenditure (Speakman and Krol 2010).
In other words, product synthesis (i.e., milk pro-
duction, muscle synthesis, egg production) is not
constrained by the capacity for animals to acquire
energy (i.e., the feed intake differential), but the
ability to dissipate thermal energy (Speakman
and Krol 2010). Therefore, when animals are
exposed to HS and their capacity for heat dissipa-
tion is reduced (Blatteis 1998), highly exergonic
processes such as lactogenesis are constrained
regardless of energy intake (Speakman and Krol
2010). This theory may have relevance when
considering data published by our group compar-
ing heat-stressed and pair-fed dairy cows (Rhoads
et al. 2009). Despite similar energy intake, cows
exposed to HS produced less milk compared to
PFTN controls (Rhoads et al. 2009), ruling out
the possibility that reduced feed intake is solely
responsible for the well-documented decline in
milk production. It is of interest, therefore, to
determine how much the HDL contributes to
reduced production in agriculturally important
models.

5.4.4 Cold Stress

Two-thirds of all livestock in North America are
raised in regions where the mean January tem-
perature is below 0 °C; however, because of mod-
ern facilities, CS seldom represents an issue
(Young 1981). Although swine and poultry spe-
cies are particularly CS susceptible, they are
often kept in heated housing when raised in
colder regions (Young 1981). In addition, lactat-
ing or finishing cattle are highly cold tolerant due
to larger body mass, hair cover, and metabolic
heat production (i.e., fermentation, lactogenesis)
and rarely experience ambient temperatures
below their lower critical temperature (Young
1981). Despite the lack of hypothermia in cattle,
production efficiency is often compromised due
to cold temperatures (Table 5.1), especially in
times of increased precipitation (Qi et al. 2014).
This is primarily due to an increase in heat pro-
duction (i.e., shivering and non-shivering ther-

mogenesis) required to withstand thermal insults.
When animals are first exposed to cold, heat pro-
duction is increased to compensate for enhanced
heat loss to their environment (Klain and Hannon
1969). Unable to balance their new caloric
demands with the intake of feed, animals enter a
period of negative energy balance where growth
is arrested and weight loss occurs (Klain and
Hannon 1969; Table 5.1). After this initial period
of weight loss, animals will compensate for
greater energy demands by increasing energy
intake; however, production efficiency will
remain compromised (Table 5.1) due to a repri-
oritization of nutrient partitioning as maximizing
heat production becomes essential for survival
(Young 1981).

Thermal Stress
and Postabsorptive
Metabolism

5.5

Thermal stress compromises animal production
by directly altering metabolism and the hierarchy
of nutrient utilization. A prerequisite to under-
standing thermal stress adaptation is an apprecia-
tion for the physiological and metabolic
adjustments responsible for altered postabsorp-
tive metabolism in livestock species during peri-
ods of inadequate nutrient intake. Collectively,
changes in postabsorptive nutrient partitioning
homeorhetically occur to support a dominant
physiological state (i.e., milk and skeletal muscle
synthesis; Bauman and Currie 1980). Defining
the biology and mechanisms by which thermal
stress governs animal metabolism may provide
the foundation for developing future mitigation
strategies.

5.5.1 Carbohydrate Metabolism
5.5.1.1 Heat Stress

During HS, carbohydrate utilization is enhanced
(Streffer 1988), and we have demonstrated this in
both pigs (Pearce et al. 2013a) and cattle
(Wheelock et al. 2010). Acute HS was first
reported to cause hypoglycemia in cats and
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originally thought to be responsible for reduced
construction-worker productivity in summer
months (Lee and Scott 1916; Table 5.2).
Additionally, athletes exercising at high ambient
temperatures have consistently elevated hepatic
glucose production and enhanced whole-body
carbohydrate oxidation at the expense of lipids
(Fink et al. 1975; Febbraio 2001; Table 5.2).
Moreover, exogenous glucose is unable to blunt
hepatic glucose output (Angus et al. 2001), which
is likely due to increased glycogenolysis
(Febbraio 2001), and gluconeogenesis (Collins
et al. 1980; Fig. 5.2). A proposed mechanism for
the enhanced hepatic glucose output is increased
pyruvate carboxylase expression (a rate-limiting
enzyme that controls lactate and alanine entry
into the gluconeogenic pathway) during times of
HS (O’Brien et al. 2008; White et al. 2009),
likely resulting from increased plasma lactate
(presumably due to an increase in muscular lac-
tate production; Hall et al. 1980; Elsasser et al.
2009).

Despite the well-documented reduction in
nutrient intake and increased body weight loss
(Baumgard and Rhoads 2013), heat-stressed ani-
mals are often hyperinsulinemic (Wheelock et al.
2010; O’Brien et al. 2010; Pearce et al. 2013a).
This increase in insulin (a potent anabolic hor-
mone) during a hypercatabolic condition as HS is
a biological paradox, but an explanation may
include insulin’s key role in activating and upreg-
ulating heat shock proteins (Li et al. 2006).
Regardless of the reason, HS is one of the few
nondiabetic models where nutrient intake is
markedly reduced but basal and stimulated insu-
lin levels are increased (Baumgard and Rhoads
2013; Table 5.2; Fig. 5.2).

The mechanism(s) responsible for enhanced
insulin action during HS is not clear. One possi-
bility is heat-induced hyperprolactinemia (Iguchi
et al. 2012; Fig. 5.2) described in multiple spe-
cies (Alamer 2011) and recently confirmed in
pigs (Sanz Fernandez et al. 2012). Although the
role of prolactin during established ruminant lac-
tation is not fully clear (Lacasse et al. 2012), its
increase during HS is counterintuitive consider-
ing the marked reductions in milk yield (West
2003; Rhoads et al. 2009). Why prolactin is ele-
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vated during HS is unknown, but some have
hypothesized its involvement in the sweating
response (Kaufman and Mackay 1983), heat
shock protein induction (Blake et al. 1995), water
homeostasis (Collier et al. 1982), and pelage/
molting (Foizik et al. 2009). We have hypothe-
sized that prolactin may partially mediate
HS-induced hyperinsulinemia as it increases
invitro pancreatic -cell proliferation (Arumugam
et al. 2010) and in vivo glucose-stimulated insu-
lin secretion (Ben-Jonathan et al. 2006). In addi-
tion, the temporal pattern of HS-induced
hyperprolactinemia precedes the increase in cir-
culating insulin (3—4 days). Characterizing pro-
lactin’s role in HS-induced hyperinsulinemia is
of interest, particularly in lactating agricultural
species.

An additional cause of heat-induced hyperin-
sulinemia may be circulating endotoxin (e.g.,
lipopolysaccharide [LPS]). As mentioned earlier,
heat-stressed animals redistribute blood to the
periphery in an attempt to maximize radiant heat
dissipation. To maintain blood pressure during
HS, the gastrointestinal tract vasculature con-
stricts (Lambert 2009), and blood flow to the
splanchnic tissues can decrease up to 50 %
(McGuire et al. 1989; Hall et al. 2001).
Enterocytes are extremely sensitive to oxygen
and nutrient restriction (Rollwagen et al. 2006),
thus HS-induced vasoconstriction markedly
changes gastrointestinal conformation and
reduces intestinal barrier function (Lambert
2009; Hall et al. 2001; Fig. 5.1). We have demon-
strated this in heat-stressed pigs (Pearce et al.
2013b), and presumably it also occurs in rumi-
nants since HS causes rumen acidosis (Mishra
et al. 1970; Kadzere et al. 2002), which, indepen-
dent of HS, can compromise gastrointestinal tract
barrier integrity (Plaizier et al. 2008). Therefore,
ruminants may, in fact, be more prone to intestinal
“leakiness” during HS than monogastrics
(Baumgard and Rhoads 2013). Paracellular trans-
port of LPS from the lumen into circulation
causes a local inflammatory response, and if the
liver’s LPS detoxification becomes overwhelmed,
systemic endotoxemia occurs (Bouchama and
Knochel 2002; Mani et al. 2012; Fig. 5.1). This
explains why heat stroke and severe endotoxemia
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Table 5.2 The impact of heat stress (HS) and cold stress (CS) on serum parameters of postabsorptive metabolism

Parameter

Glucose

Insulin

Lactate

Nonesterified fatty
acids

Cholesterol

Plasma urea nitrogen

1. Angus et al. (2001)

2. Bobek et al. (1997)

3. Burger et al. (1972)
4. Close et al. (1985)

5. Curtis 1983

6. Davison (1973)

7. Elsasser et al. (2009)
8. Febbraio et al. (1994)
9. Fink et al. (1975)

10. Fletcher et al. (1988)

Species
Humans
Rats
Rats
Pigs
Poultry
Cattle
Cats
Cattle
Pigs
Rats
Humans
Buffalo
Pigs
Cattle
Humans
Dogs
Cattle
Rats
Poultry
Sheep
Pigs
Cattle
Humans
Pigs
Cattle
Humans
Pigs
Rats

11. Francesconi et al. (1976)

12. Francesconi and Hubbard (1986)

13. Frankel (1968)

14. Frascella et al. (1977)

15. Fuquay (1981)

16. Gasparetti et al. (2003)

HS Reference (HS)
Increase 1,8,9
Increase 43

Decrease 30, 31
Decrease 34

Decrease 14, 45
Decrease 37,41,42
Decrease 28

Increase 32,44
Increase 34

Increase 43

None 26

Decrease 21

Increase 19

Increase 7

Increase 9,29, 35
Increase 27

Decrease 37, 38,42, 44
Decrease 3,13, 14
Decrease 2

Decrease 39

Decrease 31

Decrease 15

None 11

None 10

Increase 25, 38,40,42, 44
Increase 20

Increase 34

Increase 12

17. Godfrey et al. (1991)

18. Goodenough et al. (1982)
19. Hall et al. (1980)

20. Hart et al. (1980)

21. Haque et al. (2012)

22. Hermanussen et al. (1995)
23. Hicks et al. (1998)

24. Hunter et al. (1999)

25. Kamiya et al. (2006)

26. Kappel et al. (1997)

27. Kozlowski et al. (1985)
28. Lee and Scott (1916)

29. Lorenzo et al. (2010)

30. Miova et al. (2013)

31. Mitev et al. (2005)

32. O’Brien et al. (2010)

CS
Increase
Increase
None
Decrease
Increase
Decrease
Decrease
Decrease
Decrease
Increase
Increase

Increase
Increase
None

Increase

Increase
Increase

Reference (CS)
22
16
23
6
46
33
4
16
22
5
33

17
16
24

33

33
18

33. Olson et al. (1983)

34, Pearce et al. (2013a)
35. Pettigrew et al. (1974)
36. Rhoads et al. (2009)
37. Ronchi et al. (1999)
38. Sano et al. (1983)

39. Settivari et al. (2007)
40. Shehab-El-Deen et al. (2010)
41. Shwartz et al. (2009)
42. Simon (1953)

43, Torlinska et al. (1987)
44, Wheelock et al. (2010)
45. Yalcin et al. (2009)

46. Young (1975)
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Fig.5.1 Heat stress-
induced LPS and
subsequent metabolic and
physiological changes

Inflammatory
cytokines

share many physiological and metabolic similari-
ties (Lim et al. 2007; Baumgard and Rhoads
2013).

Differences in acid—base balance caused by
hyperthermia (Bouchama and De Vol 2001)
could result in the HS-induced hyperinsulinemia
observed in various species (as reviewed by
Baumgard and Rhoads 2013). In an attempt to
dissipate heat, some HS-exposed animals will
increase respiration rate and this hyperventilation
can cause respiratory alkalosis (Bouchama and
De Vol 2001). To counteract respiratory alkalosis,
the kidneys retain hydrogen ions and compensa-
tory metabolic acidosis occurs (Patience 1990).
Metabolic acidosis impairs tissue sensitivity to
both endogenous and exogenous insulin
(DeFronzo and Beckles 1979) resulting in insulin
resistance (Souto et al. 2011). As a result of
whole-body insulin resistance, hyperinsulinemia
can occur (Reaven 1988) and could contribute to
the HS-induced hyperinsulinemia observed in
various species (as reviewed by Baumgard and
Rhoads 2013).
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5.5.1.2 Cold Stress

During hypothermia, metabolism is markedly
altered to provide energy for enhanced thermo-
genesis at the expense of tissue accretion and
growth (Klain and Hannon 1969). Acute CS
reduces glucose availability for normal tissue
development and growth in multiple species
(Baum et al. 1968; Benzing et al. 1983; Deavers
and Musacchia 1979; Helman et al. 1984) and is
accompanied by hypoinsulinemia (Benzing et al.
1983), reduced insulin secretion (Baum et al.
1968), and insulin resistance by peripheral tis-
sues (Steffen 1988). Since CS is often associated
with increased feed intake (Young 1981), the fact
that circulating insulin is reduced is biologically
difficult to explain. Hypothermia is also a potent
activator of the sympathoadrenal system and elic-
its an increase in plasma catecholamines in rats
(Jones et al. 1984), dogs (Warner et al. 1971),
nonhuman primates (Chernow et al. 1983), and
humans (Johnson et al. 1977). Increased plasma
catecholamines increase hepatic glucose output
(i.e., glycogenolysis) and gluconeogenesis (Klain
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Fig.5.2 Effects of heat stress and cold stress on metabolite and endocrine profiles in pigs

and Hannon 1969), which when combined with
reduced peripheral glucose uptake and hypoinsu-
linemia contribute to the CS-induced hyperglyce-
mia (Steffen 1988; Table 5.2; Fig. 5.2).

Despite whole-body hypoinsulinemia, plasma
glucose clearance is enhanced during an insulin
tolerance test in cold-stressed subjects (Vallerand
et al. 1985), and this is likely because shivering
thermogenesis requires a large amount of fuel
(Steffen  1988). Since muscle contraction
increases glucose uptake in the absence of insulin
(Ploug et al. 1984), greater circulating glucose
concentrations could provide substrate for energy
metabolism in muscle, especially since whole-
body glucose tolerance and oxidation are
enhanced (Steffen 1988). Further, muscle tissue
may rely primarily on glycolysis for ATP energy
during acute CS (Seiyama et al. 1996), since the
uncoupling of oxidative phosphorylation from
ATP synthesis is increased due to enhanced heat
production (Rousset et al. 2004).

5.5.2 Protein Metabolism

5.5.2.1 Heat Stress

During periods of inadequate nutrient intake or
disease, skeletal muscle amino acids are mobi-
lized to provide substrates to support energy
metabolism and acute-phase protein synthesis
limiting lean tissue accretion (Rhoads et al.
2013). Similarly, during HS muscle protein syn-
thesizing machinery and RNA/DNA synthetic
capacity are reduced (Streffer 1982), while skel-
etal muscle proteolysis is increased (Bianca
1965; Yunianto et al. 1997; Wheelock et al. 2010)
resulting in decreased carcass lean tissue in grow-
ing livestock species (Collin et al. 2001; Brown-
Brandl et al. 2004; Lu et al. 2007). Although it is
known that protein breakdown is increased dur-
ing HS, it is unclear if this is a result of enhanced
rates of protein catabolism or a direct result of
heat-induced muscle damage (Rhoads et al.
2013). It has been demonstrated that heat-stressed
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pigs (Pearce et al. 2013a), cows (Shwartz et al.
2009), and heifers (Ronchi et al. 1999) have
increased plasma urea nitrogen concentrations
compared to thermal neutral controls (Rhoads
et al. 2013; Table 5.2; Fig. 5.2). More accurate
indicators of muscle catabolism are circulating
3-methyl histidine or creatine, both of which are
increased in heat-stressed poultry (Yunianto et al.
1997), rabbits (Marder et al. 1990), pigs (Pearce
et al. 2013a), lactating cows (Schneider et al.
1988), and exercising men (Febbraio 2001). In
addition, evidence indicates that HS directly
alters protein metabolism by decreasing milk
protein synthesis in dairy cattle compared to their
pair-fed counterparts (Rhoads et al. 2009). The
reduction in protein synthesis and subsequent
increase in catabolism is perplexing since HS
causes an increase in plasma insulin, a promoter
of skeletal muscle synthesis and preventer of
skeletal muscle catabolism (as reviewed by
Baumgard and Rhoads 2013).

5.5.2.2 Cold Stress

Relatively little has been reported regarding the
effects of hypothermia on protein metabolism.
However, it is known that animals exposed to
chronic CS have reduced muscle mass (Sagher
1975), likely due to the partitioning of energy
toward shivering and non-shivering thermogene-
sis at the expense of tissue development and
growth (Himms-Hagen 1984; Steffen 1988). In
the case of non-shivering thermogenesis, energy
sources (i.e., glucose, amino acids, free fatty
acids) that would normally be converted to ATP
by oxidative phosphorylation are partially con-
verted to heat energy by uncoupling proteins
(Rousset et al. 2004). Since the efficiency of ATP
production by oxidative phosphorylation is com-
promised during CS, muscle increases its reli-
ance on glycolysis as a source of ATP (Seiyama
et al. 1996). In addition to energy losses through
uncoupling protein activation, shivering thermo-
genesis results in enhanced muscle glycogen
breakdown and a reduction in available energy
for muscle growth (Steffen 1988). In order to
counteract the effects of CS-induced losses in net

J.S. Johnson et al.

energy, animals will often increase gross energy
intake to enhance diet-induced thermogenesis
(Himms-Hagen 1984) and increase available
energy for growth (Young 1981). Despite this,
losses in muscle mass, growth rate, and feed effi-
ciency occur due to increased maintenance costs,
heat production, and digestive inefficiency as a
result of hypothermia (Young 1981).

5.5.3 Lipid Metabolism

5.5.3.1 Heat Stress

Production and observational data indicates that
HS impacts lipid metabolism differently than
would be expected based on calculated whole-
body energy balance (Rhoads et al. 2013).
Additionally, carcass data indicates that both
chickens (Geraert et al. 1996) and pigs (Collin
et al. 2001; Brown-Brandl et al. 2004) have
increased lipid retention when reared in HS con-
ditions and the effects in chickens are most pro-
nounced in the abdominal fat depot (Yunianto
et al. 1997). Interestingly, plasma nonesterified
fatty acid (NEFA) concentrations are typically
reduced in HS-exposed sheep and cattle, despite
marked reductions in feed intake (Sano et al.
1983; Ronchi et al. 1999; Shwartz et al. 2009)
and especially when compared to PFTN controls
(Rhoads et al. 2009; Wheelock et al. 2010;
Fig. 5.2). Alterations in carcass lipid composition
and serum metabolites agree with rodent results
indicating that HS reduces in vivo lipolytic rates
and in vitro lipolytic enzyme activity (Torlinska
et al. 1987). Considering that HS causes an
increase in stress and catabolic hormones (i.e.,
epinephrine, cortisol, glucagon; Beede and
Collier 1986), it is surprising that adipocyte lipo-
lytic capacity is reduced (Baumgard and Rhoads
2013).

Changes in lipid metabolism during HS
may result from increased insulin concentration
and/or insulin sensitivity, as insulin is a potent
antilipolytic and lipogenic hormone (Vernon
1992). In addition, reduced NEFA mobilization
may allow for increased circulating insulin as
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excessive NEFAs cause pancreatic f3-cell apoptosis
(Nelson et al. 2002). Previous studies have dem-
onstrated enhanced insulin sensitivity in heat-
stressed rodents (DeSouza and Meier 1993),
pigs (Hall et al. 1980), growing steers (O’Brien
et al. 2010), and lactating cows (Wheelock et al.
2010). Moreover, HS increases adipose tissue
lipoprotein lipase (Sanders et al. 2009), suggest-
ing that adipose tissue of hyperthermic animals
has an increased capacity to incorporate and
store intestinal and hepatic derived free fatty
acids (Baumgard and Rhoads 2013). Taken
together, these studies suggest that heat-stressed
animals have a limited ability to mobilize adi-
pose tissue with a corresponding increased
capacity for lipogenesis, resulting in greater
adipose accretion.

5.5.3.2 Cold Stress

Hypothermia alters lipid metabolism by modi-
fying the sympathoadrenal system and insulin
homeostasis. Cold-stressed animals have
increased catecholamine secretion, resulting in
enhanced hepatic glucose output (Tamminga
and Schrama 1988; Table 5.2; Fig. 5.2).
Concurrently, insulin secretion is blunted and
adipocyte insulin receptors are decreased caus-
ing hypoinsulinemia and reduced insulin action
in adipose tissue (Steffen 1988; Torlinska et al.
1995). This results in greater rates of lipolysis
and fatty acid oxidation (Kuroshima et al.
1978; Doi et al. 1982; Table 5.2; Fig. 5.2),
which are mobilized in a coordinated effort to
provide energy substrate for shivering and non-
shivering thermogenesis and maintenance of
homeothermy during times of CS. In addition
to increasing lipid mobilization, CS also acti-
vates brown adipose tissue (BAT) for non-shiv-
ering thermogenesis (Steiner et al. 1969). In
euthermic conditions, the functions of BAT
appear similar to white adipose tissue (Steiner
et al. 1968). However, during hypothermia,
glucose oxidation by BAT is increased (ten-
fold) (Steiner et al. 1969). It is of interest to
determine BAT’s role in maintaining euther-
mia, and bioenergetics in general, in agricul-
turally important species.

5.6 Prenatal Impact of Thermal

Stress

Prenatal insults can have lasting effects on off-
spring growth (Foxcroft et al. 2006, 2009; Tao
et al. 2012), behavior (Shiota and Kayamura
1989), postabsorptive metabolism (Chen et al.
2010), and body composition (Pinney and
Simmons 2010) and can be teratogenic (Graham
et al. 1998). Hales and Barker (1992) first intro-
duced the idea of a “thrifty phenotype” in
response to fetal nutrient insufficiency, whereby
fetal malnutrition causes maladaptive program-
ming resulting in glucose-sparing mechanisms
that persist after birth. In utero HS may also
imprint future thermotolerance to a heat load, and
this has been demonstrated in unicellular organ-
isms (Estruch 2006), insects (Sorensen et al.
2001), and birds (Tzschentke 2007; Piestun et al.
2008). Although prenatal insults can result in
negative postnatal phenotypes, they may also
precondition offspring to harsh environmental
conditions, and this “memory” may benefit future
livestock production.

The mechanism(s) by which prenatal HS
exposure impacts postnatal performance remains
poorly understood, but likely results from epi-
genetic imprinting. Epigenetic programming is
influenced by differences in DNA methylation of
CpG islands (Klose and Bird 2006) that when
altered during prenatal development can have
lasting implications on gene expression (Bernal
and Jirtle 2010) and can significantly impact life-
time production (Foxcroft et al. 2009). These epi-
genetic modifications in chromatin structure
(which can last for short periods or be lifelong)
influence the condensation of the DNA by reduc-
ing the recruitment and ability of DNA-binding
proteins to interact with and transcribe genes
from the genome. Intrauterine modifications via
DNA methylation can also occur in temporal and
tissue-specific patterns (Schneider et al. 2010), as
numerous genes and quantitative trait loci associ-
ated with body composition and growth and
development are subject to epigenetic regulation
in mammals (Thomsen et al. 2004).
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5.6.1 Heat Stress

Epigenetic programming and hormonal altera-
tions in prenatally heat-stressed offspring resem-
ble phenotypes of animals affected by intrauterine
growth retardation (Baumgard et al. 2012;
Table 5.3). Phenotypic changes are likely medi-
ated by alterations to metabolism, uterine blood
flow, and reproduction caused by maternal
HS. Negative effects of maternal HS range from
developmental defects (Graham et al. 1998) to
altered HS response during future growth
(Johnson et al. 2013a, b; Table 5.3). In some spe-
cies, exposure to prenatal HS causes a reduction
in birth weight, average daily gain, and brain
weight that lasts into maturation (Jonson et al.
1976; Shiota and Kayamura 1989; Table 5.3).
Although the specific cause of suboptimal perfor-
mance in offspring exposed to prenatal HS is cur-
rently unknown, it is likely that epigenetic
regulation plays a key role in the imprinting of
future phenotypes.

Recent studies by our group have described
multiple postnatal phenotypic changes due to in
utero HS (Table 5.4). Previous reports indicate
that prenatal exposure to HS in unicellular organ-
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isms (Estruch 2006), insects (Sorensen et al.
2001), and poultry species (Tzschentke 2007;
Piestun et al. 2008) can infer increased postnatal
thermal tolerance. However, we demonstrated in
two studies that mammalian species (pigs) have a
different postnatal thermoregulatory response to
in utero HS (Johnson et al. 2013a, b). Specifically,
pigs that experience in utero HS (especially dur-
ing the first half of gestation) maintain a greater
core body temperature (Table 5.4), regardless of
the postnatal ambient temperature, and this
increase is not influenced by a reduced ability to
dissipate body heat (i.e., reduced skin tempera-
ture and respiration rate). Chronically increased
core body temperature has obvious bioenergetic
implications in both human health and animal
agriculture, as maintaining this core body tem-
perature differential throughout a lifetime
requires a substantial amount of energy. In addi-
tion to altering core body temperature, we dem-
onstrated that in utero HS alters porcine body
composition during the early finishing phase by
reducing protein and increasing adipose tissue
deposition (Johnson et al. 2015a). While the spe-
cific mechanisms for this altered phenotype are
unknown, it is potentially the result of a reduced

Table 5.3 The impact of in utero heat stress on postnatal phenotypes

Species
Cattle
Rodent
Pig

Postnatal phenotype

Growth performance

Teratogenicity
Guinea pig
Rodent
Monkey
Human
Yeast
Insects
Poultry
Rodents

Thermal tolerance

. Edwards (1969)

. Edwards et al. (2003)

. Estruch (2006)

. Germain et al. (1985)
Hendrickx et al. (1979)
. Jonson et al. (1976)

. Lary et al. (1983)

. McDonald (1961)

0NN R W =

Response Reference
Decrease 13
Decrease 11
Increase 2
Increase 1,6
Increase 4,7,11
Increase 5
Increase 8,9
Increase 3
Increase 12
Increase 10, 15
Increase 14

9. Miller et al. (1978)

10. Piestun et al. (2008)

11. Shiota and Kayamura (1989)
12. Sorensen et al. (2001)

13. Tao et al. (2012)

14. Tetievsky and Horowitz (2010)
15. Tzschentke (2007)
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Table 5.4 The biological consequences of pre- and post-
natal heat stress®

Timing of heat stress

Phenotypic change Prenatal Postnatal
Insulin Increase Increase
Feed efficiency Decrease Decrease
Core body temperature Increase Increase
Body protein accretion Decrease Decrease
Body lipid accretion Increase Increase
Basal heat production Increase Decrease
Liver weight Decrease Decrease
Total viscera weight No change Decrease
Head size Decrease No change

2Adapted from Boddicker et al. (2014) and Johnson et al.
(2013b; 2015a)

capacity to synthesize protein that diverts excess
energy toward adipose tissue as we have previ-
ously suggested (Johnson et al. 2015a). These
results have implications to the future perfor-
mance and carcass quality of animals gestated in
HS conditions and could compromise the effi-
ciency of lean tissue production, especially in
areas that experience prolonged periods of
extremely high ambient temperatures.

5.6.2 Cold Stress

Although CS is not likely to impact homeo-
thermy in modern agriculturally important mam-
malian species (Young 1981), prenatal
hypothermia may negatively influence postnatal
phenotypes in affected progeny. Despite the fact
that very few studies have researched the effect of
in utero CS, previous reports indicate that prena-
tal CS can reduce placental and fetal weight (Pan
and Chen 2009) and may alter future behavioral
responses (Tazumi et al. 2005). Interestingly, the
reduction in placental and fetal mass is similar to
the consequences of both intrauterine growth
retardation (Foxcroft et al. 2006, 2009) and pre-
natal HS (Galan et al. 1999). While the implica-
tions of prenatal CS-induced reductions in
placental and fetal weight on future phenotypes
are unknown, it is tempting to speculate that
those consequences could mimic that of intra-
uterine growth-restricted offspring.

5.7 Conclusion

Thermal stress limits efficient animal production
and negatively impacts health and development
during all life cycle stages. The impact of thermal
stress will likely become more significant since
climate models predict an increase in extreme
weather patterns in most animal-producing areas,
thereby undermining substantial advances made
by the global animal agriculture industries. While
the ultimate impacts of HS and CS are similar
(reduced productivity), their modes of action dif-
fer significantly and as such different mitigation
strategies need consideration. During HS expo-
sure, animal productivity is compromised due to
reduced FI, an altered metabolic profile, and gas-
trointestinal integrity perturbations. On the con-
trary, CS-induced performance reductions are
primarily a result of enhanced thermogenesis
required to maintain homeothermy. Not surpris-
ingly, many of the metabolic effects of HS and
CS are exactly opposite of each other, and both
are homeorhetically orchestrated to prioritize
survival at the cost of agriculturally productive
purposes. Regardless of the mechanisms, thermal
stress continues to threaten global food security
(especially in developing countries), and the need
for research to develop future mitigation strate-
gies will continue into the foreseeable future.
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Abstract

Water is an essential production factor in agriculture, both for crops and
for livestock. Climate change will have a significant impact on agriculture
in terms of affecting both water quantity and quality. It is known that
changing climate will affect the water resource availability and global
hydrological cycle. Livestock particularly in arid and semiarid region are
mostly reared under extensive or traditional pastoral farming systems. The
animals have different water requirements in different ambient tempera-
tures. The requirement of water varies breed to breed according to their
adaptability in a particular region and ambient temperature. Livestock of
arid and semiarid region face the problem of water scarcity in most of the
time of the year. So the animals need to take adaptive mechanism to over-
come the water deprivation in different physiological stages. The animals
exhibit several adaptive mechanisms to cope up to the less availability of
water. These mechanisms include reduced plasma and urine volume,
reduced faecal moisture, reduced body weight and reduced feed intake.
The blood biochemical changes include increased haemoglobin, increased
blood cholesterol and urea concentration, reduced protein concentration
and increased sodium and potassium concentration. The endocrine changes
include increased cortisol and reduced insulin, T, T, and leptin concentra-
tion in livestock. In addition, water deprivation in rumen also plays an
important role in maintaining homeostasis in adapted animals. An ade-
quate and safe water supply is essential for the normal and healthy produc-
tion of livestock. Generally, surface or groundwater is supplied to the
animals. This water source should be protected from microorganisms,
chemicals and other pollutant contaminations. Keeping in view the adverse
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water scarcity predicted in the future, strategies have to be developed to
improve water-use efficiency and conservation for diversified production
system in different locations. More research is needed into water resources’
vulnerability to climate change and in order to support the development of
adaptive strategies for agriculture.

Keywords

Climate change ¢ Livestock ¢ Water scarcity * Water quality ¢ Water

turnover

6.1 Introduction

Water is one of the most crucial component
which depicts the climate change effects on the
ecosystem, livelihood and various other produc-
tive aspects of the earth. Climate change influ-
ences the water demand, availability and quality.
Changes in temperature and weather may affect
the quality, quantity and distribution of rainfall,
snowmelt, river flow and groundwater (IPCC
2007). Nowadays, many developing countries are
facing water stress. So, if water management is
inadequate, it will jeopardize the poverty allevia-
tion program and sustainable development in
economics, social and environment. Water scar-
city and irregular rainfall are the common fea-
tures in arid and semiarid environment. Along
with the low water accessibility, the feed and fod-
der availability is also less in this region. Still
livestock are the integral part of the ecosystem as
well as livelihood of arid and semiarid environ-
ment. The ruminant animals of this region are
well adapted to thrive in such harsh climatic con-
ditions. Even they can survive up to 1 week with
little or no water.

Water is an essential nutrient which is
involved in all basic physiological functions of
the body. Relative to other nutrients, water is
consumed in considerably larger quantities.
Therefore, water availability and quality are
extremely important for animal health and pro-
ductivity. The deprivation of water affects
animal physiological homeostasis leading to
loss of body weight, low reproductive rates and
a decreased resistance to diseases (Barbour
et al. 2005).

6.2 Climate Change, Water

Availability and Agriculture

Water is an essential production factor in agricul-
ture, both for crops and for livestock. Climate
change will have a significant impact on agricul-
ture in terms of affecting both water quantity and
quality. This will be exacerbated by the increas-
ing demand for food worldwide as population
and real incomes increase. The production of
biomass is inextricably linked to the need for
fresh water, and livestock depends on water to
drink. Just 3 % of the earth’s water resources are
fresh water and only 1 % of these are available
for human activity, including agriculture.
Imbalances between water availability and
demand will most likely be exacerbated by cli-
mate change, and, like access to energy, water
management is becoming one of the main geo-
strategic challenges of the twenty-first century.
Water quality and quantity are closely intercon-
nected and climate change will make this even
more evident. Less water available makes man-
agement of its quality more difficult. More
research is needed into water resources’ vulnera-
bility to climate change and in order to support
the development of adaptive strategies for
agriculture.

6.3  Water Availability

In this earth, freshwater availability is very less.
Only 2.5 % of all water resource is fresh water.
96.5 % of water is in oceans and 1 % is brackish
water. Out of this 2.5 % fresh water, 70 % is locked
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up in glaciers, permanent snow and atmosphere
(Dompka et al. 2002; UNESCO 2005). Water
availability was always reported to constrain
human activities pertaining to agriculture. With
increasing demand in agricultural products, water
demand also increased. Continuous excessive
withdrawal of groundwater and poor water man-
agement lowered groundwater (Rosegrant et al.
2002). Most of the fresh water is used in agricul-
ture. In 2000, agriculture accounted for 70 % of
water use and 93 % of water depletion worldwide
(Turner et al. 2004). The growth of irrigated areas
increased 5 times over the last century (FAO
2006). Along with that, the growth in the use of
water in domestic and industrial purpose has been
faster than agriculture (Rosegrant et al. 2002).

6.4  Water-Use Efficiency

Table 6.1 describes the current water usage for
different purposes in different continents and
India, and Table 6.2 describes the future water
usage in India, China and the USA. The virtual
water concept has gained wide acceptance
recently. The virtual water is a broadscale, global

Table 6.1 Water usage for different purposes in different
continents and India

Usage (%) World Europe Africa India
Agriculture 69 33 88 83
Industry 23 54 5 12
Domestic 8 13 7 5

Table 6.2 Future water usage in India, China and the
USA

Agriculture Industry Domestic Total —Per capita

Year Billion I/day I/day
India

2000 1,658 115 93 1,866  88.9
2050 1,745 441 227 2,413 167.0
China

2000 1,024 392 105 1,521 827
2050 1,151 822 219 2,192 1554
USA

2000 542 605 166 1,313 582.7
2050 315 665 187 1,167 484.6

Source: CITAAI (2005)

water-use concept. It is developed to put all the
industries and countries on equal basis in terms
of water use as a part of global trading and envi-
ronmental accounting system. The virtual water
content of live animals is calculated on the basis
of the virtual water content of their feed and
amount of water used for drinking and services
during their lifetime. The virtual water content is
coined because the final water content in a fin-
ished product is significantly less than the water
used to produce the product (Schlink et al. 2010).
Table 6.3 describes the estimate of the amount of
water used to produce different products.

6.5 Climate Change Impact

on Water

It is known that changing climate will affect the
water resource availability and global hydrologi-
cal cycle (IPCC 2008). Climate change can result
in a higher intensity precipitation that leads to
greater peak run-offs and less groundwater
recharge. Longer dry periods may reduce ground-
water recharge, reduce river flow and ultimately
affect water availability, agriculture and drinking
water supply. Global warming will increase water
temperature that may result in algal bloom and
may increase toxic cyanobacterial bloom and

Table 6.3 Average virtual water content of selected agri-
cultural products in developed country production

systems

Product World average virtual water content (I/kg)
Paddy rice 2,291
Wheat 1,334
Soybean 1,789
Sorghum 2,853
Cotton lint 8,242
Coffee (roasted) 20,682
Beef 15,497
Pork 4,856
Goat meat 4,043
Sheep meat 6,143
Chicken meat 3,918
Eggs 3,340
Milk 990

Source: Hoekstra and Chapagain (2007)
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diminished biodiversity. So, the consumption
quality of water in rivers and lakes will be com-
promised. Climate change can directly affect
water demand for agriculture and livestock. It is
reported that, by 2055, 64 % of the world’s popu-
lation will be living in water-stressed basins and
33 % in areas of absolute water scarcity (Steinfeld
et al. 2006). Figure 6.1 describes the impact of
climate change on water sources for livestock in
arid and semiarid regions of Rajasthan, India.
Climate change affects the water quality by:
(a) Increase in frequency of turbid water inflow
into the reservoirs due to increase in the
number of heavy rain days
Stagnation of circulation in reservoir due to
global warming
(c) Increased risk of toxic chemicals in raw
water due to increase in vermin
Increased production of trihalomethane due
to water temperature rise
(e) Increased risk of pathogenic microorganisms
in tap water due to water temperature rise

(b)

(d)

6.6  Water Requirement

of Livestock

In livestock production system, water is required
for drinking and servicing. 60-70 % of body
weight is water. Livestock meet their water
requirements through drinking water, water in
feedstuff and metabolic water produced by oxi-
dation of nutrients. Animals lost water from the
body through respiration, evaporation, defecation
and urination (NRC 1994). The water content of
forage also varies; it remains 90 % during grow-
ing season whereas 10-15 % in dry season. Dry
feed, concentrate and grain have 5-12 % water
content. Metabolic water can provide up to
5-15 % of water requirement. Globally only
0.6 % of water is required for drinking and ser-
vicing of livestock. The drinking water
requirement of different livestock species under
different physiological conditions and air
temperature is given in Table 6.4.

Bhilwara

Jodhpur

Tonk

Fig.6.1 Impact of climate change on water sources for livestock in arid and semiarid regions of Rajasthan, India
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Table 6.4 Drinking water requirements (I/animal/day)

Air temperature °C

Average 15 25 35

Species Physiological condition weight (kg) Water requirements
Cattle African pastoral system, lactating — 2 1 milk/day 200 21.8 25 28.7

Large breed, dry cow — 279 day pregnancy 680 44.1 73.2 102.3

Large breed, lactating — 35 1 milk/day 680 102.8 114.8 126.8
Goat Lactating — 0.2 1 milk/day 27 7.6 9.6 11.9
Sheep Lactating — 0.4 1 milk/day 36 8.7 12.9 20.1
Camel Mid lactation — 4.5 1 milk/day 350 31.5 41.8 522
Chicken Adult broilers (100 animal) 17.7 33.1 62

Laying eggs (100 animals) 13.2 25.8 50.5
Swine Lactating daily weight gain of pigs 200 g 175 17.2 28.3 46.7

Source: Luke (1987), NRC (1985, 1987, 1994, 1998, 2000), Pallas (1986) and Ranjhan (1998)

Livestock in arid and semiarid region are
mostly reared under extensive or traditional pasto-
ral farming systems. The animals have different
water requirements in different ambient tempera-
tures. The requirement of water varies breed to
breed according to their adaptability in a particu-
lar region and ambient temperature. Sheep is also
not an exception in this aspect; sheep also showed
different capacities to overcome water dearth.
Awassi sheep can survive more than 1 month of
watering every 2 days without much change
(Jaber et al. 2004), while bighorn sheep withstand
water deprivation up to 15 days (Farid et al. 1979;
Turner 1979). The Australian Merino sheep sur-
vived 10 days without water (MacFarlane 1964).

6.7 Physiological Adaptation
of Livestock to Water

Deprivation

Breeds of arid and semiarid region took adaptive
mechanisms to conserve water in times of heat
and drought. Urine volume and faecal moisture
content reduced in adapted breeds. The more
concentrated urine is produced because of the
length of Henle’s loops located in the medulla of
the kidney (McNab 2002). The thickness of the
medulla is more in well-adapted breeds as com-
pared to domestic breeds and able to produce
more concentrated urine. The desert bighorn
sheep produces highly concentrated urine of

3,900 mOsm/liter H,O (Horst and Langworthy
1971; Turner 1973). The Awassi sheep demon-
strated a similar ability to highly concentrate
urine (up to 3,244 mOsm/Kg H,0) under dehy-
dration and to drink large volumes upon rehydra-
tion without disrupting their homeostasis (Laden
et al. 1987). Table 6.5 describes the impact of
water restriction on reproductive performance in
Malpura ewes.

In dehydrated state blood urea concentration
increased due to renal urea retention (Jaber et al.
2013). In water deprivation rumen also plays an
important role in maintaining homeostasis in
adapted animals. It acts as an important water
reservoir because of its large volume. It also
allows the intake of large volumes of water upon
rehydration which is temporarily sequestered in
the rumen. In the hottest part of the day, little
body temperature increase was also observed,
followed by body cooling at night through con-
duction and radiation. The capacity to tolerate
this increase in temperature means that less water
is needed for evaporative cooling (Kay 1997).
The effects of water deprivation on various physi-
ological attributes of livestock are as follows:

6.7.1 Body Weight

The most common physiological consequence of
water restriction is weight loss. Previous reports
showed that the weight loss ranges from 0.84 to
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Table 6.5 Effect of water restriction on reproductive performance of Malpura ewes

Parameters G-1 G-I G-1II G-IV

First oestrous cycle Oestrus % 100 (7/7) 100 (7/7) 85.7 (6/7) 85.7 (6/7)
Oestrous duration (h) 34.3+£5.96 27.4+5.96 28.0+£6.4 40.0+6.4

Second oestrous cycle Oestrus % 100 (7/7) 85.7 (6/7) 85.7 (6/7) 85.7 (6/7)
Oestrus duration (h) 35.1£6.94 32.0+7.5 38.0+7.5 50.0+7.5

Oestrous cycle length (d) 17.0+£0.42 17.0+0.45 17.0+£0.45 17.3x£0.45

26 % in dry and lactating Awassi ewes. It is clear
that watering every 2 days did not cause a men-
tionable weight loss in Awassi ewes even if the
temperature reached up to 32 °C. The highest
weight loss (26.2 %) was recorded in young
sheep (2-year-old ewes) and in lactating animals.
Reported results lead to one conclusion that dry
Awassi has a high adaptation to dehydration, and
can tolerate 3-day water restriction regime, up to
1 month with losing only 16.8 % of their body
weight. Both sheep and goat lose their weight
subjected to feed and water stress (Silanikove
2000; MacFarlane et al. 1961). The weight loss
may be due to body water loss and consequent
mobilization of fat (and possibly muscle) used
for energy metabolism to compensate the
decrease in dietary intake (Jaber et al. 2004;
Epstein 1985). Reports are available stating that
water restriction causes more weight loss as com-
pared to feed restriction alone (Ahmed Muna and
El ShafeiAmmar 2001; Chedid 2009; Karnib
2009) although the difference was not always sta-
tistically significant. Figure 6.2 describes the
intermittent water supply on the productive
performance in Chokla ewes.

6.7.2 Feed Intake

A close correlation exists between water intake
and feed intake. In normal feed intake process,
hypovolaemia and hyperosmolality occur due
to the salivation and gastric juice secretion. But
during dehydrated state, salivary and gastric
juice secretions are reduced due to water depri-
vation, which affects the feed intake (NRC
2007). Along with that an adequate level of
water intake is necessary for proper digestive

functions. Hyperosmolality of the ruminal fluid
after taking a meal in water-restricted animals
may also be the reason for reduced feed intake
(Langhans et al. 1991). In Awassi sheep
3—4 days intermittent watering regime reduced
their voluntary feed intake to approximately
60 % of the control (Jaber et al. 2004; Hamadeh
et al. 2006). This reduction in feed intake is
partially compensated for by a slower feed
movement and longer retention time in the
digestive tract. This is thought to lead to an
increase in digestibility and nutrient utilization,
as longer time is available for the microflora in
the digestive tract to act on the feed
(Hadjigeorgiou et al. 2000; Asplund and
Pfander 1992; Musimba et al. 1987). Ahmed
Muna and El Shafei Ammar (2001) reported an
improvement in digestibility of lucerne hay
under water restriction in desert goats.

At CSWRI, More and Sahni (1977, 1978,
1980) worked on Chokla sheep with intermittent
water supply. The animals were supplied water
for 24, 48 and 72 h interval for 6 months to see
the effect on production performance. The results
are presented in Fig. 6.2. Recently an experiment
was carried out on Malpura ewes with water
restriction to assess effect on endocrine response,
body weight, feed intake and reproductive per-
formances. This study was conducted for a period
of 35 days covering two oestrous cycles. A total
of 28 non-pregnant ewes were randomly and
equally divided into four groups and offered adlib
feed consisted of 70 % roughage and 30 % con-
centrate. Ewes in G-I (control, n=7) were pro-
vided ad libitum water, in G-11 25 % less of adlib
water, in G-III 50 % less of adlib water and in
G-IV adlib water on alternate days. The results
are presented in Table 6.5.



6 Climate Change and Water Availability for Livestock: Impact on Both Quality and Quantity 87
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Fig.6.2 Effect of intermittent water supply on production performance of Chokla ewes

6.7.3 Fat Metabolism

During water deprivation, fat mobilization also
occurs in sheep. This fat mobilization increases
the blood cholesterol levels (Silanikove 2000) and
free fatty acid level. The increase in cholesterol
level after water restriction is mainly due to fat
metabolism because of low energy intake (Jaber
et al. 2013). In Awassi sheep, fat-tail adipocyte
diameter is reduced after intermittent watering
regime (Jaber et al. 2011). Some reports stated
that glucose metabolism decreases because of
decreased propionate production in the rumen as
feed intake reduces following water restriction.

6.7.4 Insulin and Leptin Levels
Intermittent watering (once in 4 days)
decreases the insulin and leptin levels. It was
reported that FFA is negatively correlated with
insulin and leptin levels (Chedid 2009). During
water-restricted period, insulin level decreased
as feed intake reduced and insulin secretion is
accelerated by feeding (Bassett 1975). Along
with that, leptin levels also decreased in water
and nutritional stress because of decreased
metabolic status that inhibits the adipose
tissue leptin secretion (Houseknecht and
Portocarrero 1988).
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6.7.5 PCV and Haematology

Plasma volume reduced in water stress as water is
taken up by tissues (Schaefer et al. 1990).
Although PCV and Hb values do not lead to a
firm result, still haematocrit values were found to
increase in water stress in some experiments.
Contradictory results were also reported in Hb
levels; the higher level of Hb may be due to
decreased plasma volume because of less water
availability (Jaber et al. 2013).

6.7.6 Protein

Some authors reported higher blood plasma albu-
min and globulin under water restriction (Jaber
et al. 2004; Alamer 2005; Casamassima et al.
2008; Hamadeh et al. 2009). The possible reason
may be due to reduced plasma volume in dehy-
dration (Cork and Halliwell 2002). Other authors
reported total protein and albumin reduction after
water restriction. The reduction of plasma protein
is attributed to low feed intake and use of the cir-
culating protein to balance the dietary inadequacy
(EI-Sherif and Assad 2001). Generally it is sug-
gested that a drop in serum albumin concentra-
tion is observed when the animal is under low
dietary protein intake. The globulin concentra-
tion deceased later when the dietary inadequacy
is prolonged (Sykes 1978; Caldeira et al. 2007).
Serum albumin is required for maintaining body
osmolarity, so, if changes occur in albumin lev-
els, an animal has to maintain normal levels by
transferring amino acids from skeletal muscle
and other sources (Moorby et al. 2002).

6.7.7 Urea and Creatinine

Urea is the end product of protein catabolism.
The kidney excretes urea from the body to elimi-
nate excess N which is not used. Urea is recycled
through saliva or by reabsorption into the rumen
for utilization by rumen microflora (Jaber et al.
2013). Water stress reduces the urine output and
produces dry faeces. This occurs under the influ-
ence of vasopressin, which increases water reab-
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sorption (Olsson et al. 1997). Through the course
of water deprivation, glomerular filtration slows
down and reabsorption of urea is higher in kid-
neys (Jaber et al. 2013). It is reflected by higher
urea concentration in blood. It was observed that
urine volume diminishes by 75 % and faecal
water output was 37 % lower in desert sheep
when subjected to 5 days of water restriction
(Li et al. 1982). The urea is recirculated from the
blood system into the digestive tract. The urea
conservation at the level of the kidney and recy-
cling into the gut is increased when dietary nitro-
gen intake is low (Marini et al. 2004). After
5 days of water stress, creatinine concentration
remained higher (Igbokwe 1993). Creatinine
levels in lambs were not affected by 48 h water
restriction (Jacob et al. 2006). Proteolysis and
endogenous N sources influence the creatinine
levels (Caldeira et al. 2007; Kataria and Kataria
2007). Another influencing factor is higher kid-
ney retention because of reduced glomerular
filtration. Actually, these factors are related to
protein N intake deficiency along with level of
dehydration (Jaber et al. 2013).

6.7.8 Electrolyte and Osmolarity

Electrolyte and osmolarity are affected by water
stress. During water deprivation, hyperosmolar-
ity occurs as plasma volume reduces. Sodium
(Na*) and chloride (CI") electrolyte concentration
mainly increased in water stress (Qinisa et al.
2011). To maintain Na* balance in the body, ani-
mal increased their retention of Na*. Some work-
ers reported that higher renal retention is because
of aldosterone (Ashour and Benlamlih 2001),
whereas others stated the effect of vasopressin
(McKinley et al. 2000). Reports suggested that
vasopressin increased in dehydrated state.
Urinary vasopressin excretion rate is directly
related to renal osmolarity and inversely related
to urine flow rate. That is why lower urine vol-
ume and higher osmolarity and vasopressin lev-
els were observed in dehydrated animals (Yesberg
et al. 1970). In dehydrated animals, salivary
secretion also reduced, but the osmolarity of the
secretion is increased. During water stress the
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ruminants try to utilize the water present in the
gut. They use the water across the rumen wall
through active transport of Na*. For this they
need lower level of volatile fatty acid in the
rumen, that is why feed intake is somewhat
reduced in dehydration (Jaber et al. 2013).

A negative correlation exists between Na* and
K* in plasma. So, blood K* level decreases in
dehydrated animals (Jaber et al. 2004; MacFarlane
etal. 1961). The possible reason behind this is the
intra-erythrocytic diffusion of K* or loss of K*
ions in urine in exchange of Na* reabsorption,
although some contradictory results are also
available because K* is not used as a reliable indi-
cator of dehydration. In extracellular fluid, CI- is
a major anion. During water stress, Cl~ level also
increases in parallel with the Na* levels (Igbokwe
1993; Jaber et al. 2004; Hamadeh et al. 2006). CI~
is passively distributed in relation to the electrical
gradient established by active Na* transport
(Tasker 1971). The increase may be due to
increased haemoconcentration because of lower
blood water level (Casamassima et al. 2008) and
higher aldosterone and vasopressin concentra-
tions which increase renal retention. Ca* does not
vary under stress (Jaber et al. 2004; Casamassima
et al. 2008).

Blood pH is important for normal metabolic
and enzymatic functions. It remained unchanged
in intermittent water supply, but pH increases
with highly restricted water supply (once in
5 days) (Jaber et al. 2004). The possible reason
behind increased pH may be that high dehydra-
tion and environmental heat cause hyperventila-
tion that leads to respiratory alkalosis because of
higher elimination of CO, (Srikandakumar et al.
2003).

6.7.9 Endocrine Profile

Cortisol is a major hormone. Cortisol is released
because of the activation of the hypothalamic-
pituitary-adrenal axis. Reports on Awassi sheep
suggest that cortisol level does not change with
water deprivation (Jaber et al. 2004; Ghanem
2005), whereas a report on Marwari sheep indi-
cated higher level of cortisol in dehydrated state

and remains higher up to 3 days of rehydration
(Kataria and Kataria 2007).

Thyroid hormones, triiodothryronine (Tj;)
and thyronine (T,), have important role in ther-
moregulation and maintaining metabolic
homeostasis of energy and proteins (Huszenicza
et al. 2002; Latimer et al. 2003; Thrall 2004). T;
and T, level decreases in water-restricted
animals (Jaber et al. 2011). The reason of
reduced T; in water stress indicates lower meta-
bolic state due to dehydration and decreased
feed intake (Jaber et al. 2013). The possible
reason behind decreased thyroid hormone activ-
ity is attributed to the animals’ attempt to mini-
mize water loss by declining metabolism
(Olsson 2005).

6.7.10 Physiological Changes During
Different Physiological Stages

Different physiological stages have different
water demands. Livestock of arid and semiarid
region face the problem of water scarcity in most
of the time of the year. So the animals need to
take adaptive mechanism to overcome the water
deprivation in different physiological stages.
Their physiological changes were observed
according to the degree of water stress.

6.7.10.1 During Pregnancy

In semiarid region, higher haemoconcentration
and reduced extracellular fluid were observed in
pregnant Chokla sheep with intermittent
watering (72 and 96 h) (More and Sahni 1980).
Decreased glomerular filtration and increased
plasma osmolarity and Na* concentration were
found in pregnant 30 h dehydrated goats (Olsson
etal. 1982). Pregnant sheep and goats have lower
capacity to increase concentration of urine in
dehydrated state (More and Sahni 1980; Olsson
et al. 1982). It may be due to higher prostaglan-
din concentration which may decrease arginine-
vasopressin sensitivity during late gestation.
Twice-weekly watering for prolonged period did
not affect the birth weight of well-adapted sheep
breed of the desert, i.e. Magra and Marwari
(Mittal and Ghosh 1986).
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6.7.10.2 During Lactation

Lactating Awassi and Cornicana ewes showed sig-
nificant weight loss during water loss. It may be
due to that water stress causes reduced feed intake
that forced the animal to depend on their body
reserve for energy deficit (Sevi et al. 2002). Lower
haemoglobin concentration was found in lactating
ewes due to higher water content and plasma vol-
ume to increase water mobilization to the mam-
mary glands (Jaber et al. 2013). Blood pH
increased in lactating state because plasma Ca**
and K* level reduced in plasma as they are required
for milk production (Hamadeh et al. 2006). Along
with that Na* and CI~ increase since Na* is required
for nutrient transport (Collier 1985).

Maximum water is needed in lactating state
(Hossaini-Hilali et al. 1994). So, in dehydrated
state, milk volume generally decreases (Hossaini-
Hilali et al. 1994; Mengistu et al. 2007a, b),
although well-adapted goats can maintain their
milk production in water deprivation (Maltz et al.
1984). Reports stated that stress increases corti-
sol production which causes the plasmin system
activation leading to protease peptone release
with channel blocking activity from (-casein and
interferes with lactose secretion into the lumen of
the mammary gland and ultimately results in
drop in milk production. Milk osmolarity and
lactose density increase following 48 h of water
restriction (Hossaini-Hilali et al. 1994; Laporte-
Broux et al. 2011; Alamer 2009). The water con-
tent of milk is increased as an adaptive mechanism
so that the offspring receives adequate quantity of
water when water is not available (Mittal 1980;
Yagil et al. 1986).

6.8  Water Turnover

Any living being has to maintain its body water
pool homeostatically within a limit; for that,
water loss has to be compensated. The amount of
water utilized in a given unit of time is known as
the water turnover. It varies according to the envi-
ronment, adaptability of the animal, species,
breed and physiological status of the body. In
general, animals adapted to dry environments
have lower turnover rates than species in temper-
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Table 6.6 Water turnover rates for different livestock
species

Species Water turnover (ml/kg/day)
Camel 38-76

Sheep 62-127

Goat 76-196

Zebu 63-178

Buftalo 108-203

Source: Macfarlane et al. (1963)

ate zones. But sometimes the heat load of animals
increased, and at this time they need evaporative
cooling by sweating which causes water loss;
ultimately water turnover increases. Table 6.6
describes the different water turnover rates in
livestock.

6.9  Water Quality for Livestock

Drinking

An adequate and safe water supply is essential
for the production of healthy livestock. Generally,
surface or groundwater is supplied to the ani-
mals. So, this water should be protected from
microorganisms, chemicals and other pollutant
contaminations. However, scanty literature is
available on the impact of water quality on live-
stock. Reduction of water consumption due to
contamination causes mineral imbalance. If some
particular salts and other elements remain in
higher level, it may reduce growth and reproduc-
tion or may cause illness and death. Although
animals are able to consume a wide variety of
water because of their physiological adaptability.
Commonly salinity, hardness, pH, sulphate and
nitrate are analysed to evaluate water quality.
Figure 6.3 depicts the different water sources for
livestock and water collection from these sources
for quality checking from different districts of
arid and semiarid regions of Rajasthan, India.
Salinity indicates the salt dissolved in water.
Salinity is measured as total dissolved solid
(TDS) and expressed as parts per million (ppm).
Table 6.7 describes the TDS and species variation
between human and other livestock species. The
anions that remained in water are carbonate,
bicarbonate, sulphate, nitrate chloride, phosphate
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Fig.6.3 Water collection for quality checking from different districts of arid and semiarid regions of Rajasthan, India

Table 6.7 Species variation for TDS between human and different livestock species

Species Excellent Good
Humans 0-800 800-1,600
Horses — working 0-1,000 1,000-2,000
Horses — others 0-1,000 1,000-2,000
Cattle 0-1,000 1,000-2,000
Sheep 0-1,000 1,000-3,000
Chickens and poultry 0-1,000 1,000-2,000

Fair Poor Limit

1,600-2,500 2,500-4,000 5,000
2,000-3,000 3,000-5,000 6,000
2,000-4,000 4,000-6,000 10,000
2,000-4,000 4,000-6,000 10,000
3,000-6,000 6,000-10,000 15,000
2,000-3,000 3,000-5,000 6,000

Source: Boyles et al. (1988)

and fluorides. The cations are calcium, magne-
sium, sodium and potassium. Sudden change in
water salinity may affect the animal. Although
animals can consume high-salinity water for few
days without any effect, tolerance for salinity
depends on age, species, requirement season and
physiological condition. Excess of magnesium,
calcium, sodium and chloride increases the salin-
ity and may have toxic effects. Sulphate ion is the
most common component of salinity. High level
of sulphate in water may cause diarrhoea. Water
having more than 1,500 mg sulphate/l reduces

the copper status in cattle. Nitrate toxicity is
rarely caused by water, but it may cause high
nitrate in feed source. Nitrite (NO,) is ten times
more toxic than nitrate (NOs). The bacteria of
ruminants convert the nitrate to nitrite. When this
process is fast, nitrate poisoning occurs. Table 6.8
depicts the guidelines for the use of saline waters
for livestock and poultry.

The preferred pH for livestock is 5.5-8.3 but
in cattle 6.0-8.0. Intake of highly alkaline water
may cause digestive upsets, diarrhoea, reduced
feed intake and feed conversion.
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Table 6.8 A guide to the use of saline waters for livestock and poultry

Total soluble salt content
of waters (mg/l or ppm) Comment
Less than 1,000

any livestock or poultry
1,000-2,999

These waters have a relatively low level of salinity and should present no serious burden to

These waters should be satisfactory for all classes of livestock and poultry. They may

cause temporary and mild diarrhoea in livestock not accustomed to them or watery
droppings in poultry but should not affect their health and performance

3,000-4,999

These waters should be satisfactory for livestock, although they may cause temporary

diarrhoea or be refused at first by animals not accustomed to them. They are poor waters
for poultry, often causing watery faeces and increased mortality and decreased growth

5,000-6,999

These waters can be used with reasonable safety for dairy and beef cattle, sheep, swine

and horses. Avoid the use of those approaching the higher levels for pregnant animals.
They are not acceptable waters for poultry, almost always causing some type of problem,
especially near the upper limit, where reduced growth and production or increased

mortality will probably occur
7,000-10,000

These waters are unfit for poultry and probably swine. Considerable risk may exist in

using them for pregnant or lactating cows, horses, sheep, the young of these species or any
animals subjected to heavy heat stress or water loss. In general, their use should be
avoided, although older ruminants and horses or even poultry and swine may subsist on
them for long periods of time under conditions of low stress

More than 10,000
use under any conditions

Source: NRC (1974)

The risk with these highly saline waters is so great that they cannot be recommended for

6.10 Conclusion

The livestock sector contributes 1.4 % of the
world’s gross domestic product (GDP) with
2.2 % growth rate over ten years (1995-2005).
Globally livestock contribute 40 % of the agri-
cultural GDP, but water reserve in this globe is
depleting day by day and prediction hints severe
water scarcity in the near future. If the predic-
tion becomes a reality, the livestock sector will
also experience the misery like other sectors.
Along with that, climate change, variability and
distribution of water will force the livestock sec-
tor to compete with other farming in the near
future. Keeping view on that, strategies have to
be developed to improve water-use efficiency
and conservation for a diversified production
system in different locations. So, degradation of
water reservoirs and land must be avoided
through integrated soil-animal management
system to provide continuous good quality
water supply for sustainable livestock produc-
tion system.
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Abstract

Climate change has the potential to impact the quantity and reliability of
forage production, quality of forage, water demand for cultivation of for-
age crops, as well as large-scale rangeland vegetation patterns. The most
visible effect of climate change will be on the primary productivity of for-
age crops and rangelands. Developing countries are more vulnerable to
climate change than developed countries because of the predominance of
agriculture in their economies and their warmer baseline climates, besides
their limited resources to adapt to newer technologies. In the coming
decades, crops and forage plants will continue to be subjected to warmer
temperatures, elevated carbon dioxide, as well as wildly fluctuating water
availability due to changing precipitation patterns. The interplay among
these factors will decide the actual impact on plant growth and yield.
Elevated CO, levels are likely to promote dry matter production in Cs
plants more as compared to C, plants, and the quantum of response is
dependent on the interactions among the nature of crop, soil moisture, and
soil nutrient availability. Due to the wide fluctuations in distribution of
rainfall in growing season in several regions of the world, the forage pro-
duction will be greatly impacted. As the agricultural sector is the largest
user of freshwater resources, the dwindling water supplies will adversely
affect the forage crop production. With proper adaptation measures ably
supported by suitable policies by the governments, it is possible to mini-
mize the adverse impacts of climate change and ensure livestock produc-
tivity through optimum forage availability.
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7.1 Introduction
The recently released fifth assessment report of
IPCC has clearly shown through multiple lines of
evidence that the climate is changing across the
globe, largely as a result of human activities. The
most compelling proof of climate change comes
from observations of the atmosphere, land,
oceans, and cryosphere. Unequivocal evidence
from in situ observations and ice core records
show that the atmospheric concentrations of
important greenhouse gases such as carbon diox-
ide, methane, and nitrous oxide have increased
over the last few centuries (Cubasch et al. 2013).
Based on many studies covering a wide range of
regions and crops, negative impacts of climate
change on crop yields have been more common
than positive impacts. The climate change
impacts livestock productivity not only directly
but also indirectly by its effect on the availability
as well as quality of forage resources. Livestock
production systems rely upon a wide variety of
feed sources that include grazing of native forage
and browse species, planted pasture, and feed
products from arable land. Forage crops account
for 60-90 % of feedstuff input in animal produc-
tion systems (Barnes and Baylor 1994). One of
the most evident and important effects of climate
change on livestock production is mediated
through changes in feed resources. Changes in
the primary productivity of crops, forages, and
rangelands are probably the most visible effect of
climate change on feed resources for ruminants
with the end result, for livestock production, a
change in the quantity of grains, stovers, and
rangelands available for dry season feeding
(Thornton et al. 2007). Due to climate change, it
is projected that in general, the length of the
growing season and suitability for crops is likely
to decline in all tropical farming systems due to
the limitation of moisture availability or extreme
heat.

Hopkins and Del Prado (2007) listed out a few
major impacts on feed crops and grazing systems
due to the climate change like:
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* Changes in herbage growth brought about by
changes in atmospheric carbon dioxide con-
centrations and temperature

* Changes in the composition of pastures, such
as changes in the ratio of grasses to legumes

e Changes in herbage quality, with changing
concentrations of water-soluble carbohydrates
and N at given dry matter yields

* Greater incidences of drought, which may off-
set any dry matter yield increases

e Greater intensity of rainfall, which may
increase nitrogen leaching in certain systems
A consensus has emerged that developing

countries are more vulnerable to climate change

than developed countries because of the predomi-
nance of agriculture in their economies, the scar-
city of capital for adaptation measures, their
warmer baseline climates, and their heightened

exposure to the extreme events (Parry et al. 2001).

Due to ever-increasing population pressure of

human beings in the developing countries, arable

land is mainly used for food and cash crops, and
there is little chance of allocating good quality
land for pasture production, creating perpetual
shortage of green fodder for the livestock. The
climate change will further accentuate produc-
tion of sufficient quantum of forage to improve
the productivity of livestock in these regions. By
combining historical crop production and weather
data into a panel analysis, a robust model of yield
response to climate change for several key

African crops was developed by Schlenker and

Lobell (2010), and it has predicted negative

impacts of warming and estimated that by mid-

century, the mean declines in the production of

major staple crops in sub-Saharan Africa could
be 22 % for maize, 17 % each for sorghum as
well as millet, and 18 % for groundnut. In all
cases, there is a 95 % probability that damages
exceed 7 %, and the countries with the highest
average yields have the largest projected yield
losses, suggesting that well-fertilized modern
seed varieties are more susceptible to losses
caused by global warming.

The combined and interacting influences of
climate variability and change directly affect
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agriculture through crop and animal production
and indirectly through changes in soils, water,
pests, diseases, and biodiversity interactions. To
assess the impact of climate change, crop growth
models are extensively used to evaluate the
response of crops in terms of development,
growth, and yield. The future climate conditions,
derived from General or Regional Circulation
Models along with the simulation of carbon diox-
ide, obtained from crop experiments are utilized
in these modeling studies.

7.1.1 Importance and Contribution

of Pastures

Pasture-based production systems account for
two thirds of the global dry areas. Extensive pas-
toralism supports around 200 million pastoral
households and occurs on 1/4 of the global dry
areas (Nori et al. 2005). Roughly 40 % of the land
in Africa is dedicated to pastoralism, and the per-
centage of the total population relying on dry and
subhumid lands for their livelihood is to the
extent of 70 % (CBD/UNEP/IUCN 2007). In
view of the large contribution of the pastures in
livestock production and its role in supporting
millions of small and marginal farmers, the
impact of climate change on pastures and its
likely impact on livestock productivity and food
security need to be understood, and appropriate
interventions and strategies need to be put in
place to ensure that in coming years, the pastures
would continue to play a useful role in supporting
the livestock and the families relying on livestock
as a major livelihood option. Livestock sector is
the fastest-growing subsector in agriculture, and
to sustain the present momentum, it has to be
ensured that productivity and sustainability of
pasture-based production systems is safeguarded
against a wide range of factors like competition
for land, desertification, droughts, widespread
degradation, climate change, etc. As a result of
overgrazing, salinization, alkalization, acidifica-
tion, and other processes (FAO LEAD 2006), the
grasslands are reported to be degraded to a great
extent and this figure was around 71 % during
early 1990s (Dregne et al. 1991) and the current
percentage is likely to be much higher. Grasslands

and rangelands in arid, semiarid, and subhumid
areas are particularly affected (Safriel et al. 2005)
through mismanagement, inappropriate habitat
conversion, and, more recently, due to climate
change. Fodders, grasslands, and rangelands are
the primary inputs for dairy, meat, and wool pro-
duction across a wide range of production sys-
tems, and like the food production, livestock
production would be negatively affected by
the climate changes across all the continents
(IPCC AR5 2014).

7.2  Impact of Environmental
Stresses on Crops
7.2.1 Elevated Carbon Dioxide

Among all global change factors, atmospheric
CO, enrichment is least questioned and has little
spatial variation. For the first time in the
Holocene, the atmospheric CO, concentration
exceeded 400 parts per million in the year 2013.
Rising CO, concentrations are likely to have pro-
found direct effects on the growth, physiology,
and chemistry of plants, independent of any
effects on climate (Ziska and Bunce 2007).
Increased atmospheric CO, concentrations on
plant growth are well studied. It causes partial
closure of stomata, which reduces water loss by
transpiration and thus improves water-use effi-
ciency (Rotter and van de Geijn 1999) leading to
improved crop yield, even in conditions of mild
water stress. The effect is much larger for Cs
plants, but there is also a small effect for C,
plants. Numerous studies conducted in the past
four decades have clearly shown that plant bio-
mass and yield tend to improve significantly with
increase in carbon dioxide concentrations due to
the higher photosynthetic rates. Species compo-
sition would be affected by the changes in tem-
perature and CO, through changes in optimal
growth ranges for different species, plant compo-
sition, and species competition. It is postulated
that legume species in grasslands and the propor-
tion of browse in rangelands are likely to increase
with the rising CO, brought about by the climate
change and the changes in herbage quality, with
changing concentrations of water-soluble carbo-



100

hydrates and N at given dry matter yields
(Thornton et al. 2007). Between C; and C, spe-
cies, in most cases C; have higher forage quality
and it is predicted that the global warming due to
climate change will favor C, species over temper-
ate C; species (Howden et al. 2008), thereby
leading to loss of forage quality and lowering of
livestock productivity. Hatfield et al. (2011) car-
ried out a meta-analysis of numerous greenhouse,
growth chamber, and field studies to confirm a
general positive response of plants to elevated
carbon dioxide in terms of leaf photosynthesis,
biomass, and yield. They also reported that on an
average, a doubling of carbon dioxide increases
reproductive yield by 30 % in C; species and by
10 % in C, species.

The plant responses to future CO, concentra-
tions are obtained from the studies that have
experimentally increased CO, and then compared
with the performance of the plants grown under
current ambient CO, conditions. Such studies are
normally done in a wide variety of settings,
including greenhouses and chambers of various
sizes and designs. However, plants grown in
chambers may not experience the effects of
increasing CO, the same way as plants growing
in more natural settings. To overcome such prob-
lems, the technique of Free-Air Carbon dioxide
Enrichment (FACE) was developed to allow nat-
ural or agricultural ecosystems to be fumigated
with elevated concentrations of CO, in the field
without the use of chambers (Taub 2010). Hence,
FACE studies provide the most reliable empirical
results to estimate the response of crop produc-
tion to CO, enrichment. Long et al. (2006) sug-
gested that results from FACE studies, carried out
under more realistic conditions, indicate that the
CO, fertilization effect may be only half of the
estimates made from enclosure studies. Across a
range of FACE experiments, with a variety of
plant species, growth of plants at elevated CO,
concentrations of 475-600 ppm increased leaf
photosynthetic rates by an average of 40 % and
decreased stomatal conductance of water by an
average of 22 % (Ainsworth and Rogers 2007).

Atmospheric CO, enrichment induces signifi-
cant increase in the light-saturated CO, uptake,
the diurnal photosynthetic rate, and the instanta-
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neous transpiration efficiency. Ainsworth and
Long (2005) made a meta-analysis of 15 years of
FACE experiments, and when the results were
averaged across all the experiments, the parame-
ters mentioned above increased by 31 %, 28 %,
and >50 %, respectively. They also pointed out
that the increases in C; plants are much lower
than in C; plants and the dry matter increase was
20 % for C; plants and nonsignificant for C,
plants. The differential response of C; plants is
due to the unsaturated photosynthesis at the cur-
rent CO, concentration. C, plants include most
tropical and subtropical grasses and several
important crops, including maize (corn), sugar-
cane, sorghum, millets, etc. They use a biochemi-
cal pump to concentrate CO, at the locations
within the leaf where the rubisco enzyme medi-
ates incorporation of CO, by the Calvin-Benson
photosynthetic cycle. As CO, concentrations are
already high within the bundle sheath cells of C,
plants, elevated atmospheric CO, concentrations
have limited benefit on the photosynthetic rates
for C, species. The dry matter production of
legumes improved by 24 % and that of C; grasses
by 10 % under elevated concentrations of CO,
(Ainsworth and Long 2005). Legume crops,
belonging to the botanical family Fabaceae, may
respond well to elevated CO, with increased pho-
tosynthesis and growth (Rogers et al. 2009).
Under elevated CO, conditions, legumes may be
able to shunt excess carbon to root nodules where
it can serve as a carbon and energy source for the
bacterial symbionts. In effect, legumes may be
able to exchange the excess carbon for nitrogen
and thereby maximize the benefits. In FACE
experiments, soybean, a legume crop, has shown
a greater response to elevated CO, than wheat
and rice for photosynthesis and overall growth
(Long et al. 2006). The effects of elevated CO, on
plants can vary depending on other environmen-
tal factors like nutrient supply from the soil.
Across studies using all types of CO, fumigation
technologies, there is a lower enhancement of
biomass production by elevated CO, under low-
nutrient conditions (Poorter and Navas 2003).
This effect is best documented with nitrogen.
Crop yield in FACE experiments appears to be
enhanced by elevated CO, to a lesser extent under
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low nitrogen than under high nitrogen (Ainsworth
2008). Since elevated CO, levels improve the
water-use efficiency of crops, it may offer an
advantage for the crops in regions with limited
precipitation. However, the quantum of plant pro-
duction response to elevated CO, concentrations
will be determined by interactions among pasture
type, soil moisture, and soil nutrient availability
(Stokes and Ash 2007).

7.2.2 Elevated Carbon Dioxide
Interactions with Other
Factors

The supposed beneficial effect of elevated carbon
dioxide on water-use efficiency thought to be an
advantage for the crops in areas with limited pre-
cipitation is likely to be offset by high tempera-
tures by increasing the crop water demand. When
forage crops are grown on the soils having lim-
ited water holding capacity, due to higher water
requirements induced by warming, the crop
failures can happen despite improved water-use
efficiencies. In the coming decades, crops and
forage plants will continue to be subjected to
warmer temperatures, elevated carbon dioxide, as
well as more variable water availability due to
changing precipitation patterns, and the interplay
among these factors will decide the final impact
on plant growth and yield. It has been widely
reported that other environmental variables such
as temperature, soil N and water content, atmo-
spheric humidity, and solar radiation may interact
with the CO, effect on plant yield (Ainsworth and
Long 2005). Among these parameters, nitrogen
availability is a critical factor, limiting plant
growth and decreasing plant response to elevated
CO, when nitrogen is scarce. At elevated CO,
concentrations, a low supply of soil N could limit
photosynthesis (Luo et al. 2004).

7.2.3 High Temperature
The major physiological effects of higher tem-

peratures on plant growth are not easy to isolate
but generally are associated with higher radiation

levels and increased water use. The impacts are
clearly dependent on the location. Rising tem-
peratures may have either positive or negative
effects on plant productivity, depending on the
current climate regime and the availability of soil
resources (Hatfield et al. 2011). The review of
model projections by IPCC indicated that moder-
ate warming in the first half of this century is
likely to benefit crop and pasture yields in tem-
perate regions but would cause yield declines in
semiarid and tropical regions. At higher latitudes,
rising temperatures are likely to prolong the
growing season. This beneficial impact may be
partially offset by lower light intensity and work-
ability problems of soils in early spring or late
autumn. Projected increases in temperature and
the lengthening of the growing season should
extend forage production into late fall and early
spring, thereby decreasing the need for accumu-
lation of forage reserves during the winter season
in the USA (Izaurralde et al. 2011). Higher tem-
peratures in lower latitudes may result in more
water stress for plants, although higher tempera-
tures in tropical highland areas may increase
their suitability for cropping. It is highly likely
(more than 90 % chance) that growing season
temperatures by the end of the twenty-first cen-
tury will exceed even the most extreme seasonal
temperatures recorded from 1900 to 2006 for
most of the tropics and subtropics (Battisti and
Naylor 2009). High seasonally averaged temper-
atures will challenge crop production in the
future, unless major adaptations are made.
Above-optimal temperatures have been reported
to induce severe damages to corn and soybean
crops in the USA, leading to large potential nega-
tive impacts in the future (Schlenker and Roberts
2009). As corn and soybean are vital resources
for the livestock and since the USA is a major
player in the global export market for these com-
modities, the decline due to warming will seri-
ously impact the productivity and profitability of
animal agriculture. Like grain crops, the forage
crops too have temperature thresholds, and these,
together with the optimal ranges, differ among
crops, cultivars of individual forage crop, and,
also, among the crop developmental stages. As
pollination is one of the most sensitive crop
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development stages to temperature, warmer tem-
peratures at that period can greatly affect the
yield. Similarly, higher nighttime temperatures
during the grain filling stage of feed crops will
reduce yields as well as quality. Higher tempera-
tures can cause plants to mature and complete
their stages of development faster, leading to less
time for accumulation of sufficient dry matter
and result in yield loss for grain crops as well as
forage grasses. This impact was clearly recorded
in southwestern France during the summer of
2003 when unusually higher temperatures short-
ened the life cycle of grasses, and seven forage
regions out of ten had a production deficit of at
least 25 % (Coret et al. 2005). They also reported
the shortening of the maturity period of spring
wheat resulting in a significant decrease of the
seed yield (18 % less) and quality in addition to
the reduction in quality and quantity of wheat
straw. Similarly, maize crop matured fast due to
warm and dry conditions leading to about 29 %
decline in the grain yields. Global warming will
increase crop water demand and also raise the
rate of water use by crops. When crops are grown
in soils with low water holding capacity, the risk
of crop failure will increase considerably due to
high temperature-induced crop water needs.
Tubiello et al. (2007) rightly pointed out that
the conclusions like beneficial effects on crop
yields in temperate regions corresponding to
local mean temperature increases of 1-3 °C and
associated CO, increases and rainfall changes
due to the climate change are based on modeling
studies which most often do not account ade-
quately for the impacts of an increased climatic
variability. Moreover, several key interactions are
currently poorly described by crop and pasture
models including (1) nonlinearity and threshold
effects in response to extreme weather events; (2)
modification of weed, insect, and disease inci-
dence; (3) field response of crops to elevated CO,
concentration; and (4) interactions of climate and
management variables with elevated CO,,
Increased temperatures increase lignification
of plant tissues and therefore reduce the digest-
ibility and the rates of degradation of plant spe-
cies (Minson 1990). It will result in reduced
nutrient availability for animals and ultimately
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leading to a reduction in livestock production
affecting food security and incomes for small-
holders (Thornton et al. 2007).

7.2.4 Changes in Precipitation

As water plays a vital role in plant growth, cli-
mate impacts on crops significantly depend on
the precipitation scenario considered. Because
over 80 % of total agricultural land and close to
100 % of pastureland are rain fed, general circu-
lation model-projected changes in precipitation
will often shape both the direction and magnitude
of the overall impacts (Reilly et al. 2003). Water
availability may play a major role in the response
of pasturelands to climate change although there
are differences in species response (Izaurralde
et al. 2011). The fourth assessment report of
IPCC pointed out that amplification of the hydro-
logical cycle as a consequence of global warming
can lead to more extreme intra-annual precipita-
tion regimes characterized by larger rainfall
events and longer intervals between events. More
extreme rainfall regimes are expected to increase
the duration and severity of soil water stress in
mesic ecosystems as intervals between rainfall
events increase (Knapp et al. 2008). Such pro-
longed dry spells and wide fluctuations in rainfall
in the coming years will cause poor pasture
growth and may also lead to a decline in fodder
supplies from residues of agricultural crops.
Changes in growing season rainfall in particular
have been reported to be associated with declin-
ing richness in grass species (Wilkes 2008).
Further, the changes in rainfall pattern due to cli-
mate change would influence the soil degradation
processes such as erosion and salinity due to
changes in runoff and drainage pattern (Howden
et al. 2008).

At the same time, predicting regional
responses of precipitation to anthropogenic
greenhouse gases has proven a very difficult
task, with leading climate models often disagree-
ing on the sign of precipitation change
(Christensen and Christensen 2007). Changes in
intensity, frequency, and seasonality of precipita-
tion will impact the yield of forage crops.
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Grassland and savanna productivity is highly
sensitive to precipitation variability. In assess-
ments of tallgrass prairie productivity, for exam-
ple, increased rainfall variability was more
significant than rainfall amount, with a 50 %
increase in dry-spell duration causing a 10 %
reduction in net primary productivity (Fay et al.
2003). The close correspondence between
changes in seasonal mean rainfall and extreme
rainfall events indicates that the contribution of
high percentile rainfall events to seasonal rain-
fall is also likely to increase in future. In some of
the European Union countries, during the sum-
mer of 2003, precipitation deficits up to 300 mm
coupled with high temperatures reduced crop
and pasture yields by 20-36 % in the affected
regions, leading to huge uninsured economic
losses estimated at 36 billion euros for the agri-
culture sector (IPCC 2007). Decrease in moder-
ate precipitation can lengthen dry spells and
increase the risk of drought because light and
moderate precipitation is a critical source of soil
moisture as well as groundwater. Increases in
heavy precipitation can increase surface runoff
and lead to intense floods leading to great impact
on crop production. Lobell and Burke (2008)
opined that due to climate change, the distribu-
tion of rainfall within growing seasons may
change, with heavier but less frequent rainfall
events in many regions, which could substan-
tially change the relationship between growing
season average precipitation and crop produc-
tion. The impact of the prolonged dry spells
translates into a significant decrease in the forage
yield (Seligman and Sinclair 1995). Similarly,
field flooding due to excess precipitation during
the growing season causes yield losses due to
low oxygen levels in the soil, increased suscepti-
bility to root diseases, and increased soil com-
paction due to the use of heavy farm equipment
on wet soils. Crops like maize and legumes are
highly susceptible to flooding. Wet conditions at
harvest time seriously impact the quality of many
crops. Storms causing heavy rainfall are often
accompanied by gusty winds. The combined
force of strong gales and intense precipitation
can completely flatten the crops, causing signifi-
cant damage to the yield.
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7.2.5 Elevated Ozone

Ozone is the most phytotoxic of the common air
pollutants, and its widespread distribution pres-
ents a risk for considerable plant damage. Ozone
is taken up by green leaves through stomata dur-
ing photosynthesis, and its concentration signifi-
cantly varies depending on geographic location,
elevation, and extent of anthropogenic sources.
Although ozone at low concentration is a normal
component of the unmodified troposphere, back-
ground levels have doubled since preindustrial
times due to anthropogenic emission of its pre-
cursors like carbon monoxide, volatile organic
compounds, and oxides of nitrogen by vehicles,
power plants, biomass burning, and other sources
of combustion, with present average concentra-
tions ranging from 20 to 45 nL/L (Vingarzan
2004). Ground-level ozone is formed when
oxides of nitrogen emitted from the burning of
fossil fuel interact with other compounds men-
tioned above, in the presence of sunlight. Visible
foliar injury under ambient conditions is reported
from more than 20 countries in Asia, Africa,
Australia, Europe, and North and South America
(Krupa et al. 2001). However, visible foliar ozone
injury might not always be a reliable indicator of
potential ozone effects on biomass production,
yield, and product quality (Booker et al. 2009).
More studies on ozone in recent years have
increased the knowledge about response of crops
to ozone, enabling better understanding of ozone-
agriculture interactions under changing condi-
tions of climate. Despite air quality regulations
intended to limit ozone pollution, current ground-
level ozone concentrations in a number of coun-
tries worldwide can suppress growth and yield of
many agricultural plants (Mills et al. 2007). They
also estimated that over 20 % of the crop produc-
tion land in Europe in 2002 is at risk for yield
losses of 5 % or more due to O; pollution, not
considering effects on grasslands and changes in
forage nutritive value. Climate models forecast
that areas with the greatest production of peanut,
rice, and soybean, namely, China, Japan, India,
Central Africa, the USA, and Indonesia, will con-
tinue to experience phytotoxic concentrations of
ground-level ozone in the coming 50 years
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(Dentener et al. 2005). Ozone, after uptake
through the leaf’s stomata, interacts with plants’
cellular processes, inhibiting photosynthesis,
growth, and yield. Global estimates of yield
losses due to increased ozone in soybean, wheat,
and maize ranged from 8.5 to 14 %, 3.9 to 15 %,
and 2.2 to 5.5 %, respectively, amounting to eco-
nomic losses of $11-18 billion (Avnery et al.
2011). Gene expression and proteomic studies
show that detrimental ozone effects are likely
caused by a combination of chemical toxicity and
plant-mediated responses that either amplify or
inhibit injury (Cho et al. 2011). Research studies
indicated that current ambient ozone levels are
suppressing yields of important forage crops like
alfalfa and clover in many regions of the world
(Booker et al. 2009).

In addition to yield reduction, changes in leaf
chemistry due to elevated ozone exposure in
common grassland species have reduced nutri-
tional quality of the pasture consumed by grazing
animals. This loss of feed quality may be more
significant than biomass losses in the assessment
of ozone’s effect on forages (Muntifering et al.
2000). In the case of perennial grasslands (pas-
tures and rangelands), deleterious effects of
ozone may develop over a longer period. A
decline in relative feed value of high-yielding
alfalfa in Alberta, Canada was strongly linked to
ambient ozone concentrations, based on a multi-
variate analysis of air pollutant and meteorologi-
cal data (Lin et al. 2007). Climate models suggest
that episodes of high ground-level ozone concen-
trations will occur more frequently during the
growing season in regions such as the northeast-
ern USA and Southeast Asia due to increases in
temperature and changes in atmospheric circula-
tion patterns (Mickley et al. 2004). The interac-
tive effects of ozone with other environmental
factors such as CO,, temperature, moisture, and
light are important but not well understood.
Booker et al. (2009) reported that rising levels of
atmospheric carbon dioxide will likely amelio-
rate deleterious ozone effects on vegetation,
although the converse is also true — ozone sup-
presses the potential carbon dioxide aerial fertil-
ization effect in some plants as well. There is a
great deal of variability in injury, yield, growth,
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and stomatal responses of crops to ozone, some
as a result of inherent genetic variability and oth-
ers due to variable growth conditions (Wilkinson
et al. 2012).

7.2.6 Weeds

Elevated CO, concentrations disproportionately
stimulate growth of weed species and can con-
tribute to increased risk of crop loss due to higher
competition for limited resources for growth. The
weed pressure is likely to intensify due to climate
change because of their hardy nature as com-
pared to the forage crops. Ziska (2001) studied
the effect of elevated carbon dioxide levels on
sorghum and cocklebur, a common weed, and
noticed that in competitive mixtures, plant rela-
tive yield in terms of aboveground biomass and
leaf area increased significantly for cocklebur
and decreased significantly for sorghum. He con-
cluded that vegetative growth, competition, and
potential yield of economically important C,
crops could be reduced by co-occurring C; weeds
as atmospheric carbon dioxide increases. Gilgen
et al. (2010) compared the effects of summer
drought on forages and Rumex obtusifolius, a
troublesome weed in intensively managed grass-
lands, and noticed that the net assimilation rate
reduced significantly in the crops but only mar-
ginally in the weed due to water deficit. They
concluded that under a drier climate, a competi-
tive advantage for such weeds will negatively
impact forage composition and quality of grass-
lands. To limit such problems, additional weed
management practices will be required.

7.2.7 Extreme Events

Extreme climatic events like heat waves,
droughts, floods, cyclones, and heat waves have
great impact on crops. Projected changes in the
frequency and severity of extreme climatic events
are expected to negatively impact crop yields and
global food production. Advances in climate
modeling provide the opportunity for utilizing
global general circulation models at very high
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resolution for projections of future climate and
extreme events. The timing of extreme events
will be critical because they may occur at sensi-
tive stages in the life cycle of forage crops. For
example, extreme heat stress during the crop
reproductive period, particularly at anthesis time,
can adversely impact the crop productivity.
Short-term natural extremes, such as storms and
floods, interannual and decadal climate varia-
tions, as well as large-scale circulation changes,
such as the El Nino Southern Oscillation, all have
important effects on crop and pasture production
(Tubiello 2005). More frequent extreme events
may lower long-term yields by directly damaging
crops at specific developmental stages, such as
temperature thresholds during flowering, or by
making the timing of field applications more dif-
ficult, thus reducing the efficiency of farm inputs
(Antle et al. 2004). Extreme events could have
major impacts on growth and productivity. For
example, the most unusual summer heat wave of
2003 with temperatures up to 6 °C above long-
term means and precipitation deficits up to 30 cm
reduced crop and pasture yields by 20-36 % in
the affected regions of Europe. This reduction
was attributed to the combined effects of extreme
high maximum temperatures, acute water defi-
cits, and shorter growing season (Olesen and
Bindi 2004). This severe heat wave caused sig-
nificant reduction in phenological cycle of grass
meadows as well as crops significantly in south-
western France. Climate models are limited in
their ability to accurately project the occurrence
and timing of individual extreme events. But the
emerging patterns in the recent years point to the
increased incidence of droughts and periods of
more intense precipitation across the world.
During the second half of this century, the occur-
rence of very hot nights and the duration of peri-
ods lacking agriculturally significant rainfall are
projected to increase. Recent studies suggest that
increased average temperatures and drier condi-
tions will amplify future drought severity and
temperature extremes.

Models of future climate not only project
changes in mean climate but also changes in
occurrence and characteristics of extreme events,
thus increasing climate variability (Seneviratne
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et al. 2012). Rainfall is extremely important to
agriculture, and historically, many of the biggest
shortfalls in crop production have resulted from
droughts caused by anomalously low precipita-
tion (Sivakumar and Stefanski 2011). Duration
and intensity of droughts have generally increased
in the recent times. While regional droughts have
occurred in the past, the widespread spatial extent
of current droughts is broadly consistent with
expected changes in the hydrologic cycle under
global warming. In rangelands, each year’s for-
age crop is produced by a new set of tillers that
develops from buds located in the crown and on
rhizomes or stolons. Reduced plant growth under
drought conditions before the heading of grasses
may reduce or eliminate formation of new buds.
Extreme drought conditions will cause severe
withering of tillers and rhizomes, leading to great
decline in forage production and long-term deg-
radation (Briske et al. 2005).

Rajendran et al. (2013) reported intensifica-
tion of extreme rainfall over most parts of India
by the end of the century, with opposite trend
over the west coast for both heavy (above 95 per-
centile) and extreme (above 99 percentile) rain-
fall events. They also predicted that for the west
coast of India, the increase in temperature, cou-
pled with a significant decline in rainfall, will
have drastic consequences on the production of
crops. The impact of extreme events should be
included in crop modeling approaches to prevent
the risk of underestimating crop yield losses
(Moriondo et al. 2011).

7.3 Impact of Environmental
Stresses on Grasslands

and Rangelands

Grasslands cover about 70 % of the world’s agri-
cultural area, and they face a wide range of chal-
lenges from climate change including the effects
of elevated atmospheric carbon dioxide, higher
temperatures, changes in precipitation regime,
and increasing concentrations of ground-level
ozone. These changes can adversely affect pro-
ductivity, species composition, and quality, with
potential impacts not only on forage production
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but also on other ecological roles of grasslands.
The complex nature of grasslands and rangelands
with multiple interacting perennial and annual
plants as well as animal species makes it difficult
to fully comprehend the response of these sys-
tems to global climate change. Hopkins and Del
Prado (2007) compiled the possible scenarios in
European grasslands due to the climate change,
and the likely responses include increased herb-
age growth, increased use of forage legumes par-
ticularly white and red clover and alfalfa
(Lucerne), reduced opportunities for grazing and
harvesting on wetter soils, greater incidence of
summer drought, and increased leaching from
more winter rainfall. Carbon dioxide enrichment
and global warming are predicted to increase net
primary production on most temperate pastures
and rangelands and slow canopy-level evapo-
transpiration due to reduced stomatal conduc-
tance, resulting in slower rate and extent of
soil-water depletion (Baron and Belanger 2007).
Sustained increase in mean temperatures results
in significant changes in rangeland species distri-
bution, composition, patterns, and biome distri-
bution (Hanson et al. 1993). The grassland
biodiversity is likely to be affected due to the cli-
mate change, and studies in the climate-sensitive
sites like Qinghai-Tibet plateau have shown that
the warming and drying trends have resulted in
transition of highly productive alpine-adapted
Kobresia communities to low-productive steppe
Stipa communities (FAO 2009). Cullen et al.
(2010) reported that for Eastern Australia, the
subtropical and subhumid regions would experi-
ence warming with little change in annual rainfall
and predicted an increased pasture production
with an extended C, species growing season.
Southern Australia would experience higher tem-
peratures and reduced rainfall, leading to only
small increases in production in the 2030 sce-
nario but decreasing up to 19 % in the 2070 high
scenario. Pasture production was reported to be
more resilient to climate change in the cool tem-
perate environment of northern Tasmania. Seo
and Mc Carl (2011) reported that under the hotter
and drier conditions anticipated for Australia, the
landscape is most likely to change from crop-
lands to pasture for livestock. However, the antic-
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ipated climate change will reduce the feed from
grain production and, also, reduce forage quality.
Some of the marginal pastoral ecosystems pres-
ently used for livestock production in Australia
would potentially become less usable for grazing
in the future. As the grazing lands are highly
dependent on inherent environmental conditions,
the warming effects on them differ across the
countries or regions within a nation. For exam-
ple, Seager and Vecchi (2010) reported that as
water is already limiting in the Southwestern
United States, rising temperature in combination
with altered precipitation will increase droughts
and, thus, negatively affect the grazing land pro-
ductivity. On the contrary, in the northern Great
Plains, where low temperatures can restrict the
length of growing season, warmer temperatures
alone or in combination with increased annual
precipitation should increase forage production
(Morgan et al. 2008). From CO, pulse-labeling
experiments in intensively managed grassland of
Switzerland, Burri et al. (2013) suggested that a
spring drought preceding a summer drought
might amplify the impact of summer drought on
aboveground productivity as well as carbon allo-
cation belowground, thereby increasing the sen-
sitivity of grassland to consecutive or reoccurring
drought. Such events are predicted under future
climate conditions. In view of the likelihood of
drier summers in Central Europe due to climate
change, Bollig and Feller (2014) studied the
effect of prolonged summer drought on grassland
photosynthesis and concluded that net carbon
dioxide assimilation reduced by drought in forbs/
legumes, and the impact was much more in
grasses.

Studies conducted in eight African countries
by Dixon et al. (2003) concluded that average
biomass for warm season increased, while there
was a decrease for cool season forbs and legumes
as optimal grassland conditions shifted from
lower to higher latitudes contrary to other studies
indicating a favorable response in forbs and
legumes over grasses to increasing temperature.
Further, they concluded that the impacts are
likely to be small on livestock due to their ability
to adjust feed intake and the increase in area for
livestock production would be site dependent.
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Studies by Baars et al. (1990) for New Zealand
comparing the impact of climate change on
grassland productivity for two cooler/wetter
(Southland and Canterbury) and two warmer/
drier (East coast and Waikato) sites revealed that
the predicted pasture production in cooler regions
would be substantially better in spring and
autumn and unchanged in summer while for
warmer sites improved autumn and winter growth
with no change in spring and slight depression in
production during summer. South Island sites
annual production was predicted to increase by
20 %, while the North Island sites by 5 %, and
onset of spring growth was predicted to advance
by 2-4 weeks at all sites. [PCC summarized the
overall impact of grasslands for different tem-
perature ranges; an increase of 2 °C in humid
temperate regions would have positive impacts
on pasture and livestock productivity, while the
impacts would be negative in arid and semiarid
region.

In Europe, the summer heat waves and
droughts observed during 2003 may increase by
two orders of magnitude in the coming 40 years
(Stott et al. 2004), leading to large fodder deficits
ranging from 30 to 60 % in France (COPA
COGECA 2003). As per the projections of the
IPCC ARS, the warming in North America is
expected to extend the growing season of forages
however with decreased forage quality with vari-
ations due to changes in rainfall. The growing
season would extend the forage production to late
fall and early spring there by reducing the need
for storing fodder during the winter (Izaurralde
et al. 2011). Negative impacts on forage quality
are projected for French grasslands (Graux et al.
2013) and sown pastures in Tasmania (Perring
et al. 2010), while the legume content of grass-
lands in most of the Southern Australia is likely
to increase by 2070 with larger increases in wet-
ter locations (Moore and Gharamani 2013).

An elevated carbon dioxide level alters plant
community structure in the grasslands and
replaces the preferred forage of livestock. A
hypothesis has been advanced by researchers that
the incursion of woody plants like shrubs into
world grasslands over the past two centuries has
been driven in part by increasing carbon dioxide
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concentration as the woody plants have a photo-
synthetic metabolism and carbon allocation pat-
terns that are responsive to CO,, and many have
tap roots that are more effective than forage
grasses for reaching deep soil water stores in the
grasslands giving them competitive edge over the
warm season forage grasses that they are displac-
ing. This theory was proven by Morgan et al.
(2007) from a 5-year study in a Colorado short-
grass steppe, where a doubling of carbon dioxide
resulted in about 40-fold increase in aboveground
biomass and a 20-fold increase in plant cover of
Artemisia, a common shrub of some North
American and Asian grasslands.

A recent study that looked at 1,350 European
species in terms of their distribution envelopes
projected that half of these species will become
classified as vulnerable or endangered by 2080
because of rising temperatures and precipitation
shifts (IPCC 2007). Additionally, thermal stress
in livestock may lead to reduced eating and graz-
ing activity (Morand-Fehr and Doreau 2001)
affecting productivity. Climatic factors by itself
or in interaction with other factors can limit ani-
mal performance (King et al. 2005). Climate
extremes may thus affect directly and indirectly
grazing systems by altering physiology and
behavior of animals and pasture biomass through
affects on the productivity, seasonality, and qual-
ity of pasture (Tubiello et al. 2007).

7.4 Impact of Climate Change
on Water Availability

and Irrigation Needs

The agricultural sector is the largest user of fresh-
water resources, accounting for over 70 % of
water use. In general, the crop yields are more
sensitive to the precipitation than temperature.
Climate changes increase irrigation demand in
the majority of world regions due to combination
of decreased rainfall and increased evaporation
arising from increased temperatures. Higher tem-
peratures and uncertain rainfall will affect the
soil moisture status and groundwater levels,
thereby impacting the crop yields. Due to increas-
ing temperatures and fluctuating precipitation,
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crop production will decrease in the future due to
diminished water availability from reduced
stream flows, dried-up reservoirs, and steeply
dropping groundwater levels. High temperatures
coupled with low precipitation may push irriga-
tion systems to their limits or beyond, so that
drought stress occurs even when the system is
operating at full capacity. When water supplies
are restricted, the impacts on forage production
become more severe. With the changes in soil
evaporation and plant transpiration due to climate
change, the water-use efficiency may decrease in
the future (Kang et al. 2009). The increasing tem-
perature further aggravates the water supply
needs of the crops, especially in drier regions of
the globe. For example, the demand for agricul-
tural irrigation in arid and semiarid regions of
Asia is estimated to increase by at least 10 % for
an increase in temperature of 1 °C (Liu 2002).

7.5 Adaptation Strategies

There have been many studies of crop adaptation.
Overall, these studies indicate that with proper
adaptations to climate change, substantial bene-
fits are possible. Most studies have assessed key
farm-level adaptations such as changing planting
dates and associated decisions to match evolving
growing seasons and improving cultivar toler-
ance to high temperature, drought conditions,
and elevated CO, levels.

Other adaptations include matching stocking
rates with pasture production, adjusting herd and
water point management to altered seasonal and
spatial patterns of forage production, managing
diet quality (using diet supplements, legumes,
choice of introduced pasture species, and pasture
fertility management), more effective use of
silage, pasture seeding and rotation, fire manage-
ment to control woody thickening, using more
suitable livestock breeds or species, migratory
pastoralist activities, and a wide range of biose-
curity activities to monitor and manage the spread
of pests, weeds, and diseases (Nardone et al.
2010). Combining adaptations can result in sub-
stantial increases in benefits in terms of produc-
tion and profit when compared with single
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adaptations. Technological developments like
new forage varieties with increased tolerance to
temperature extremes as well as moisture defi-
cits, better forecasting of seasonal weather condi-
tions, and efficient water management methods
help in the process of adaptation to the climate
change. The timing of farm operations needs to
be adjusted to cope with the seasonal vagaries
and associated changes in moisture and tempera-
ture. The options for supplemental irrigation
have to be explored to overcome increased likeli-
hood of moisture deficits and recurring droughts.
Diversification of farm production using different
types and varieties of forage crops and livestock
helps to meet the challenges posed by environ-
mental variations and the resulting economic
risks. Similarly, diversification of household
income and investing in crop insurance policies
can tackle the projected income losses due to the
climate change. The governments should take a
proactive role by extending support to the farm-
ers with programs related to crop subsidy and by
designing innovative crop insurance schemes
with active role for private insurance agencies for
better adaptation.

7.6 Climate Change
and Pastoralists: Policy

Implications

Pastoralists’ livelihoods are linked to the area and
productivity of the pastures, rangelands, and
grasslands and are an important source of live-
stock products. Growing demand for livestock
products and the shrinking grazing resources are
putting pressure on the pastoralist. This would be
further aggravated due to the impact of the cli-
mate change that is likely to alter the number,
distribution, and productivity of pastures and
water points that are likely to decline in dry sea-
sons for affecting the survival of livestock.
Diminishing resources and population pressure
are likely to lead to stronger competition between
pastoral communities and other groups for the
scarce resources leading to conflicts and loss of
livelihoods (Hesse and Cotula 2006). There is a
need for appreciating the rationale for pastoral-
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ism, and policy support includes enabling herd
mobility securing rights to critical resources, bet-
ter water access and livelihood diversification,
building conflict management institutions and
drought mitigation systems with early forecast
and safety nets, capacity strengthening of pasto-
ralist group to engage on policy issues, and finan-
cial support from developed countries (Hesse and
Cotula 2006).

7.7  Conclusions

The complex nature of pasturelands and range-
lands with multiple interacting perennial and
annual plants as well as animal species makes it
difficult to fully comprehend the response of
these systems to global climate change.
Integrating grain crops with pasture plants and
livestock could result in a more diversified sys-
tem that will be more resilient to higher tempera-
tures, elevated carbon dioxide levels, uncertain
precipitation changes, and other dramatic effects
resulting from the global climate change. Such
integrated systems have a greater possibility to
stay productive in an increasingly variable cli-
mate as well as retain greater biological diversity.
Keeping a close watch on the quality of forage
crops is essential for taking better management
decisions to ensure optimum livestock productiv-
ity under changing climate. Even without the cli-
mate change-induced effects on agriculture and
livestock, the present livestock production sys-
tems are already under pressure to produce more
to cater to the growing demands against the
shrinking resources for feed resources. The pres-
ent production systems are undergoing a major
transformation in terms of intensification shifting
of pastoralist to mixed crop livestock systems,
subsistence to commercial production, and
greater reliance on better inputs in terms of
breeds, feed, and management. With the likely
emerging scenarios that are already evident from
impact of the climate change effects, the live-
stock production systems are likely to face more
of negative than the positive impact. Hence, addi-
tional safeguards for the climate change need to
be built to ensure that current livestock produc-
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tion systems are oriented not only to achieve the
desired resilience but remain sustainable and sig-
nificantly contribute to the food security.
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Abstract

The first objective of this chapter is to review how climate change and
climate variability may affect livestock diseases’ occurrences while
emphasizing how little the knowledge on the links between livestock dis-
eases and climate change is. The review of the literature shows that most
of the investigated diseases are zoonotic ones with few specific to live-
stock and, moreover, these diseases appeared to be dramatically affected
by climate variability rather than by ongoing climate change. A second
objective of this chapter is to introduce some new modelling tools that can
help predict diseases’ occurrences in space and in time in relation to cli-
mate variability and change, namely, environmental niche modelling, epi-
demiological modelling using R, map and teleconnection modelling. A
working example on cattle trypanosomiasis in China is given to illustrate
teleconnection modelling by using data from the World Organization for
Animal Health (OIE). The conclusion of this chapter stresses three points:
the need to consider the entangled linkages between ecosystems, society
and health of animals and humans; the need of elaborated scenarios of
livestock diseases linked to climate change and variability, which neces-
sitates to develop and improve the recording of livestock diseases; and the
need to incorporate climate-mediated physiological responses into the
programs that manage breeding genetic diversity.
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8.1 Introduction

Numerous studies have investigated the links
between infectious diseases and climate factors
such as temperature or rainfall (Baylis and Morse
2012). Many reviews have stressed that any sig-
nificant change in climate will impact infectious
diseases as the routes of infectious transmission
will be affected (Altizer et al. 2013) although the
evidence other than modelling studies is still
scarce (de la Rocque et al. 2008; Morand and
Guégan 2008; Lafferty 2009). Moreover, several
studies pointed out the importance of climate
variability on the epidemics of infectious dis-
eases (Anyamba et al. 2012; Morand et al. 2013).

Baylis and Morse (2012) reviewed the litera-
ture on this subject and pointed out that the
effects of climate change were mostly focused on
human health and vector-borne diseases
(Wittmann and Baylis 2000; Kovats et al. 2001;
Harvell et al. 2002; Hay et al. 2002; Patz and
Kovats 2002; Randolph 2004; Reiter et al. 2004;
Zell 2004; Rogers and Randolph 2006; Semenza
and Menne 2009), whereas the effects on animal
diseases and particularly livestock had received
far less attention (Cook 1992; Harvell et al. 2002;
de la Rocque et al. 2008; Gale et al. 2008, 2009;
Mclntyre et al. 2010; Guis et al. 2011). Moreover,
most of these studies concern zoonotic diseases,
while few have specifically focused on livestock
diseases (Guis et al. 2011).

The first objective of this chapter is to empha-
size why climate change and climate variability
may affect livestock diseases’ occurrences,
although this brief review shows how little is the
knowledge on the links between livestock dis-
eases and climate change. A second objective is
to briefly introduce the new modelling tools that
can help predict diseases’ occurrences in space
and in time in relation to climate variability and
change.

S. Morand

8.2  Why Climate Change Should

Affect Disease Occurrences

Obviously, the attribution of disease occurrences
to climate change needs to be confirmed with
changes in both disease and climate at the same
time and in the same place (Rogers and Randolph
2003). Although statistical congruence between
pathogens and climatic shifts has been repeatedly
reported (Paz et al. 2007; Pascual et al. 2008,
2009), these many reviews hide the fact that there
are still few evidences of the impact of climate
change on infectious disease incidence (Lafferty
2009). The reason lies probably in the difficulty
to attribute any change in disease occurrence to
climate change only rather than to other drivers
(in combination or not with climate change).
Some authors have emphasized that most climate
drivers are unknown for the majority of infec-
tious diseases (Harvell et al. 2007), which ren-
ders any quantification difficult, and others have
underlined that causal links between climate
drivers and disease are not simple (Martens 2002)
as many of the climate-linked factors will interact
with each other (Gale et al. 2009).

Two examples concerning human health and
wildlife health may illustrate the difficulty of
finding a simple causal link between disease
spread and climate change. The first one con-
cerns malaria, which has decreased consistently
in the tropics over the last 100 years, but for
which temperature or rainfall observed changes
do not seem to explain alone this reduction
(Gething et al. 2010). Indeed, change in drivers
other than climate seems to have played far more
dominant roles in reducing malaria occurrence
than the role climate change may have played in
increasing it. If in the highlands of Eastern Africa
rates of malaria had increased, yet again regional
climate change is just one explanation, along
with changes in patterns of land use, population
movements, increased urban poverty, a decline in
the use of pesticides for mosquito control, agri-
cultural practices such as irrigation, public health
programmes (e.g. monitoring and treatment), the
rise of resistance to antimalarial drugs by the
parasite or changes in the socio-economic status
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of the population (Hales and Woodward 2003;
Martens 2002; McMichael and Woodruff 2005).
In such cases, the relative importance of climate
change versus that of other drivers is difficult to
determine and is case dependent (Cohen 2000;
McMichael 2004; Patz 2002; Semenza and
Menne 2009; Sutherst 2004).

The second well-studied case concerns the
extinction of endemic anurans in Costa Rica
linked to the emergence of pathogenic chytrid
fungi. The emergence of the fungi was hypothe-
sized to be due to global warming (Pounds et al.
2006), but the potential link between global
warming and amphibian extinction was chal-
lenged by Lips et al. (2008). Although statistical
reinvestigations of the data confirmed the posi-
tive multi-decade correlation between extinctions
and mean tropical air temperature in the previous
year, the direct causal link between climate
change and the fungi emergence seems to be very
weak. Indeed, Rohr et al. (2008) found numerous
other variables, such as regional banana and beer
production, as better predictors of these extinc-
tions than climate factors. Finally the authors
concluded by “Although climate change is likely
to play an important role in worldwide amphibian
declines, more convincing evidence is needed of
a causal link.”

Climate change is mostly hypothesized to
influence the geographic distribution of patho-
gens and/or vectors (Rosenthal 2009). A docu-
mented case of climate change-related geographic
distribution concerns the protist Perkinsus mari-
nus parasitizing oyster. The northward movement
of the parasite along the Atlantic coast of North
America was associated with increasing surface
waters (Cook et al. 1998; Harvell et al. 2009).

Concerning livestock and poultry diseases,
few studies have been done. Bluetongue disease,
vector-borne viral disease of ruminants, was con-
fined to southern Europe along the Mediterranean.
The increasingly warm weather since 1998 has
favoured midges that carry the virus to move
towards northern Europe (Purse et al. 2005).

The effects of climate factors on the transmis-
sion and outbreaks of several animal infectious
diseases are summarized in Table 8.1. Most dis-
eases concern viruses and few bacteria and para-

sites (protist or helminths), and half of them
involve vectors: African horse sickness, Rift
Valley fever, bluetongue, Japanese encephalitis,
trypanosomiasis, trichinosis and fasciolosis.

Some of these diseases are affected by humid-
ity and cold or hot weather. However, most of
them seem to be dramatically affected by climate
variability (see below). Moreover, several of
these diseases are zoonotic—avian influenza,
Rift Valley fever, Japanese encephalitis, anthrax,
trichinosis and fasciolosis—while relatively few
are restricted to livestock and poultries: foot-and-
mouth disease, peste des petits ruminants, rinder-
pest, Newcastle disease, African horse sickness,
bluetongue, animal trypanosomiasis, haemon-
chosis and other strongyloidiasis.

8.3  Why Climate Variability

Matters

Outbreaks of several infectious diseases, mostly
vector-borne ones, have been linked to the occur-
rence of ENSO (El Nifio Southern Oscillation)
(Baylis et al. 1999; Kovats 2000; Gagnon et al.
2001, 2002; Anyamba et al. 2002) or to the NAO
(Hubalek 2005; Morand et al. 2013). The out-
breaks of vector-borne diseases are the conse-
quences of the increase in the vector population
size in response to heavy rainfalls associated with
ENSO (Baylis et al. 1999; Anyamba et al. 2002,
2012).

Baylis et al. (1999) investigated the links
between African horse sickness (AHS), one of
the most lethal infectious horse disease (with
mortality rates up to 95%), in South Africa where
major epizootics of this viral disease occurred
every 10-15 years. They found a strong associa-
tion between the timing of epizootics of this dis-
ease and the warm (EI Nifio) phase of the El Nifio
Southern Oscillation (ENSO) and proposed that
this association is mediated by the combination
of rainfall and drought brought to South Africa
by ENSO.

Here, we show with a working example
(Fig. 8.1) how climate variability can affect the
incidence of cattle trypanosomiasis in China. For
this, we used the data on trypanosomiasis occur-
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Fig.8.1 Climate disease teleconnection: a working example using cattle trypanosomiasis in China

rence by Chinese province from the OIE (World
Organization for Animal Health) information
database, where the reporting cases started from
January 2005 to June 2013. The data on ENSO
was extracted from NOAA (National Oceanic
and Atmospheric Administration). A lag correla-
tion analysis performed on the detrending data
showed a negative correlation between
trypanosomiasis incidence and ENSO with a
6-month lag (Box 8.1). This result suggests that
high negative anomalies of ENSO, correspond-
ing to the La Nifia event and characterized by a
wet and cool season in China, seem to induce
cattle trypanosomiasis outbreaks. However, we
are to be aware that the validity of this analysis is

Box 8.1 Climate disease teleconnection: a
working example using cattle
trypanosomiasis in China
Data on trypanosomiasis occurrence by
Chinese province were obtained from OIE
(World Organization for Animal Health)
information database (http://www.oie.int/
wahis_2/public/wahid.php/Wahidhome/
Home). The reporting cases started from
January 2005 to June 2013.

Data on ENSO was extracted from
NOAA (National Oceanic and Atmospheric

(continued)
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Box 8.1 (continued)
Administration) (http://www.estl.noaa.
gov/psd/data/climateindices/list/#mei).

Among several potential indices,
Multivariate ENSO Index (MEI) was used
(Wolter and Timlin 1998).

Cubic smoothing spline was used as a
detrending method for long-term series
using the function smooth.spline in the R
2.10 statistical freeware package (http:/
www.R-project.org). This was done for try-
panosomiasis incidence (Fig. 8.1a) and for
MEI (Fig. 8.1b).

Then a lag correlation analysis was per-
formed using the function cff in the pack-
age stats of the R freeware to identify the
correlation between ENSO monthly values
(MEI) and monthly trypanosiamasis inci-
dence values (using detrended values). The
better lag correlation obtained was 6
months between trypanosomiases inci-
dence and MIE (Fig. 8.1c). There was a
negative correlation between trypanosomi-
asis incidence and ENSO with a 6-month
lag (Fig. 8.1d).

High negative anomalies of ENSO, cor-
responding to La Nina event and character-
ized by a wet and cool season in China,
seem to induce cattle trypanosomiasis
outbreaks.

crucially depending in the quality of the OIE
reporting incidence.

8.4 Prevision of Diseases’

Occurrences

Research on climate change has led to the devel-
opment of elaborated models of future climate
change that help at improving policies on mitiga-
tion of greenhouse gas emissions and preparing
adaptation to the consequences of climate change
on human economics and well-being. These cli-
matic models are easily accessible to many other
research domains particularly that of animal
health science. However, because of the complex
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links between climate and infectious diseases, the
methods and subsequently the results of several
climate-based models on infectious diseases
spread should be interpreted with caution.

8.4.1 Niche Modelling

Ecological niche modelling is used in biogeogra-
phy to predict the distributional range of species
from existing occurrence data (Anderson et al.
2003). Using appropriate algorithms in a geo-
graphic information system (GIS) containing lay-
ers of environmental information (such as
topography, climate and vegetation), epidemio-
logical and spatial risk stratification can be
achieved from data on the location of vectors or
pathogens. This approach has been used in the
case of Chagas disease and for vectors of leish-
maniasis and filovirus infections (Peterson et al.
2002, 2004). Moreover, using scenarios of cli-
mate change, it is then possible to project
scenarios of pathogen and vector distribution
changes.

Niche modelling requires disease occurrence
data as a listing of geographical coordinates of
localities where the agent/disease of interest is
known to exist, raster GIS layers of environ-
mental and/or climate variables and an environ-
mental niche modelling (ENM) algorithm.
Environmental data and software tools are now
easy to obtain and to manipulate. However, the
lack of adequate geo-referenced cases for many
animal diseases, particularly in tropical coun-
tries, is an obstacle for the development of this
approach.

Again, ecological niche modelling has been
widely used for zoonotic diseases such as tul-
araemia (Nakazawa et al. 2010), caused by
Francisella tularensis. Few have investigated
specifically livestock disease as the notable and
recent exception of the causative agent of the
anthrax, Bacillus anthracis (Mullins et al. 2011).
As emphasized by the authors, ecological niche
modelling of B. anthracis helps at finding the
potential associations between spore survival and
ecological conditions, including climate factors,
and can be used as a tool for disease risk and sur-
veillance strategies.
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A last point emphasized by many authors is
the lack of extensive data collection needed for
tuning and running models (Fox et al. 2012).

8.4.2 Epidemiological Modelling
(R, Map)

Mathematical models of disease transmission
may help to gain insight into the epidemiology of
disease and estimate parameters such as the basic
reproductive number R,, which represents the
number of new infections that arise, on average,
from one infected individual when the entire pop-
ulation is susceptible. Integrating observed high
spatial resolution climate data to its calculation
has enabled the bluetongue transmission risk to
be evaluated for the past period of time and simu-
lation of future climate to drive the model in the
future (Guis et al. 2011). The model showed that
the increase in temperature over the last two
decades explains the recent emergence of blue-
tongue (especially in the north part of Europe).
The model can incorporate future climate sce-
narios, which leads to predictions of further
increases in the risk of bluetongue in Europe up
to 2050.

8.4.3 Teleconnection Modelling

Anyamba et al. (2012) recently emphasized that
teleconnection maps, which correlate long-term
monthly global precipitation data with index of
climate variability (such as ENSO anomaly
index), may help at identifying regional hotspots
of rainfall variability influencing the ecology of
vector-borne diseases. They showed that reported
outbreaks of Rift Valley fever in Africa occurred
after 3—4 months of above-normal rainfall. This
rainfall was associated with green-up in vegeta-
tion, which favours the mosquito vectors. The
authors also stressed that the immune status of
livestock is a factor that needs to be considered
(although largely unknown) as it may likely play
a role in the spatial-temporal patterns of these
disease outbreaks.
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8.5 Conclusion

“Ecosystem approaches to health” or “eco-
health” considers inextricable linkages between
ecosystems, society and health of animals and
humans (Rapport et al. 1998, 1999). The ongoing
global change concerns not only climate change
but also land use changes and biodiversity
changes, all of these changes affecting the epide-
miological environment of humans and their
domestic animals.

The frequency and severity of extremes in cli-
mate will increase as such the potential for glo-
balization of vectors and disease. Understanding
how the global and regional climate variability
may impact the ecological drivers of livestock
diseases is critical for planning and improving
response, control and mitigation strategies. A
better adaptation of livestock to the ongoing cli-
mate change depends on better scenario of dis-
eases’ occurrences on one hand and on
improvement of genetic breed to face new cli-
mate regime on the other.

Scenarios of Livestock
Diseases Linked to Climate
Change

8.5.1

We need to develop and improve both the record-
ing of livestock diseases and the modelling of
diseases’ occurrences in relation to climate
change and climate variability. Indeed, the qual-
ity of the model prediction is depending on the
quality of the data. Each country member depends
on the ability and quality of their veterinary ser-
vices to fill the OIE information database. Indeed,
strong variability can be observed between coun-
tries in relation to their economic development.

8.5.2 Adaptation and Managing
Breed Genetic Diversity

Host susceptibility to a pathogen can be altered
by the environmental modulation of host immu-
nocompetence (Dobson 2009). Host immune



120

capacity affects the severity of the infection, and
climate factors are able to modulate immune
functions, which impact the virulence of the
pathogen in hosts. Hence, several studies have
shown that altered immunocompetence may
increase disease spread (Dobson 2009; Murdock
et al. 2012). Immune-mediated changes in host
susceptibility and resistance as well as climate-
related changes in parasite transmission may
alter the interaction between hosts and their
pathogens. Together with other climate stress-
physiological impacts, an impairment of the
immunological responses of hosts, and especially
livestock, to diseases may favour disease out-
breaks. Then preserving the genetic diversity of
breed required for maintaining the evolutionary
adaptation, the immune system responses to cli-
mate change or climate variability, is an
imperative.
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Abstract

In the current scenario, climate change is occurring all over the world,
which directly or indirectly affecting the agricultural production as well as
the production of livestock. The arid and semiarid region of the world,
where more than 75 % population of livestock exists, will be going to have
pronounced effect of climatic change. Amongst the other stresses, heat
stress is the most vital climatic stress which drastically affects the produc-
tive potential of livestock, and sometimes it is lethal to animal survival in
harsh conditions. High ambient temperature, air movement, solar radia-
tion, wind speed and relative humidity are important attributes of the cli-
matic variables. Amongst the above-mentioned variables, high temperature,
radiation and humidity are the most important factors, which drastically
affect the overall performance of livestock with substantial reduction in
meat, milk and egg production. In this context, the chapter highlights the
significance of studying the impact of multiple stresses impacting live-
stock production simultaneously. The different adaptive means by which
livestock respond to fluctuation of climatic changes are physiological,
blood-biochemical, neuroendocrine, cellular and molecular mechanisms,
respectively. In present climate change scenario, several mitigation strate-
gies are to be implemented by which the production of livestock may be
sustained to an extent even in harsh climatic conditions.
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9.1 Introduction

The impact of climatic change on natural
resources and livestock is very vital and is being
realised all over the world. In a developing coun-
try like India, more than 70 % percent population
depends on agriculture and livestock, and these
together provide sustainability and stability to
national economy in the form of food security
and farm energy (Singh et al. 2011).
Environmental factors such as ambient tempera-
ture, solar radiation and humidity have direct and
indirect effects on animals and affects worldwide
livestock production (Nienaber et al. 1999).
Under present climate conditions, in many areas
of the world, animals are suffering from heat
stress because they lack the ability to dissipate
the environmental heat, which results decrease
in milk production and reproduction in dairy
cows (Fuquay 1981). Under climate change con-
ditions, these responses could be enhanced and
even extended to other areas around the world.
The hot climate impairs productive and reproduc-
tive efficiency, and metabolic and immune
response of animals which finally affects the
health of livestock. It is evident from the
Intergovernmental Panel on Climate Change that
the poorest are the most vulnerable people and
thus will be the worst affected.

The prominent relation between climatic vari-
ables and neuroendocrine system used to change
the behaviour of livestock residing in that partic-
ular area (Baumgard et al. 2012). It is still not
clear how heat stress affects the post-absorptive
metabolism and nutrient partitioning/utilisation
through hyperthermia’s and/ or endocrine system
(Collier et al. 2005). Livestock production will be
affected by changes in temperature and water
availability through impacts on pasture and for-
age crop quantity and quality, feed-grain produc-
tion and price and disease and pest distributions.
In Indian subcontinent, heat stress is the most
important climatic stress which adversely affects
the livestock and sometimes even affects their
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survival (Sejian et al. 2012a). During harsh cli-
mate, generally animals cover long distances in
the search of feed and water, and sometimes
because of long-distance walking, they have neg-
ative energy balance (Maurya et al. 2012; Sejian
et al. 2012b). In current impending climatic
changes, animals experience stress and to main-
tain homeothermy require extra energy for differ-
ent productive processes. Along with the large
ruminants, small ruminants are also critical to the
development of sustainable and environmentally
sound production systems (Ben Salem and Smith
2008). The sheep and goats are generally reared
in arid and semiarid region of the world and are
very important for the socioeconomic uplift of
people dependent on these animals. Due to the
climate change, the animals are being exposed to
feed scarcity and elevated ambient temperature
which negatively affect the production and repro-
ductive traits of animals (Maurya et al. 2004;
Marai et al. 2007).

Thermal stress affects the physiological and
behavioural responses of animals which vary in
intensity and duration in relation to the animal’s
genetic make-up and environmental factors in
coordination with the behavioural, endocrinolog-
ical, cardiorespiratory and immune system. In
totality, the climate change has a negative impact
in the long run, and it may reduce animal produc-
tion and profitability by lowering feed efficiency,
milk production and reproductive rate (St Pierre
et al. 2003). In the face of climate challenges,
adaptation of different livestock species to tropi-
cal conditions becomes highly imperative. A
multifaceted approach is urgently needed to
study the animal’s ability to survive in harsh
environments. The adaptation in the different
physiological responses, biochemical status and
composition and hormonal changes will be there
to help animals to survive and produce in such
prevailing climatic conditions. The present book
chapter will have an insight about the different
adaptive mechanism adopted by livestock to
maintain their internal miliew and sustain
productivity.
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9.2  Physiological Responses

and Adaptability

All animals thrive well in their thermoneutral
zone, and whenever they are exposed outside to
their respective zone, some portion of their
metabolisable energy is diverted to maintain their
thermal balance. The animal tries to maintain a
relatively stable body temperature by behavioural
and physiological means (Bucklin et al. 1992).
High ambient temperature, relative humidity and
radiant energy compromise the ability of animals
to dissipate heat due to which the body tempera-
ture of animals increases. To maintain the body
temperature within physiological limit, animals
initiate compensatory and adaptive mechanisms
to re-establish homeothermy and homeostasis,
which is important for the survival of the animal.
The relative change in the various physiological
responses like respiration rate, pulse rate and rec-
tal temperature gives an indication of stress
imposed on livestock. The ability of an animal to
withstand the rigours of climatic stress under warm
conditions has been assessed physiologically by
means of changes in body temperature, respiration
rate and pulse rate (Sethi et al. 1994). By assess-
ing the change in the physiological responses,
the adaptability of a particular livestock may be
studied, and environmental modification may be
made to provide some comfort to the livestock.
The respiration rate is considered to be a reli-
able index under tropical condition and provides
the information about the capability and adapt-
ability of animals to that particular environment
in which animals are being reared, and it also
gives an indication about the discomfort of the
animal. The increase in respiration rate is sup-
posed to be the first action to mitigate the effect
of heat stress. The onset of sweating is the next
rapid reaction of animals to heat exposure and
increases linearly with the increase in ambient
temperature (Kamal 1975). Animals exposed to
hot environment manifest a significant increase
in physiological responses and reduction in
productive potential. Animals which can maintain

their physiological responses within normal lim-
its under stressful environmental condition may
be considered adapted to that environment and,
hence, may be worth rearing commercially. In
comparison to pulse rate, the respiration rate and
rectal temperature appear to be more sensitive
indicators of heat stress (Lemerle and Goddard
1986). The respiration is affected most with solar
radiation and other related environmental
variables.

The ambient temperature has significant rela-
tion with the fluctuation in the pulse rate (Raizada
et al. 1980); however during morning hours, the
pulse rate starts with the lower side, and during
afternoon, it increases because of circadian
rhythm (Maurya et al. 2007; Sejian et al. 2010b).
The status of rectal temperature provides a useful
and important indication about the heat storage in
the animal’s body, and higher rectal temperature
of the animals drastically affects the allometric
measurements, reproduction and lactation effi-
ciency of the livestock (Hansen and Arechiga
1999). The value of rectal temperature also gives
an idea about the adaptability of livestock to the
particular environment. Even a rise of less than
1 °C in rectal temperature is enough to reduce per-
formance in most livestock species (Lefcourt
et al. 1986). RT is generally considered to be a
useful measure of body temperature, and changes
in RT indicate changes of a similar magnitude in
deep body temperature (Maurya et al. 2007).
Change in rectal temperature has been considered
an indicator of heat storage in an animal’s body
and may be used to assess the adversity of thermal
environment, which can affect growth, lactation
and reproduction of dairy animals. The rectal tem-
perature is recognised as an important measure of
physiological status as well as an ideal indicator
for the assessment of stress in animals (Maurya
et al. 2010; Sejian et al. 2012a). During heat
stress, high rectal temperature of livestock indi-
cates that their homeothermic status is disturbed.
Under such situation, the animals cannot effec-
tively counter heat stress by enhancing heat loss
through their physical and physiological process
(Joshi and Tripathy 1991).
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9.3  Multiple Stresses

and Adaptability

In the tropics, grazing animals are exposed to less
feed availability and low quality of vegetation. So
the animals attempt to adapt to these adverse con-
ditions by increasing the time for which they
graze each day and also by dispersing more
widely (Sejian et al. 2012c¢). In some areas, animals
walk long distance in search of food and they are
exposed to negative energy balance, and their
physiological responses, endocrine and enzymes’
release status and productivity in animals
(Maurya et al. 2012; Sejian et al. 2012c) also
alter. In addition to solar radiation, high humid-
ity, severe drought, thermal, nutritional and walk-
ing are the major stresses that sheep and goats are
exposed to (Sejian et al. 2012c¢, d). The animals
try to adapt theirself to higher temperatures on
prolonged exposure, but production losses will
occur in response to higher-temperature events
which lead to depressed voluntary feed intake,
reduced weight gain and lower reproduction dur-
ing summer. As a result of changing climatic con-
ditions, multiple stresses have become a common
occurrence in semiarid tropical environment.
When animals are exposed to multiple stresses,
the animal starts to use their body reserve to sus-
tain their vital functions of the body, but their
body reserves are not sufficient to effectively
counter such environmental extremes (Sejian
et al. 2010b). As a result, their adaptive capability
is hampered and their homeothermy is badly
compromised. The climatic stress also affects the
body condition score of the animals. The type of
nutrition consumed and body condition scoring
(BCS) also seem to affect the respiration rate
under heat stress conditions (Sejian et al. 2010a).
The body condition score also affects the repro-
ductive efficiency and productive performance of
animals (Maurya et al. 2009).

The heat stress increases the blood circulation
in the periphery of the animal’s body to facilitate
the heat loss via conduction and convection
(Choshniak et al. 1982). Cattle change posture
and orientation to the sun to reduce gain of heat
from solar radiation. Moreover, chronic exposure
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to elevated environmental temperatures results in
a lightening of the hair coat. Heat stress also
leads to activation of evaporative heat loss mech-
anisms involving an increase in sweating rate and
respiratory minute volume. About 70-85 % of
maximal heat loss via evaporation is due to
sweating with the remainder due to respiration.
As air temperatures approach those of skin tem-
perature, evaporation becomes the major route
for heat exchange with the environment. There
are reports which suggest that during thermal
stress, both Hb and PCV decreased significantly
(Naqvi 1987; Maurya et al. 2007). This could be
attributed to haemodilution effect where more
water is transported in the circulatory system for
evaporative cooling and increase in the blood
volume of these animals. In addition, Marai et al.
(2007) reported red cell destruction as a reason
for reduced Hb and PCV in thermal-stressed ani-
mals. A negative correlation between plasma pro-
tein and elevated environmental temperature has
been reported in some studies (Sejian et al.
2010b).

The selection of animals which are tolerant to
environmental stress results in reduced produc-
tivity, and such animals take a long time to reach
maturity and a low level of milk production. So in
such condition, by altering the environment, pro-
duction may be increased by faster pace. The cli-
mate change and thermal stress affect
physiological responses and productive and
reproductive potential of animals (Collier et al.
2012). It is the prime importance to understand
the complex physiological responses related to
other mechanisms of the livestock body.

9.4  Temperature-

Humidity Index

The dairy animals of tropical regions are sub-
jected to high ambient temperatures (Ta), relative
humidity (RH) and solar radiation for most of the
period of a year. In the condition of heat stress,
the physiological ability of the animals is being
compromised and animals are not able to dissi-
pate heat. There should be some ways and means
by which a dairy man is able to assess the level of
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heat stress on the animals. The Temperature—
Humidity Index (THI) is one of the best
assessment tools by which we can know the
impact of heat stress on producing animals
widely used in hot areas all over the world to
assess the impact of heat stress on dairy cows.
According to Du Preez et al. (1990), milk pro-
duction is not affected by heat stress when mean
THI values are between 35 and 72. However,
milk production and feed intake begin to decline
when THI reaches 72 and continue to decline
sharply at a THI value of 76 or greater. Milk yield
decreases of 1040 % have been reported for
Holstein cows during the summer as compared to
the winter (Du Preez et al. 1990). The THI is gen-
erally at higher side when the high ambient tem-
perature is coupled with more relative humidity
(West et al. 1999). It has been widely published
in the literature that lactating cows do not experi-
ence stress when THI is less than 72 and severe
stress when THI exceeds 88. Zimbelman et al.
(2007) reported that the THI has very close rela-
tion with air movement, solar radiation and above
all the milk yield. He found that dairy cows pro-
ducing more than 35 kg/day of milk need addi-
tional cooling when average THI is 68 for more
than 17 h/day.

Metabolic and Hormonal
Response to Adaptability

9.5

The animals exposed to heat stress reduce feed
intake and increase water intake, and in addition
to this, the endocrine status of the animal also
changes which in turn increases the maintenance
requirement (Collier et al. 2005) and drastically
affects the production in animals (Rhoads et al.
2009). During prolonged heat stress, the homeo-
static responses of animals change in relation to
acclimation to a particular environment, and the
target tissue responsiveness to the environmental
stimuli also alters (Horowitz 2002). The concen-
tration of T,, T, prolactin, GH, mineralocorti-
coids and glucocorticoids gets affected, and the
endogenous heat production is controlled in
coordination of the above hormones (Collier
et al. 2005). Circulating prolactin levels are

increased during thermal stress in a variety of
mammals including ruminants (Roy and Prakash
2007). This is paradoxical as reduced nutrient
intake in thermoneutral ruminants, decreases
circulating prolactin concentrations (Bocquier
et al. 1998). A direct (independent of reduced
feed intake) effect of heat stress on serum prolac-
tin levels has been shown (Ronchi et al. 2001).
The prolactin generally helps in maintaining
galactopoiesis and lactogenesis in ruminants, but
it may play an important role in helping insensi-
ble heat loss and sweat gland function (Beede
and Collier 1986).

The thermal stress affects the functioning of
hypothalamic—pituitary—adrenal axis (Collier
et al. 2005). Corticotropin-releasing hormone
stimulates somatostatin, possibly a key mecha-
nism by which heat-stressed animals have
reduced GH and thyroid levels (Riedel et al.
1998). In heat-stressed cows, there is an increase
in the basal level of insulin despite marked reduc-
tions in nutrient intake (Yarney et al. 1990). The
increase in basal insulin levels appears due to
increase pancreas’ secretion. Adrenal corticoids,
mainly cortisol, elicit physiological adjustments
which enable animals to tolerate stressful condi-
tions (Naqvi and Hooda 1991). During heat
stress, plasma cortisol level increases which also
enhances glucose formation in heat-stressed ani-
mals. The glucocorticoids also work as vasodila-
tors to help heat loss and have stimulatory effect
on proteolysis and lipolysis mechanism, which
provide energy to the animal during such harsh
climatic situations (Cunningham and Klein 2007).
Heat stress decreases insulin level in the blood
(Haque et al. 2012) due to decrease in heat pro-
duction. In addition to this heat stress, increases
in lipolysis activity in animals also elevate blood
nonesterified free fatty acid (NEFA) levels and
reduce insulin sensitivity and thus decrease mus-
cle glucose uptake.

The T; and T, are the calorigenic hormones
which fluctuate different cellular processes in the
body. The animals exposed to thermal stress have
reduced level of T; and Ty, and this reduced level
of T; and T, might be an adaptive mechanism fol-
lowed by animals to reduce metabolic rate and
heat production (Sejian et al. 2010b). The thyroid
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hormone plays a crucial role in the productive
efficiency of animals and may be considered as
index for the metabolic status of animals (Todini
et al. 2007). Uetake et al. (2006) reported that
NEFA concentration in the blood is influenced by
stress, and it is frequently used to assess the
energy status of animals (Macrae et al. 2006).
During stress, animals fulfil its metabolic fuel
requirement due to mobilisation of NEFA
(Cunningham and Klein 2007). The reduction in
insulin action during heat stress also allows for
adipose lipolysis and mobilisation of nonesteri-
fied fatty acids. Post-absorptive carbohydrate
metabolism is also altered by the reduced insulin
action with the net effect of reduced glucose
uptake by systemic tissues (i.e. muscle and adi-
pose). The reduced nutrient uptake and the net
release of nutrients (i.e. amino acids and NEFA)
by systemic tissues are key homeorhetic (an
acclimated response vs. an acute/homeostatic
response) mechanisms implemented by heat-
stressed animals (Bauman and Currie 1980).

9.6 Cellular Response, Heat

Stress and the Adaptability

The heat stress affects the productive perfor-
mance of the animals which is being reflected in
the homeokinetic changes in the animals which is
considered to be an effort made by animal to reg-
ulate its temperature. The animals thriving in the
hot climate have acquired some genes that pro-
tect cells from the increased environmental tem-
peratures. Paula-Lopes et al. (2003) reported that
lymphocytes from Brahman and Senepol cows
were more resistant to heat-induced apoptosis
than lymphocytes from Angus and Holstein
cows. The heat stress increases the oxidative
stress in the body of an animal, and because of
that, there is an enhanced production of free radi-
cals in the body and this free radical decreases
the antioxidant defence system (Trevisan et al.
2001). The damage made by free radicals during
thermal stress may be minimised by the use of
vitamin C, vitamin E and p-carotene as they act
as vital antioxidant. Besides these, different
metalloenzymes, viz. glutathione peroxidase
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(Se), catalase (Fe) and superoxide dismutase (Cu,
Zn and Mn), are very crucial in protecting the
internal cells from oxidative damage. The major
defences in detoxification of superoxide anion
and hydrogen peroxide are superoxide dismutase
(SOD), catalase and glutathione peroxidase
(Chance et al. 1979). SOD is now known to
catalyse the dismutation of superoxide to hydro-
gen peroxide and oxygen. Bernabucci et al.
(2002) reported an increase in superoxide dis-
mutase (SOD) and glutathione peroxidase (GPX)
concentration in prepartum cows when animals
were exposed to higher ambient temperature. In
addition to this, Chandra and Aggarwal (2009)
also reported a higher level of SOD in prepartum
crossbred cows during summer. During heat
stress, there is increased production of hydrogen
peroxide (H,0,) due to increased activity of SOD
and GPX. GPX is a selenium-dependent antioxi-
dant enzyme. It converts H,O, to water. The
increased production of H,O, due to increased
activity of SOD during heat stress results in a
coordinated increase in GPX.

Catalase is a haem-containing enzyme that
catalyses the dismutation of hydrogen peroxide
into water and oxygen. Catalase takes care of the
cytosolic and mitochondrial peroxides formed
during urate oxidation. Mitochondrial SOD read-
ily converts the bulk of mitochondrial superoxide
ions to H,0,. Thus, SOD and catalase protect the
cell from the damage due to the secondary gen-
eration of highly reactive hydroxyl group from
superoxide ion to H,0,. Kumar (2005) observed
a significant positive correlation of THI with the
erythrocyte catalase activity in Murrah buffalo
and KF cattle. Chandra and Aggarwal (2009)
also reported higher catalase activity in prepar-
tum crossbred cows during summer.

Lipid peroxidation is commonly measured in
terms of thiobarbituric acid-reactive substance
(TBARS). Erythrocytes, which are rich in poly-
unsaturated fatty acids (PUFA), on being exposed
to high concentration of oxygen, are highly sus-
ceptible to peroxidation damage (Clemens and
Waller 1987). The thermal stress increases the
oxidative stress in the cell, and this leads to the
increase of TBARS in the animals’ blood which
leads to increased erythrocyte membrane fragility
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(Bernabucci et al. 2002). More et al. (1980)
reported a significant increase in the serum
protein of sheep exposed to heat stress. The
increase in serum protein could be a physiologi-
cal attempt to maintain extended plasma volume.
In contrast to the above finding, Verma et al.
(2000) observed a significant decrease in protein
concentration during summer season in a lactat-
ing cow and buffalo. The level of plasma albumin
plays a vital role in the scavenging activity to
remove free radical from the system, that’s why
albumin works as an antioxidant during thermal
stress (Koubkova et al. 2002).

Although there is a good amount of knowledge
about the physiological aspects, the effects of heat
stress at the cellular and genetic level are still
being unrevealed (Collier et al. 2006). Functional
genomics research is providing new knowledge
about the impact of heat stress on livestock pro-
duction and reproduction. Using functional
genomics to identify genes that are up- or down-
regulated during a stressful event can lead to the
identification of animals that are genetically supe-
rior for coping with stress and towards the cre-
ation of therapeutic drugs and treatments that
target affected genes (Collier et al. 2012).
Identification of SNPs that are associated with
variation in animal resistance or sensitivity to
thermal stress will permit screening of the pres-
ence or absence of desirable or undesirable alleles
of animals (Hayes et al. 2009). Another potential
route of information flow from the surface to the
whole system would be via secreted heat shock
proteins (HSPs) released from the skin epithelium
during heat stress which would act as an alarm
system to assist in mobilising the acute response
to thermal shock (Collier et al. 2012). Activation
of the heat shock response in cells in many cases
leads to secretions of HSPs into the extracellular
space and plasma (Ireland et al. 2007). It has been
hypothesised that secreted heat shock protein acts
as an alarm signal for the immune system and sev-
eral measures of innate immunity are increased
following increases in secreted HSPs in blood
(Fleshner and Johnson 2005). Secreted HSPs
have also been shown to improve survival of neu-
ral cells subjected to environmental and metabolic
stressors (Tytell 2005).
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9.7 Female Reproduction, Heat

Stress and Adaptability

The heat stress drastically affects animals’ repro-
ductive efficiency by delaying conception rate of
the animals after calving. It may delay rebreeding
and decrease the number of cows regularly coming
in heat and subsequently decrease the number of
inseminated cows that settle as pregnant (Hansen
1994). The heat stress also affects the quality of
developing preovulatory follicle by fluctuating the
oestrogen and progesterone ratios which in turn
affect the intensity of sexual behaviour, oviduct
and uterus microenvironment and finally develop-
ment of embryo. Several research findings show
that heat stress compromises the quality of devel-
oping oocyte and of the follicle. High air tempera-
tures 10 days before oestrus were associated with
low fertility (Al-Katanani et al. 2002). Steroid pro-
duction by cultured granulosa and thecal cells was
low when cells were obtained from cows exposed
to heat stress 20-26 days previously (Roth et al.
2001). In goats, heat stress reduced plasma con-
centrations of oestradiol and lowered follicular
oestradiol concentration, aromatase activity and
luteinising hormone (LH) receptor level and
delayed ovulation (Ozawa et al. 2005). Cultured
follicular cells experience reduced steroid produc-
tion at elevated temperature in cattle (Bridges et al.
2005). The oocyte maturation is disrupted at ele-
vated temperature (Wang et al. 2009). It has been
reported by Roth et al. (2000) that lactating dairy
cows exposed to heat stress had increased numbers
of small and medium follicles.

The heat stress drastically affects preimplan-
tation of embryo at early stage, but the suscepti-
bility declines as development proceeds. It is an
established fact that reproduction processes are
influenced during thermal exposure (Naqvi et al.
2004; Sejian et al. 2010c) and glucocorticoids
are paramount in mediating the inhibitory effects
of stress on reproduction. Thermal stress influ-
ence on sexual behaviour (Maurya et al. 2005),
fertility (Maurya et al. 2011), embryo quality
and production is a well-established fact (Naqvi
et al. 2004). The birth weights of lambs of heat-
stressed ewes are generally lower. This could be



130

attributed to the fact that heat stress may cause a
temporal impairment of placental size and func-
tion, resulting in a transient reduction in foetal
growth rate. In cattle, for example, Ealy et al.
(1993) found that exposure of lactating cows to
heat stress, when embryos were 1-2 cells,
reduced the proportion of embryos that devel-
oped to the blastocyst stage at day 8 after oes-
trus. However, heat stress at days 3 (8—16 cells),
5 (morula) and 7 (blastocysts) had no effect on
the proportion of embryos that were blastocysts
at day 8. In cows, the adverse effects of heat
shock on cultured embryos also are reduced as
they become more advanced in development
(Sakatani et al. 2004). It has been reported by
Matsuzuka et al. (2005) that maternal heat stress
resulted in increased reactive oxygen species
activity in oviducts and embryos and reduced
glutathione content in recovered embryos. Pérez-
Crespo et al. (2005) found that female embryos
are better able to survive effects of elevated tem-
perature than male mice and this gender differ-
ence has been demonstrated to be caused by
reduced reactive oxygen species production in
females. As embryo development advances, it
acquires capacity synthesis of heat shock protein
70 (HSP70), which stabilises intracellular pro-
teins and organelles and inhibits apoptosis
(Brodsky and Chiosis 2006).

The animal exposed to thermal stress during
the early stage of pregnancy has reduced foetal
growth, placental weight and placental hormone
level. The effect of heat stress is more pronounced
on the developing foetus during mid-gestation as
compared to advance gestation (Wallace et al.
2005). During heat stress, the placental function
also affects due to redistribution of blood to the
periphery and reduced perfusion of the placental
vascular bed (Alexander et al. 1987) and reduces
the foetal weight in sheep (Wallace et al. (2005)).
Similar effects of maternal heat stress on placen-
tal function and foetal development occur in
cows. It is an well-accepted fact that stress during
foetal stage can result in changes in physiological
function during adult stage.
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9.8 Male Reproduction, Heat

Stress and Adaptability

Thermal stress drastically affects each of sexual
activity, endocrine and testis functions, sper-
matogenesis and physical and chemical charac-
teristics of the semen (Abdel Samee et al. 1997).
Thermal stress decreases the ability of the male
for fertile mating. Seminal plasma provides the
suitable medium for spermatozoa which is a mix-
ture of secretions that come from the male acces-
sory reproductive organs. The biochemical
constituents of seminal plasma also play a vital
role for the well-being of spermatozoa and also
act as vehicle for sperms (Mann and Lutwak
mann 1981). Testosterone plays an important role
in initiation of the sex drive and optimal function-
ing of the testis (McDonald and Pineda 1989).
Physiological concentrations of testosterone are
responsible to induce both behavioural and phys-
ical changes necessary for exhibiting libido,
secreting pre-seminal fluid, protrusion of penis
and complete erection. Testosterone is the hor-
mone responsible for spermatogenesis and sexual
behaviour. During thermal stress, reduction in
testosterone secretion limits the male reproduc-
tive efficiency. Higher body or ambient temperature
decreases sperm count as well as circulating
testosterone levels in blood (Murray 1997).

The testes of the animals are suspended in the
scrotum outside the body, and the temperature of
the scrotum is slightly less than the general body
temperature. A complex thermoregulatory system
present in the testis exchanges heat by counter-
current mechanism known as pampiniform
plexus. The scrotum also has a unique muscle
known as tunica dartos muscle which regulates
scrotal surface area, and the position of the scro-
tum relative to the body is performed by the cre-
master muscle. The tunica dartos muscle can be
used as an index (TDI) to measure the ability of
the male to tolerate increased ambient tempera-
tures, as it reflects the magnitude of vascular heat
exchange. During high ambient temperatures, the
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tunica dartos muscle extends to dissipate as much
of the excess heat as possible from the testes. In
rams, Marai et al. (2006) used tunica dartos indi-
ces (TDI) to measure the ability of the male to
tolerate increased ambient temperatures. It is
interpreted as the distance between the testes and
the abdominal wall. This muscle thus defines the
magnitude of vascular heat exchange.

The testis is located outside the body, and
thermal stress has a direct effect on it leading to
reduced semen quality in the form of reduced
sperm output, decreased sperm motility and an
increased acrosomal damage and proportion of
morphologically abnormal spermatozoa in the
ejaculate. The spermatocytes and spermatids are
most susceptible to damage by thermal stress.
Oxidative stress is a major cause for thermal
damage of spermatogenic cells and leads to apop-
tosis and DNA strand breaks (Paul et al. 2009).
The effect of thermal stress did not affect the
semen quality immediately after exposure
because damaged spermatogenic cells do not
enter ejaculates for sometime after heat stress.
The spermatogenesis takes about 61 days in
bulls, and alteration in semen is observable about
2 weeks after heat stress which does not return to
normal until up to 8 weeks following the end of
heat stress (Hansen 2009).

During the hot summer, breeds in the tropical
and subtropical region have more decreased scro-
tal circumference, testicular consistency, and size
and weight than those of the same breeds reared
under temperate environmental conditions
(Yarney et al. 1990). This reduction in testicular
measurements might be due to degeneration in
the germinal epithelium. The intensity of sexual
behaviour and reaction time is shorter in summer
season and the longest in autumn season in male
goats. The scrotum has perfect thermoregulatory
mechanism in all the animals, but thermal stress
has negative effect on sexual desire (libido), ejac-
ulate volume, live sperm percentage, sperm con-
centration, viability and motility and sperm
concentration (Mathevon et al. 1998). Marai
et al. (2008) reported decrease in semen-ejaculate
volume during thermal stress. In several reports,
it has been found that thermal stress decreases the

initial motility of spermatozoa in hot climate
conditions. Maurya et al. (1999) reported that the
serving capacity and libido of animals vary in
individual animals in semiarid region of India.
Thermal stress reduces the body condition score
of the animals which in turn affects the sexual
behaviour, scrotum attributes and seminal quality
(Maurya et al. 2010).

The stress induced by high ambient tempera-
tures is a well-known factor that can result in
higher numbers of damaged or abnormal sperma-
tozoa, and a long duration of high temperature
with increased humidity can cause male infertil-
ity over a long period of time. High temperature
in combination with high humidity increases free
radical production. Reactive molecules tend to
affect unsaturated fatty acid-rich cell membranes
in mammalian spermatozoa, which are consid-
ered highly susceptible to peroxidation (Balic
et al. 2012). Since the antioxidant defence in
sperm cells is very minimal due to the small
amount of the cytoplasm in their heads and tails
(Bilodeau et al. 2000) in addition to this, reactive
oxygen species (ROS) is also able to stimulate
the sulfhydryl radical group oxidation in protein
molecules as well as DNA fragmentation, thereby
altering the structure and function of spermato-
zoa (Agarwal et al. 2003). Besides the direct
effect of heat stress, tissue hypoxia is likely to be
one of the consequences of heat stress since the
blood supply in the testes cannot compensate for
the increased need for tissue metabolism. Several
studies in bulls (Newton et al. 2009) have reported
the adverse effect of heat stress on sperm motility
and morphology, but the exact stages of sper-
matogenesis during which such defects occur
have not yet been fully documented.

The stressful environmental condition affects
semen at cellular level and has a negative impact
on semen quality. Stress alters cellular function in
various tissues and heat shock protein 70 (Hsp70),
which, located in reproductive tissues, has critical
roles in spermatogenesis (Kamaruddin et al.
2004). Single nucleotide polymorphisms occur-
ring in the Hsp70 promoter region may impact
stress tolerance, and haplotypes of Hsp70 were
related to cow fertility and heat tolerance (Basirico
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et al. 2011). The process of spermatogenesis takes
approximately 54 days in bulls and 47 days in
bucks, and effect of heat stress on sperm output
persists for 8 weeks in bulls and 7 weeks in bucks
after the termination of heat stress (Meyerhoeffer
et al. 1985). Normal spermatogonium prolifera-
tion 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, the dura-
tion of heat application and the livestock species.

Since climate change could result in an
increase of heat stress, all methods to help ani-
mals cope with or, at least, alleviate the impacts of
heat stress could be useful to mitigate the impacts
of global change on animal responses and perfor-
mance. Few basic management schemes for
reducing the effect of thermal stress may be con-
sidered by which one can sustain the productivity
of lactating animals during heat stress.

99 Milk Production, Heat Stress

and Adaptability

Heat stress can impact animal production and
profitability in dairy cattle by lowering milk pro-
duction. The severity of stress and milk produc-
tion by a cow depends on THI, length of heat
stress period, air flow, size of cow, dry matter
intake, water availability and coat colour. THI is
commonly used to indicate the degree of stress in
dairy cattle. THI values suggest that within the
normal range up to 70, cattle show optimal per-
formance. In the warning range of THI values
70-72, dairy cow performance is inhibited and
the cooling of animals becomes desirable. Critical
THI values are 72—78, when milk production is
seriously affected. The dangerous category is at
the THI values 78—82. A decrease in milk yield is
0.26 kg/day for each increase in THI. Genetic
progress in milk production is related closely to
an increase in metabolic heat increment, which
makes cows more affected by heat stress (Kadzere
et al. 2002). Even under excellent management
conditions, dairy cows may be exposed to high
ambient temperatures, and one of the most com-
mon responses of animals to such a stressor is the
activation of the hypothalamic—pituitary—adrenal
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axis. Heat stress has been associated with depres-
sions in milk component percentages (Maurya
et al. 2013). Knapp and Grummer (1991) indi-
cated a decreased milk composition with
increased maximum daily temperature. Bouraoui
et al. (2002) found that milk fat and milk protein
were lower for the summer season. Ozrenk and
Inci (2008) reported that milk fat, protein and
total solid percentages in cow milk were the
highest during winter and the lowest during sum-
mer. The yield of milk fat of cows exposed to
thermal stress declines with decreasing milk
yield. Under hot room conditions, the milk fat
yield of Holstein cows declined at temperatures
above 27 °C. It was reported that in Haryana,
cows’ contents of milk like milk fat, solid-not-fat
(SNF), protein, ash and calcium were highest in
winter than summer and rainy season. Studies of
the fatty acid composition of milk fat under con-
trolled high temperature showed that any external
heat load that raised rectal temperature by 1° or
more caused changes in the characteristics of
milk fat. In particular, the content of lower-chain
fatty acids decreased, whereas the level of pal-
mitic and stearic acids increased. The reason for
the shift in the ratio of fatty acids is unknown.
Nevertheless, these shifts can be of practical sig-
nificance as they influence the quality of the milk
for cheesemaking.

High ambient temperature appears to have a
more marked influence on the SNF content of
milk than on milk fat. Thermal stress also appears
to bring about some decrease in percentage of
lactose and acidity in the milk, lowers its level of
pantothenic acid and lowers its freezing point. It
increases the pH and levels of ascorbic acid and
riboflavin. But it has little effect on salt balance
or the carotenoid and vitamin A levels in milk fat.
For Karan Fries and Karan Swiss cows, the com-
fort zone for the maximum milk yield is 7 °C and
25 °C, respectively, and the milk yield per day
decreased with increase in temperature and
humidity (Shinde et al. 1990). The Jersey cross-
breds were less affected by climate than Holstein
crossbreds for average milk yield per day. This
decrease can be either transitory or longer term
depending on the length and severity of heat
stress. These decreases in milk production can
range from 10 to >25 %. It has been found that
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50 % reduction in milk yield is due to reduced
feed intake during thermal stress and other 50 %
might depend on heat-related lactogenic hormone
fluctuations (Johnson 1987). Besides the thermal
stress, the decline in milk yield is also dependent
upon breed, stage of lactation and feed availabil-
ity (Bernabucci and Calamari 1998). The effect
of heat stress is more in high-yielding cow as
compared to low-yielding cow. The experiment
conducted in controlled climatic chamber says
that because of heat stress, there is 35 % decrease
in milk yield during mid-lactation as compared to
14 % decrease in milk at early lactation. The rea-
son for this may be because at early lactation the
milk yield is supported by body tissue reserve
mobilisation and less by feed intake; however, in
mid-lactation the milk yield is mainly supported
by feed intake. The calving time during the year
also affects the milk yield. Catillo et al. (2002)
reported that buffalo calved during summer
yields less milk as compared to buffalo calved
during other seasons of the year.

The heat stress not only decreases the milk
yield in the animals but it also drastically affects
the quality of milk (Bernabucci and Calamari
1998). The cow exposed to heat stress produces
milk and colostrums with lower percentage of
protein and fat (Nardone et al. 1997). In addition
to this, the heat stress-exposed animals’ milk has
lower value of calcium, phosphorus and magne-
sium and high chloride (Bernabucci and Calamari
1998). A sheep exposed to solar radiation has
lower value of fat, fatty acid and protein content
in the milk, and a goat also has decreased concen-
tration of lactose, when exposed to severe heat
for 4 h duration. The heat stress also drastically
affects the length of the fatty acid chain in the
milk. Ronchi et al. (1995) reported that a heat-
stressed cow has lower proportion of short-chain
(C4-C10) and medium-chain (C12-C16) fatty
acids and more long-chain fatty acid (C17-C18).
He also found out that the heat-stressed cow had
25 % less milk yield than the cow maintained in
the thermal comfort zone. These changes in the
fatty acid chain may be due to reduced synthesis
of this free fatty acid (FFA) in the mammary
gland rather than the incorporation of long-chain
FFA in the milk. The lower synthesis of short-
and medium-chain fatty acid may also be due to
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the negative energy status of the cow exposed to
thermal stress. Nardone et al. (1997) also reported
lower level of short- and medium- and higher
proportion of long-chain fatty acid in the colos-
trums of heifers.

The cheese yield and cheese quality are drasti-
cally affected by heat stress. The casein content
of the milk also reduced during summer in whole
milk as well as colostrums (Nardone et al. 1997).
The heat stress also had a negative impact on the
milk casein (a- and p-casein), and these caseins
have 90 % share of total casein present in milk; in
addition to this, casein has high numbers of phos-
phate group. During thermal stress and negative
energy balance, phosphorylation is impaired. The
lower content of o- and B-casein tends to increase
pH of milk and lower phosphorus content during
the summer months (Kume et al. 1989).

Since climate change could result in an
increase of heat stress, all methods to help ani-
mals cope with or, at least, alleviate the impacts
of heat stress could be useful to mitigate the
impacts of global climate change on animal
responses and performance. The effect of heat
stress on animals may be reduced by providing
suitable shelter and changing microenvironments
by mist cooling. Proper nutritional management
may also be adopted by supplying of high-energy
feeds along with bypass protein, which will help
animals to sustain their productivity under heat
stress conditions. Physical modification of the
environment, genetic development of less sensitive
breed to thermal stress and improved nutritional
management schemes help combat ill effects of
climate change. Supplementation of Aspergillus
oryzae (AO) increased dry matter (DM) digest-
ibility of high-concentrate diets through enhanced
fibre digestion (Gomez Alarcon et al. 1990)
which in turn increases milk yield in the dairy
cows. The quality and freezability of buffalo
semen may be improved by Sephadex filtration
of semen (Maurya et al. 2003a, b; Maurya and
Tuli 2003). This is an indirect method to improve
productivity of buffalo by increasing conception
rate per insemination. The recombinant bovine
somatotropin has been known for its potential to
increase milk production in cattle. Several
experiments have been carried out in the USA
and proved this fact. The product is in use in the
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USA and several other countries. Bovine somato-
tropin (bST) is a protein hormone produced by
the anterior pituitary gland of cattle. The mecha-
nism of action of bST involves a series of orches-
trated changes in the metabolism of body tissues
so that more nutrients can be used for milk syn-
thesis (Raymond et al. 2009). So it is also an
alternative way to increase milk production in
cows. During heat stress, the surrounding of the
cow may be changed by providing shade and
cooling system. In the long run, some fine strate-
gies may be adopted to develop heat stress toler-
ance breed of cows and buffaloes with the help of
upstream reproductive technologies either on cel-
lular level or by genetic manipulations. By
improving the nutritional habit of cows, decrease
in the milk yield during heat stress may also be
minimised up to some extent.

9.10 Conclusion

The climate change is influencing the humidity
and temperature level in different geographical
areas, and during the twenty-first century, warm-
ing is projected to result in decreased production
as well as an increase in the number of days when
animals will be experiencing heat stress. Climatic
fluctuation is going to affect the arid and semiarid
areas of the world severely. The climate change is
likely to aggravate the heat stress in dairy ani-
mals, adversely affecting their reproductive per-
formance. Elevation of ambient temperature
affects male reproductive functions deleteriously.
Such phenomenon leads to testicular degenera-
tion and reduces percentages of normal and fer-
tile spermatozoa in the ejaculate of males. The
ability of the male to mate and fertilise is also
affected. Thermal stress generally affects the bio-
logical function of animals which in turn changes
enzyme activity, hormonal levels, blood bio-
chemicals and reproductive performance of ani-
mals. In addition to this, climatic changes also
affect milk production of animals. The climate
change affects the performance adaptability and
profitability of animals by changing the physico-
biochemical and hormonal profile of animals.
In addition to this, adverse climatic condition
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also lowers the feed intake and utilisation and in
turn lowers production in animals. Ample scope is
there to minimise the effect of climatic changes
by feeding some additives which reduce stress
and also by providing protection to the animals
against the harsh climatic conditions. There is
urgent need to have refined and improved knowl-
edge to understand complex physiological mech-
anism, which is responsible for reduction in
productive capability of animals during climatic
changes.
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Abstract

This chapter provides an overview of the current state of knowledge
concerning global warming with special reference to contribution from
livestock resources. Global warming pertains to the effect of natural green-
house gases (GHGs) such as carbon dioxide (CO,), methane (CH,), nitrous
oxide (N,O), and halogenated compounds on the environment. These
GHGs are generated by humans and human-related activities. Carbon
dioxide, CH,, and N,O are the principal sources of radiative forcing (Fifth
IPCC Report of 2013). Interestingly, livestock contributes to climate
change through emissions of CO,, CH,, and N,O into the atmosphere.
Globally, the livestock sector directly and indirectly contributes 18 % (7.1
billion tonnes CO, equivalent) of GHG emissions. While direct GHG
emissions from livestock refer to emissions from enteric fermentations in
livestock, urine excretion, and microbial activities in manures, indirect
GHG emissions are those not directly derived from livestock activities but
from manure applications on farm crops, production of fertilizer for grow-
ing crops used for animal feed production, and processing and transporta-
tion of refrigerated livestock products. Other indirect emissions include
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deforestation, desertification, and release of carbons from cultivated soils
due to expansion of livestock husbandry. According to FAO’s Global
Livestock Environmental Assessment Model (GLEAM), the GHG
emission from livestock-related activities was estimated to be around 7.1
gigatonnes CO,-eq. per annum, representing 14.5 % of human-induced
emissions. This clearly indicates the significant role for livestock contribu-

tions to climate change.

Keywords

Enteric fermentation * GLEAM ¢ Global warming ¢ Livestock * Manure
management * Methane and nitrous oxide

10.1 Introduction
The livestock sector accounts for 40 % of the
world’s agriculture-related gross domestic prod-
uct (GDP). It employs 1.3 billion people and pro-
vides livelihoods for around one billion of the
world’s population living in poverty (FAO 2006a,
b). In many parts of the world, climate change is
seen as a major threat to the survival of many spe-
cies, ecosystems, and the sustainability of live-
stock production systems (Moss et al. 2000).
Global demand for livestock products is expected
to double during the first half of this century due
to the growing human population and its growing
affluence. Over the same period, we expect sig-
nificant global climate change. The dramatic
global expansion of crop production for biofuels
is already impacting resources available for food
production vis-a-vis food supply and cost. Food
security remains one of the highest priority issues
in developing countries, and livestock production
plays key roles in many of these countries.
However, food security is reemerging as an
important issue in many developed countries that
had previously regarded it as “solved.” These
interconnected issues are creating immense pres-
sure on the planet’s resources. Therefore, there is
a need for efficient animal husbandry practices
and systems to help meet rising demand for live-
stock products in an environmentally and socially
responsible manner (Dunshea et al. 2013).
Notably, the Intergovernmental Panel on
Climate Change (IPCC) used the term “unequiv-
ocal” to describe their level of confidence in
global temperature data trends, and the Royal

Society recognizes that the scientific community
agrees with climate change phenomenon (Royal
Society 2010; IPCC 2013). The scale of fluctua-
tions in climatic conditions varies from millions
of years to decades or less (Lamy et al. 2006;
Yang et al. 2006). The current trend of climatic
warming is currently a planetwide observation,
which may correspond to natural warming phase
being accelerated due to changes in anthropo-
genic factors during the last two centuries. A
broad set of observations and analyses reveal that
anthropogenic activity or GHG is the main factor
triggering the present global warming (Trenerth
et al. 2006; Kerr and Balter 2007). However, the
IPCC is not clear on the chief cause of global
warming but only indicates that anthropogenic
activity has a probability greater than 90 % for
being the main factor influencing the global tem-
perature (IPCC 2013). Meanwhile, a few recent
papers have raised some doubts about the driving
role of GHG (Stanhill 2007; Svensmark 2007). A
set of scientific community argue that the main
reason for the present climatic behavior is natural
(sun variability being the most probable) and it is
very likely that the future warming will be mod-
erate (Zastawny 2006; Lockwood and Frohlich
2007). Considering this scenario, the IPCC notes
that the temperature will rise by several degrees
and the warm phase will last for centuries with
dramatic consequences beyond what can reason-
ably be defined at present. Notably, global sur-
face temperature increased by about 1.4 °F
(Smith et al. 2008) during the past century.
According to satellite measurements, the global
average lower atmosphere warmed by 0.24 °F per
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decade, equivalent to 2.4 °F per century in the
past three decades, indicating an acceleration in
warming during the period (Christy and Spencer
2005; Mears and Wentz 2005). The ocean
currently takes up over 80 % of heat added to the
climate system, and the average temperature of
the global ocean has increased to depths of at
least 3,000 m (include reference). New analyses
of balloon-borne and satellite measurements of
lower- and mid-tropospheric temperature show
warming rates similar to those observed in sur-
face temperature. As the warming process con-
tinues, it will bring about numerous environmental
changes, among which will be water resources
(Milly et al. 2005; IPCC 2013) which will conse-
quently impact dependent factors.

Climate change may slow the progress toward
sustainable development either directly through
increased exposure to adverse impacts or indi-
rectly through erosion of the capacity to adapt to
products of climate change (Melillo et al. 2014).
Over the next half century, climate change could
impede attainment of the Millennium
Development Goals. Climate change may inter-
act with other trends in global environmental and
natural resource concerns, including water, soil,
and air pollution, health hazards, disaster risk,
and deforestation, at different degrees. In the
absence of integrated mitigation and adaptation
measures, their combined impacts in the future
may be confounding (IPCC 2013). The IPCC
predicts that by 2100 the increase in global aver-
age surface temperature may be between 1.8 and
4.0 °C. With global average temperature increases
of only 1.5-2.5 °C, approximately 20-30 % of
plant and animal species are expected to be at risk
of extinction (FAO 2007). The temperature
record is not the only indication of a changing
climate. There are many other indicators such as
substantial melting of mountain glaciers around
the world, decreased snow cover in the Northern
Hemisphere, decreased tropical precipitation,
increased mid-to-high latitude precipitation, sea
level increases, increased ocean acidification,
decreased Arctic ice area, and thinning of
Arctic ice.

Climate change is not a new phenomenon in
the Earth’s history. The geological record shows
that climate is in a state of continual change with
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major ice ages occurring approximately every
100,000 years. Regular occurrence of ice ages
has been associated with subtle changes in the
separation and relative orientation of the Earth
and the Sun. Currently, we are in a period between
two ice ages. In the absence of other influences, it
is probable to enter another ice age over a times-
cale of thousands of years. Ecological systems
have evolved over geological timescales to suit
the prevailing climate. The past 10-20 years have
shown disturbing clues that human activities may
cause significant changes in future global cli-
mate. Since the IPCC Fourth Assessment Report,
additional simulations appear to reinforce earlier
reasoning that both natural drivers (volcanic
aerosols, solar variations, orbital variations) and
human drivers (greenhouse gases and aerosols)
are required to elucidate the observed recent
hemispheric and global temperature variations of
which the greenhouse gas increases are the main
cause of the warming during the past century
(Karl et al. 2006; Tett et al. 2007; Wanner et al.
2008). Temperature changes due to human activi-
ties have now been identified in each of the seven
continents (Stott et al. 2010). Recent research has
extended this conclusion to regional and seasonal
scales (Min and Hense 2007; Bhend and von
Storch 2008; Bonfils et al. 2008; Jones et al.
2008). “Global warming” is now an issue known
to millions of people around the world. We pro-
vide herein an overview of the current state of
knowledge concerning global warming with spe-
cial focus on contribution from livestock
resources.

10.2 Global Warming/Climate
Change

Weather is the state of the atmosphere (tempera-
ture, humidity, precipitation, wind, cloud cover,
etc.) in a particular location at a particular time.
While weather fluctuates greatly and is difficult
to predict, the availability of sophisticated new
technologies in the past few decades has improved
weather prediction (FAO 2012; Tubiello et al.
2013). Therefore, climate may be defined as
time-averaged weather in a given geographical
region and a temporospatial phenomenon more
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predictable than weather. Whereas the average
temperature in a given month in a particular area
(climate) can be predicted with high degree of
confidence, the degree of confidence at predict-
ing the temperature at a given time and location
(weather) is lower given that climate varies from
month to month, season to season, and year to
year. Statistically significant changes in climate
over a timescale of decades or longer constitute
“climate change” (Wallington et al. 2004).

Global warming has been known for over
100 years because water vapor, carbon dioxide,
and methane (CH,) naturally present in the atmo-
sphere have been said to trap heat in the atmo-
sphere. It is relatively simple to estimate the
magnitude of this “natural greenhouse effect,”
dynamics of heat, and radiation exchange between
Earth and the surrounding space (Wallington et al.
2004). The only mechanism by which the Earth
can cool itself is via emission of infrared radiation
into space. At infrared frequencies the Earth
behaves like a black body (when seen in IR light
even “white” clouds and snow appear “black”).
Emission from a black body is given by oxT*,
where o is the Stefan—Boltzmann constant
(5.67x108 I m2K*s") and T is the temperature
of the black body. Hence, at radiative equilibrium,
we would expect the average surface temperature
to be approximately 254 K (—19 °C). In reality the
average surface temperature of the Earth is 288 K
(15 °C); the 34 °C difference is attributable to
infrared radiation (heat) trapped in the atmosphere
by greenhouse gases, i.e., the natural greenhouse
effect. Without the natural greenhouse effect, the
planet would be permanently frozen and devoid of
life. “Global warming” refers to the enhanced
greenhouse effect expected to result from an
increase in atmospheric concentration of green-
house gases resulting from emissions associated
with human activities.

While “global warming” and “climate change”
are often interchangeably used, the former
focuses on temperature increases, for which
seemingly contradictory evidence exists — for
example, record snowfalls in the Eastern United
States in 2010 (Samenow 2010) — whereas the
latter, “climate change,” conveys more general
associations of temperature changes, which can
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easily accommodate unusually cold temperatures
and record snowfalls. Whitmarsh (2009) observed
that “global warming” evokes stronger connota-
tions of human causation, whereas ‘“climate
change” evokes stronger connotations of natural
causation. The term “global warming” entails a
directional prediction of rising temperatures,
whereas “climate change” lacks a directional
commitment and easily accommodates unusual
weather of any kind.

10.3 Sources of GHGs for Global
Warming

The three most important and long-lived green-
house gases in the atmosphere are carbon diox-
ide, CH,, and nitrous oxide. In addition
halogenated organic compounds (of which CFCs
are a subset), SFs, and ozone in the lower and
upper atmosphere are also important. To assist
policy makers to understand the potential impact
of different greenhouse gases on the climate, the
concept of global warming potential (GWP) was
introduced. This concept compares the potential
impact of different greenhouse gases using car-
bon dioxide as a reference greenhouse gas. The
use of carbon dioxide as a reference greenhouse
gas is logical since it is the most important green-
house gas associated with human activities.
Global warming potential is an index that
attempts to integrate the overall climate impacts
of a specific action. It relates the impact of emis-
sions of a gas to that of emission of an equivalent
mass of CO,. Table 10.1 describes the GWP and
lifetime of GHGs.

Table 10.1 Global warming potential and lifetime of
GHGs

GWP values and Lifetime GWP time horizon
lifetimes of GHGs (years) 20 years 100 years
CH, 124 86 34
HFC-134a 134 3,790 1,550
CFC-11 45.0 7,020 5,350
Nitrous oxide 121.0 268 298
Carbon tetrafluoride ~ 50,000 4,950 7,350

Source: IPCC AR5 (2013)
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10.3.1 Carbon Dioxide (CO,)

Carbon is transferred in various forms through
the atmosphere, oceans, plants, animals, soils,
and sediments as part of the “carbon cycle.” The
term ‘“carbon budget” is often used to describe
the balance of inflows and outflows that lead to
the accumulation of carbon dioxide in the Earth’s
atmosphere. These natural inflows and outflows
were approximately equal for several thousands
of years before the effects of the industrial revo-
lution became apparent around 1,800 (Raupach
et al. 2011). Hence, emissions of CO, associated
with human activities are small when compared
to natural fluxes of CO, associated with photo-
synthesis, respiration, uptake into ocean water,
and release from ocean water. Since the early
nineteenth century, there has been a large and
increasing added inflow of carbon dioxide into
the atmosphere from human activities such as
deforestation, land clearing, burning of fossil
fuels, cement production, and other industrial
processes. Emissions from fossil fuels are the
largest source of atmospheric carbon dioxide
from human activities. Between 2000 and 2008,
fossil fuel emissions increased at a rate of 3.4 %
per year, compared to 1 % in the 1990s (Le Quere
et al. 2009), and have continued to track well
above the IPCC scenario (“A1FI”) with the high-
est emissions through to 2100. Land-use changes,
such as deforestation and conversion of lands to
farms, are the second largest source of carbon
dioxide emissions from human activities.
Emissions from these sources can be offset to
some extent by biosequestration. In contrast to
the 29 % increase in fossil fuel emissions during
2000-2008, land-use emissions have been fairly
steady (Le Quere et al. 2009).

The human-caused inflow into the carbon
cycle is partly offset by natural carbon dioxide
“sinks” in both the land and oceans. Changes in
the carbon dioxide sink on land are determined
by the balance between plant growth and land-
use disturbances such as fire and clearing. The
ocean acts as a carbon sink because carbon
dioxide dissolves in ocean waters when carbon
dioxide concentrations in the atmosphere are
higher than those at the ocean’s surface. This
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dissolved carbon is moved into the deeper ocean
by overturning circulations and by sinking of
dead organisms in the ocean (Raupach et al.
2011).

Over the past half century, the uptake of car-
bons by these natural sinks has resulted in the
removal of about half of the total carbon dioxide
released into the atmosphere. There is consider-
able variation in the strength of natural carbon
sinks from year to year, largely in response to cli-
mate variability (Raupach and Canadell 2010;
Raupach et al. 2011). Some recent studies have
indicated that there has been a decline in the frac-
tion of carbon dioxide emissions from human
activities that is absorbed by natural carbon sinks
in the last five decades (Canadell et al. 2007; Le
Quere et al. 2009), albeit, there is disagreement
in the science community about the validity of
these results. Thus, uncertainty remains about the
decline in the absorption capacity of the natural
carbon sinks.

10.3.2 Methane (CH,)

Methane (CH,) is the most abundant well-mixed
greenhouse gas after carbon dioxide. The pres-
ence of CH, in the atmosphere has been known
since the 1940s when Migeotte (1948) observed
that strong absorption bands in the infrared region
of the solar spectrum were attributed to the pres-
ence of atmospheric CH,. The current global
average atmospheric concentration of CH, is
1,720 ppbv, more than double its preindustrial
value of 700 ppbv (Bolle et al. 1986). In contrast
to carbon dioxide, CH, is removed from the
atmosphere via chemical reaction with hydroxyl
(OH) radicals. CH, plays an important role in
atmospheric chemistry, and it can influence the
levels of other important trace species via its
reaction with OH. All other factors being con-
stant, increased atmospheric levels of CH, will
result in decreased concentrations of OH and
hence a longer lifetime for any gas whose atmo-
spheric lifetime is influenced by reaction with
OH. Also, an increase in CH, will lead to the pro-
duction of more tropospheric ozone which is an
important greenhouse gas.
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Methane is emitted into the atmosphere by a
large number of natural and anthropogenic
sources. Natural sources are believed to contrib-
ute approximately 30 % of the CH, flux, while
anthropogenic sources account for the remaining
70 %. Natural sources are estimated to contribute
a total of approximately 160 teragrams (Tg)
(CH,) year™! (1 Tg=10" g, 1,000 Tg=1Gt). The
largest natural sources are wetlands, termites,
and oceans which emit 115, 20, and 10 Tg(CH,)
year™!, respectively. Anthropogenic sources are
natural gas facilities, coal mines, petroleum
industry, coal combustion, enteric fermentation,
rice paddies, biomass burning, landfills, animal
waste and domestic sewage and are estimated to
emit 40, 30, 15, 15, 85, 60, 40, 40, 25, and 25
Tg(CH,) year™!, respectively, for a total anthropo-
genic contribution of 375 Tg(CH,) year™!. The
identified sources total approximately 535
Tg(CH,) year. Environment (natural and man-
made wetlands, enteric fermentation, and anaero-
bic waste processing) is the major source of CH,,
although emissions associated with coal and nat-
ural gas industries are also significant. The pri-
mary sink for CH, is reaction with hydroxyl
radicals in the troposphere (Crutzen 1991, 1995;
Fung et al. 1991), but small soil (Mosier et al.
1991; Steudler et al. 1989; Whalen and Reeburg
1990) and stratospheric (Crutzen 1991, 1995)
sinks have also been identified.

10.3.3 Nitrous Oxide (N,O)

Nitrous oxide (N,O) is the third most abundant
greenhouse gas in the atmosphere after CO, and
CH,. The N,O which has a long residence time of
130 years is a trace constituent of the lower atmo-
sphere. Its concentration in the lower atmosphere
is currently 313 ppb with annual increment of
0.5-0.9 ppb (provide reference). The industrial
sources of N,O include nylon production, nitric
acid production, fossil fuel-fired power plants,
and vehicular emissions. It was once thought that
emission from automobile catalytic converters
was the major source of N,O, but extrapolating
measurements of N,O emissions from automo-
biles in roadway tunnels in Stockholm and
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Hamburg showed that vehicular emissions
accounted for only 0.24+0.14 TgN/year (Berges
et al. 1993). Later measurements suggest even
smaller emissions (0.11+0.04 TgN/year) origi-
nated from automobiles (Becker et al. 1999;
Jiménez et al. 2000). The concentration of N,O in
the atmosphere has increased by approximately
16 % since preindustrial times. In addition to its
significance as a greenhouse gas, N,O is trans-
ported through the troposphere into the strato-
sphere where it reacts with O (D) atoms to
generate NO,, becoming the source of strato-
spheric NO,. Notably, O ('D) atoms are electroni-
cally excited oxygen atoms. Natural sources of
N,O associated with emissions from soils and the
oceans are estimated to release 10.2 TgN year™!
to the atmosphere. Anthropogenic emissions of
N,O are associated with biomass burning, fossil
fuel combustion, industrial production of adipic
and nitric acids, and the use of nitrogen fertilizer
and are believed to total 3.2 TgN year
Photodissociation in the stratosphere is the major
(90 %) mechanism with which N,O is degraded
in the atmosphere. The remaining 10 % of N,O is
degraded through reaction with O ('D) atoms to
produce NO,. Enhanced N,O emissions from
agricultural and natural ecosystems are believed
to be caused by increasing soil N availability
driven by increased fertilizer use, agricultural
nitrogen (N,) fixation, and N deposition; and this
scenario may rationalize the steady increase in
atmospheric N,O over the last 150 years (Nevison
and Holland 1997). In addition to N availability,
soil N,O emissions are regulated by temperature
and soil moisture and are likely to respond to cli-
mate changes (Frolking et al. 1998; Parton et al.
1998).

10.3.4 Hydrofluorocarbons

Hydrofluorocarbon (HFC) abundance in the
atmosphere is in the following order of magni-
tude: HFC-23 (CHF;), HFC-134a (CF;CH,F),
and HFC-152a (CH;CHEF,). Recent rise in these
HFCs is along with some major hydrochlorofluo-
rocarbons (HCFCs), the latter being controlled
under the Montreal Protocol and its amendments.
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HFC-23 is a by-product of HCFC-22 production.
It has a long atmospheric lifetime of 260 years, so
that most emissions, which have occurred over
the past two centuries, will still be in the atmo-
sphere. Between 1978 and 1995, HFC-23
increased from about 3—10 ppt; and it continues
to increase even at a greater rate (Oram et al.
1996). HFC-134a is used primarily as a refriger-
ant, especially in car air conditioners. It has an
atmospheric lifetime of 13.8 years, and its annual
emissions have grown from near zero in 1990 to
an estimated 0.032 Tg/year in 1996. The abun-
dance continues to increase almost exponentially
as the use of this HFC increases (Oram et al.
1996; Simmonds et al. 1998). HFC-152a gas has
a short-residence time with a mean atmospheric
lifetime of 1.4 years. Its accumulation in the
atmosphere is steadily increasing, but its low
emissions and a short lifetime have kept its abun-
dance below 1 ppt.

Carbon-halogen bonds (e.g., C-F, C-Cl, C-
Br) absorb strongly at infrared wavelengths, and
this is why halogenated organic compounds are
strong greenhouse gases. The effectiveness of
these compounds as greenhouse gases depends
on two factors: (1) the number of carbon—halogen
bonds in the molecule and (2) the atmospheric
lifetime of the molecule. In general, the atmo-
spheric lifetime of organic compounds is dictated
by their reactivity with OH (hydroxyl) radicals.
Hydroxyl radicals are essentially unreactive with
C-F, C-Cl, and C-Br bonds; hence, increasing
halogenation of the molecule increases the atmo-
spheric lifetime and the greenhouse gas effect
strength of the molecule. While perfluorocarbons
(PFCs) have lifetimes of the order of thousands
of years, CFC and Halon residence time in the
atmosphere typically is between 50 and 100 years.

10.3.5 Perfluorocarbons

Perfluorocarbons (PFCs), in particular tetrafluo-
romethane (CF,), sulfur hexafluoride (SFg), and
hexafluoroethane (C,Fy), with atmospheric life-
times longer than 1,000 years, have large absorp-
tion cross sections for terrestrial infrared
radiation. These compounds are far from a steady
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state between sources and sinks, and even net
emissions will contribute to radiative effects that
can extend to the next several millennia.

Current emissions of C,Fs and SF; are clearly
anthropogenic, and this is evident from their
higher concentration in the atmosphere. Analysis
of SF in the atmosphere showed that this gas has
an annual increase of about 7 %/year during the
1980s and 1990s (Geller et al. 1997; Maiss and
Brenninkmeijer 1998). Important sinks for PECs
and SFg are photolysis or ion reactions in the
mesosphere. These gases provide useful tracers
of atmospheric transport in both troposphere and
stratosphere. On a per molecule basis, sulfur
hexafluoride (SFy) is one of the most potent
greenhouse gases known. Its potency stems from
its intense absorption at 10.3 pm (969 cm™) in
the atmospheric window region and its extremely
long atmospheric lifetime of 3,200 years. SF; is
present in small amounts in fluorites, and degas-
sing of these minerals provides a small natural
source of SF, which results in a natural back-
ground concentration of 0.01 ppt. SF; is a useful
industrial chemical used as an insulating gas in
electrical switching equipment. As a result of
anthropogenic emissions, the current level of SFg
in the atmosphere is approximately 400 times
that of the natural background and increasing at a
rate of approximately 0.2 ppt year™' (Wallington
et al. 2004).

A new, long-lived, anthropogenic greenhouse
gas has recently been found in the atmosphere
(Sturges et al. 2000). Trifluoromethyl sulfur pen-
tafluoride (SF5CF3) — a hybrid of PFCs and SFy
not specifically addressed in Annex A of the
Kyoto Protocol — has the largest radiative forc-
ing, on a per molecule basis, of any gas found in
the atmosphere to date. Its abundance has grown
from near zero in the late 1960s to about 0.12 ppt
in 1999.

10.3.6 Ozone (O;)

Currently, tropospheric ozone (O;) is the fourth
most important greenhouse gas after CO,, CH,,
and N,O. It is a product of photochemistry, and
its future abundance is controlled primarily by
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emissions of CH,, carbon monoxide (CO), nitro-
gen oxides (NO,), and volatile organic com-
pounds (VOC). The model assessment of the
increase in tropospheric O; is becoming more
reliable since the preindustrial period and esti-
mated to account for 30% increase in emission or
future emissions for scenarios in which the CH,
abundance doubles and anthropogenic CO and
NO, emissions triple, the tropospheric O; abun-
dance is predicted to increase by an additional
50 % above today’s abundance.

Limited observations from the late nineteenth
and early twentieth centuries when incorporated
in climate models (what model?) suggest that tro-
pospheric Os has increased from a global mean
value of 25 DU (where 1 DU=2.7x10'® O; mol-
ecules/cm?) in the preindustrial era to 34 DU
today.

10.3.7 Aerosols

Aerosols are tiny submicron particles (e.g., soot,
mineral dust) or tiny droplets (e.g., sulfuric acid
or organic compounds) that are either emitted
directly into the atmosphere (primary aerosols)
or formed from emitted gases during chemical
reactions (secondary aerosols). While they are
generated from human activities such as fossil
fuel burning, transport emissions, biomass burn-
ing, and land-use changes, they are also produced
naturally by vegetation, marine algae, volcanoes,
and high wind stress over naturally arid regions.

Atmospheric aerosols are solid or liquid par-
ticles suspended in the air, which are often visible
as dust, smoke, and haze. Aerosols can affect the
Earth’s energy budget by scattering and absorb-
ing heat and sunlight (known as “direct effects”)
and by modifying the properties of clouds (known
as “indirect effects”) (Chin et al. 2009). These
influences can lead to both warming and
cooling.

While some aerosols (such as black carbon)
can have a warming influence, at the global aver-
age level, the overall effect of aerosols is cooling.
Most aerosols reflect incoming solar radiation
back to space, thereby preventing it reaching the
Earth’s surface. In this way, increases in the

V. Sejian et al.

amount of sulfates in the atmosphere have pro-
duced a negative forcing of —0.5 W m during
the past 250 years. An additional negative forcing
has also come from extra droplets of organic
compounds from fossil fuel and biomass burning.
Larger particles like dust can also absorb infrared
radiation emitted by the Earth, thus preventing it
from reaching the space and, consequently, exert-
ing a greenhouse gas effect. This effect is highly
dependent on the surface over which the aerosol
lies and the size and the sign of radiative forcing.
A recent assessment estimated that the warming
contribution of 1 g of black carbon could be any-
thing from 100 to 2,000 times that of the same
amount of carbon dioxide UNEP and WMO 2011.

Some types of aerosol can have an “indirect”
effect on climate. The particles can act as cloud
condensation nuclei, altering the number of drop-
lets in a cloud and, therefore, its lifetime and
brightness. These cloud changes then affect the
amount of radiation reaching the Earth’s surface.
During the past 250 years, these effects are
thought to have resulted in a negative radiative
forcing, the magnitude of which could be (on a
global mean scale) nearly as large as the total
positive greenhouse gas radiative forcing over the
same period of time. However, since we know
relatively little about the interaction between
aerosols and clouds, the final result is unclear.
Additionally, some aerosols can provide surfaces
on which chemical reactions can occur
(Wallington et al. 2004).

10.3.8 Land-Use Changes

Land-use change is defined as greenhouse gas
emissions from human activities and removals
which either change the way land is used (e.g.,
clearing of forests for agricultural use) or have an
effect on the amount of biomass in existing bio-
mass stocks (e.g., forests, village trees, woody
savannas, etc.) (IPCC 2000a, b). Anthropogenic
land-use changes due to agricultural practices,
deforestation, overgrazing, desertification, and
urbanization lead to a change in the surface char-
acteristics of the Earth. Changes in land use have
an impact in carbon fluxes, and many of the
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land-use changes involve livestock, either
occupying the land (as pasture of arable land for
feed crops) or releasing land for other purposes.
In addition to producing CO, emissions, the land
conversion may also negatively affect other emis-
sions. Mosier et al. (2004), for example, noted
that upon conversion of forest to grazing land,
CH, oxidation by soil microorganisms is typi-
cally greatly reduced and grazing lands even
become net source in situations where soil com-
paction from cattle traffic limits gas diffusion. In
the past 200-250 years, such changes have led to
an increase in albedo (the fraction of incoming
radiation returned to space via scattering by gas
molecules and reflection by clouds and at the
Earth’s surface). Over the past 250 years, land-
use changes have produced a negative global
mean radiative forcing of —0.2 W m=. Human-
induced land-use change may also indirectly
cause other radiative forcing such as increased
atmospheric aerosol loading (Wallington et al.
2004).

10.3.9 Solar Variability

The temperature of the Earth and its atmosphere
is determined by the balance of the incoming
solar radiation and the heat that is radiated by the
Earth back into space. Temperature changes can
occur as a result of the amount of radiation com-
ing in or out of the Earth (i.e., radiation trapped in
the atmosphere). This balance can be influenced
by a range of disturbances, including the sun’s
output, volcanic eruptions, and changes in the
Earth’s orbit. Changes in the amount of solar
radiation reaching the Earth have been implicated
in temperature fluctuations in the last
10,000 years. For the last 150 years, and espe-
cially since 1970, changes in solar output have
been known with greater accuracy. Climate can
be affected by changes in the Sun—Earth orbital
parameters such as axis tilt, Sun—Earth distance,
and the obliquity of the orbit. However, these
typically vary on timescales of thousands of years
and are generally not considered to have played a
major role in climate change over the past
250 years. Recent research suggests that solar
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output could have contributed up to 10 % of the
observed warming trend in the twentieth century;
however, other warming influences need to be
considered (Lean and Rind 2008).

10.3.10 Volcanic Activity

Large explosive volcanic eruption of Mount
Pinatubo in the Philippines that happened in 1991
is capable of releasing enormous sulfur dioxide
gas into the stratosphere where it can be con-
verted into sulfuric acid aerosol. Since it is above
the weather, this aerosol can remain in the strato-
sphere for 2-3 years, and for a tropical eruption,
aerosol can be spread quickly around the globe
by the winds. The aerosol can reflect solar radia-
tion back to space and, consequently, cause the
surface to cool. It can absorb some solar and long
wave radiation and cause the stratosphere to
warm. The Pinatubo eruption produced a peak
global mean radiative forcing of about —4 W m2,
and the surface and stratospheric temperatures
remained altered by a few tenths of a degree for
up to 4 years after the eruption. Individual erup-
tions give a transient effect on climate and have
limited long-term effects. It is therefore difficult
to compare their radiative forcing with the other
mechanisms. However, the cumulative effect of
several eruptions during active volcanic periods
could produce a prolonged effect on climate. The
difference in radiative forcing between active and
quiet decades could be as much as 1 W m=2

10.4 Impact of Global Warming

The development or disappearance of civiliza-
tions may be determined by natural and “moder-
ate” climatic change (Kumar et al. 2006; Issar
and Zohar 2007). For instance, a global tempera-
ture rise of 28 °C above preindustrial levels is
capable of delivering a “dangerous climate
change” (Schellnhuber et al. 2006). While it is
difficult to attribute specific causes to individual
extreme weather events (Allen et al. 2007), cli-
mate change is expected to increase the risk of
the occurrence of extreme events that can lead to
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changes in the frequency, intensity, and distribu-
tion of “severe” weather events. The magnitude
of future consequences can be inferred from the
dramatic effects caused by the natural and “mod-
erate” climatic changes that occurred in the last
millennium, during which millions of deaths
attributed to the alternation of droughts and short
cool-warm periods occurred around the world
(Fagan 2001; Davis 2002). A comprehensive
knowledge of climate variations in space and
time is vital to the adaptation and survival of the
humanity.

There is going to be an immense pressure on
global water resources, especially groundwater
resources due to climate change. The global vol-
ume of groundwater is estimated at between 13
and 30 % of the total volume of freshwater of the
hydrosphere (Jones 1997; Babklin and Klige
2004). The groundwater provides 15 % of the
water used annually (Shiklomanov 2004b), while
the remainder come from surface water. There is
a general consensus that majority of areas that
have high precipitation currently are expected to
experience precipitation increases, whereas areas
with low precipitation and high evaporation and
currently experiencing water scarcity are
expected to have rain decreases (IPCC 2007a, b,
c; Issar and Zohar 2007). As conditions change
rapidly, the existing infrastructure network will
have to be reshaped rapidly (Potter 2002;
Semadeni-Davies et al. 2007).

Anthropogenic warming and sea level rise
may continue for centuries even if GHG emis-
sions and concentrations in the atmosphere are
reduced and stabilized due to the timescales asso-
ciated with climate processes and feedbacks.
Some systems, sectors, and regions are likely to
be especially affected by climate change. The
systems and sectors are some ecosystems (tun-
dra, boreal forest, mountain, Mediterranean type,
mangroves, salt marshes, coral reefs, and the sea-
ice biome), low-lying coasts, water resources in
some dry regions at mid-latitudes and in the dry
topics and in areas dependent on snow and ice
melt, agriculture in low-latitude regions, and
human health in areas with low adaptive capacity.
The regions are the Arctic, Africa, small islands,
and Asian and African megadeltas. Impacts of
anthropogenic warming are very likely to increase
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due to increased frequencies and intensities of
some extreme weather events. Recent events
around the globe have demonstrated the vulnera-
bility of some sectors and regions to heat waves,
tropical cyclones, and floods and drought, thus
providing stronger evidence for concern about
climatic change.

10.5 Livestock and Climate
Change

Livestock contribute both directly and indirectly
to climate change through the emissions of green-
house gases such as carbon dioxide, CH,, and
nitrous oxide. Globally, the sector contributes
18 % (7.1 billion tonnes CO, equivalent) of
global greenhouse gas emissions. Although it
accounts for only 9 % of global CO,, it generates
65 % of human-related nitrous oxide (N,O) and
35 % of CH,, which have 296 times and 23 times
the global warming potential (GWP) of CO,,
respectively. CH, emissions mostly occur as part
of the natural digestive process of animals
(enteric fermentation) and manure management
in livestock operations. CH, emissions from live-
stock are estimated at about 2.2 billion tonnes of
CO, equivalent, accounting for about 80 % of
agricultural CH, and 35 % of the total anthropo-
genic CH, emissions. Nitrous oxide emissions
are associated with manure management and the
application and deposition of manure. Indirect
N,O emissions from livestock production include
emissions from fertilizer use for feed production,
emissions from leguminous feed crops, and emis-
sions from aquatic sources following fertilizer
application. The livestock sector contributes
about 75 % of the agricultural N,O emissions
(2.2 billion tonnes of CO, equivalent). Carbon
dioxide emissions from the livestock sector are
related to fossil fuel burning during production of
fertilizer for feed production, the livestock pro-
duction process, and processing and transporta-
tion of refrigerated products. Furthermore,
livestock are a major driver of the global trends in
land use and land-use change including defores-
tation (conversion of forest to pasture and crop-
land), desertification, as well as the release of
carbon from cultivated soils. The overall contri-



10 Global Warming: Role of Livestock

bution of CO, emissions from the livestock sector
is estimated at 2.7 billion tonnes of CO,. These
estimates of the sector’s role in climate change
are a result of LEAD’s efforts to quantify the sec-
tor’s impacts at a global scale. More detailed
analysis is required to shape policies that can
effectively mitigate environmental impact at
every relevant step of the various commodity
chains and help adapting to climate change (FAO
20064, b).

10.6 Sources of GHG
from Livestock

The livestock sector is a key contributor to a range
of critical environmental problems (Millennium
Ecosystem Assessment 2005; Steinfeld et al.
2006). It is becoming clear that meat and dairy
products carry the greatest environmental burden,
accounting for approximately half of food-gener-
ated GHG emissions (European Commission
2006; Jan Kramer et al. 1999). Substantial pro-
jected growth in this sector from 2000 to 2050 due
to increasing population and per capita demand
will effectively double the production of GHG
volumes (FAO 2006a, b; World Bank 2008). A
significant share of ruminants’ environmental
footprint is caused by enteric CH, that represents
about >25 % of the annual anthropogenic (man-
made sources) CH, emitted into the atmosphere
with global dairy sector contributing 2.74 % of
the total anthropogenic GHG emissions (FAO
2010). However, ruminants release CO, as a by-
product of respiration is not considered in the cal-
culation of GHG emission from livestock (EPA
et al. 2006; FAO 2006a; Kyoto Protocol 1997).
CO, emissions from livestock are considered
as part of the continuous cycling biological
system where plant matter that had once seques-
tered CO, is consumed by livestock and then
released back into the atmosphere by respiration
to be later reabsorbed by plants (FAO 2006a;
Kyoto Protocol 1997). Consequently, the emitted
and absorbed CO, quantities are considered
equivalent, thus making livestock a net zero
source of CO,.

FAO (2006a) developed the concept of
Livestock’s Long Shadow (LLS) which is a life
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cycle assessment (LCA) of livestock’s global
impact on anthropogenic GHG emissions, biodi-
versity, land use, water depletion, water pollu-
tion, and air pollution. LCA is a “compilation and
evaluation of inputs, outputs, and the potential
environmental impacts of a product or service
throughout its life cycle” (International
Organization for Standardization 2006). A LCA
is a methodology used to assess both the direct
and indirect environmental impact of a product
from “cradle to grave.” Environmental impacts
that can be measured include fossil fuel deple-
tion, water use, GWP, ozone depletion, and pol-
lutant production.

The report attempts to quantify the global
direct and indirect GHG emissions associated
with livestock. Direct emissions from livestock
refer to emissions directly produced from the ani-
mal including enteric fermentation and manure
and urine excretion (Jungbluth et al. 2001).
Specifically, livestock produce CH, directly as a
by-product of digestion via enteric fermentation
(i.e., fermenting organic matter via methanogenic
microbes producing CH, as an end product)
(Jungbluth et al. 2001). CH, and N,O emissions
are produced from enteric fermentation and nitri-
fication/denitrification of manure and urine,
respectively (Kaspar and Tiedje 1981). For live-
stock production, the term indirect emissions
refers to emissions not directly derived from live-
stock but from feed crops used for animal feed,
emissions from manure application, CO, emis-
sions during production of fertilizer for feed pro-
duction, and CO, emissions from processing and
transportation of refrigerated livestock products
(IPCC 1997; Mosier et al. 1998a). Other indirect
emissions include net emissions from land linked
to livestock including deforestation (i.e., conver-
sion of forest to pasture and cropland for live-
stock purposes), desertification (i.e., degradation
of aboveground vegetation from livestock graz-
ing), and release of C from cultivated soils (i.e.,
loss of soil organic carbon (SOC) via tilling, nat-
ural processes) associated with livestock (IPCC
1997). Previous agricultural estimates have
included emissions associated with indirect
energy consumption (e.g., electricity require-
ments, off-site manufacturing, etc.) as five times
greater than on-site emissions for cropland
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production (Wood et al. 2006). Hence, the accu-
rate estimation needs the full environmental
impact of livestock including the indirect emis-
sions. While there are international standards
with respect to LCA analysis, uncertainties exist
regarding the definitions and “boundaries” of
indirect environmental impacts. For example,
should the energy required to extract the coal that
is used to make the fertilizer applied to the crop-
land to grow crops used for the production of ani-
mal feed be included in a “true” LCA of livestock?
According to ISO 14040 (International
Organization for Standardization 2006), a com-
prehensive approach would be ideal but is often
not practical. Hence, further refinement of the
scope and methodology is necessary to increase
comparability between LCAs. Lal (2004)
described primary (i.e., tilling, sowing, harvest-
ing, pumping water, grain drying), secondary

(i.e., manufacturing, packaging, and storing
fertilizers and pesticides), and tertiary (i.e.,
acquisition of raw materials and fabrication of
equipment and buildings) emission sources (Lal
2004). Therefore, based on Lal (2004), one pos-
sible method would include LCAs with a numeri-
cal suffix indicating the “degree of separation”
between the product (e.g., animal protein) and
the indirect emission source input (i.e., the greater
the number, the more complete and complex the
LCA). Nevertheless, while a key advantage of
life cycle analysis is the level of very detailed,
product-specific information it can provide, it is
less able to capture some of the dynamic, sys-
temic challenges posed by our globalized, highly
complex food system (Garnett 2009). The differ-
ent sources of GHG from livestock and livestock
farm-related activities are depicted in Fig. 10.1.

Enteric
fermentation

Postharvest
Emission

Carbon from
Feed
Production

Manure
Management

Greenhouse
Gas Sources Land Use
- from Change
Livestock

Livestock
Induced
Desertification

Release from
Cultivated
Soil

Fig.10.1 Sources of livestock-related GHG
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Further, the major categories of anthropogenic
GHG emissions from livestock-related activities
are described in Table 10.2 (Steinfeld et al. 2006).

Using the first seven of the eight categories
listed above, livestock account for 9, 35-40, and
65 % of the total global anthropogenic emitted
CO,, CH,, and N0, respectively (Steinfeld et al.
2006).

10.6.1 Enteric Fermentation and Its
Significance to Global
Warming

The rising concentration of CH, is correlated
with increasing populations, and currently about
70 % of CH, production arises from anthropo-
genic sources and the remainder from natural
sources. Ruminants such as cattle, sheep, buffalo,
and goats are unique because of their special
digestive systems, they can convert otherwise
unusable plant materials into nutritious food and
fiber. At the same time, they produce CH,, a
potent greenhouse gas that can contribute to
global climate change. Globally, ruminant live-
stock produce about 86 million metric tons of
CH, annually, accounting for about 28 % of
global CH, emissions from human-related activi-
ties and more than the contribution of transport
emissions measured in carbon dioxide equivalent
(Steinfeld et al. 2006). In ruminants, current tech-
niques estimate that the majority of CH, produc-

Table 10.2 The major categories of anthropogenic GHG
emission for livestock and livestock farm-related
activities

Contribution (Tg

Categories of emission CO,-eq./year)

Enteric fermentation and respiration 1,800
Animal manure 2,160
Livestock-related land-use changes 2,400
Desertification linked to livestock 100
Livestock-related release from 230
cultivated soils

Feed production 240
On-farm fossil fuel use 90
Postharvest emissions 10-50

Source: Steinfeld et al. (2006)
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tion occurs in the reticulorumen. Rectal emissions
account for about 2-3 % of the total CH, emis-
sions in sheep or dairy cows (Murray et al. 1976;
Muiioz et al. 2012).

The CH, production through enteric fermenta-
tion is becoming a great concern worldwide for
its contribution to GHG effect through its absorp-
tion of infrared radiation in the atmosphere
(Lashof and Ahuja 1990). Moreover, CH, pro-
duction is associated with considerable dietary
energy losses from ruminant leading to decreas-
ing energy gain and productivity, especially in
low-input livestock production system. Enteric
CH, is produced in the rumen and hindgut of ani-
mals by methanogenic archaea. In animal pro-
duction sector, as much as 95-97 % of CH,
comes from ruminants (Johnson and Ward 1996).
CH, outputs are estimated to range from 3.1 to
8.3 % of gross energy intake for dry, non-lactating
cows and from 1.7 to 14.9 % of gross energy
intake for lactating cows (Holter and Young
1992).

The rumen is a fermentation chamber filled
with diverse microorganisms (Gregg 1995). The
rumen contains a complex microbial ecosystem
comprising mainly strictly anaerobic bacteria,
protozoa, fungi, and facultative anaerobic bacte-
ria. Specifically, the ruminal microflora consist of
bacteria (1,010-1,011 cells/g), bacteriophages
(107-109  particles/g), protozoa (104-106
cells/g), fungi (102-104 cells/g), and methano-
genic archaea (109-1,010 cells/g) (Joblin 2005;
McSweeney et al. 2005). Over 200 species of
microorganisms are present in the rumen,
although only about 10 % of these are known to
play an important role in digestion. These differ-
ent rumen microbes form a complex community
of microorganisms that interact with one another,
effectively digesting variety of feedstuffs con-
sumed by ruminants.

Although H, is one of the major end products
of fermentation by protozoa, archaea, and pure
monocultures of some bacteria, it does not accu-
mulate in the rumen because it is immediately
used by other bacteria present in the mixed
microbial ecosystem. The synergism between
fermenting species and H,-utilizing bacteria
(e.g., methanogens) is called “interspecies
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hydrogen transfer” (Ianotti et al. 1973). Some
physical associations between fermentative spe-
cies (H, producers) and H, users may facilitate
interspecies transfer in the rumen. Attachment of
methanogens to the external pellicle of protozoa
has been reported by Krumbholz et al. (1983) and
Stumm et al. (1982). In the rumen, formation of
CH, is the major way of hydrogen sink through
the following reaction:

CO, +4H, — CH, +2H,0

Metabolic hydrogen in the form of reduced
protons (H) can be used during the synthesis of
volatile fatty acids or incorporated into microbial
organic matter. When H, is not completely used
by methanogens, NADH can be reoxidized by
dehydrogenases of the fermenting bacteria to
produce ethanol or lactate. This situation which
occurs in animals fed with large amounts of fer-
mentable carbohydrates is considered as abnor-
mal and illustrates a real dysfunction of the
ruminal ecosystem under stress conditions.

Methanogens occupy various niches in the
rumen; some are free living in the rumen fluid,
while others live on or inside rumen protozoa.
Methanogens belong to the domain, Archaea,
and the phylum Euryarchaeota. Methanogens liv-
ing on and within rumen ciliate protozoa may be
responsible for up to 37 % of the rumen CH,
(Hegarty et al. 2007). In the absence of protozoa,
rumen CH, emissions are reduced by an average
of 13 %, but this varies with diet. Decreased CH,
emissions from the protozoa-free rumen may be
a consequence of reduced ruminal dry matter
digestion, decreased methanogen population,
altered pattern of volatile fatty acid production,
decreased hydrogen availability, and increased
partial pressure of oxygen in the rumen (Yoon
and Stern 1995). Recently, a new group of methy-
lotrophic methanogens (belonging to the so-
called rumen cluster-C group) that does not
require hydrogen as an energy source has been
described and appears to play a role in CH, for-
mation in ruminants (Poulsen et al. 2013).

Domestic nonruminant herbivore animals
(horses, donkeys, mules, and hinnies) also pro-
duce CH, as a result of fermentation processes in
their hindgut. Hindgut fermenters, however, do
not produce comparable CH,; per unit of
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fermented feed as ruminants, perhaps due to
availability of hydrogen sinks other than CH,
(Jensen 1996) and lower absolute amounts of H,
produced due to digestion of feed in the small
intestine before entering the hindgut. The
Intergovernmental Panel on Climate Change
(IPCC 2006) assumed CH, emissions from
horses at 18 kg/head per year (compared with
128 kg/head per year for a high-producing dairy
cow of similar BW).

Wild animals, especially ruminants, also emit
CH, from enteric fermentation in their reticuloru-
men or the hindgut (Crutzen et al. 1986; Jensen
1996; Galbraith et al. 1998; Kelliher and Clark
2010). The present-day contribution of wild
ruminants to the global GHG emissions, how-
ever, is relatively low. Current CH, emissions
from wild ruminants (bison, elk, and deer) for the
contiguous United States were estimated at about
6 Tg CO,- equivalents (CO.e)/year, or 4.3 % of
the emissions from domestic ruminants (Hristov
2012). In contrast, in the presettlement period,
wild ruminants emitted from 62 to 154 Tg CO,e/
year, depending on the assumed size of the bison
population, which is about 86 % of the present-
day CH, emissions from domestic ruminants in
the contiguous United States (Hristov 2012).
Although their diet is similar to that of ruminants,
they reportedly produce little or no CH, (Kempton
etal. 1976). Recent data by Madsen and Bertelsen
(2012), however, reported wallabies produce CH,
at a rate of about 1.6-2.5 % of their GE intake
(GEI), which is about one-third of the expected
CH, emission from ruminants consuming a simi-
lar diet. The composition of the animal feed is a
crucial factor in controlling CH, emissions (Van
Caeseele 2002). Hence, poor diets of ruminant
farm animals in developing countries lead to rela-
tively large emissions of CH,.

10.6.2 GHG Emission from Livestock
Manure

Animal manure is an alternative to energy-
intensive and high-cost synthetic fertilizer and
can be a very effective fertilizer source when the
available nutrient content and mineralization rate
are synchronized with crop nutrient uptake
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(Montes et al. 2013). Application of manure to
cropland increases soil organic matter, microbial
biomass, and mineralization rate (Spiehs et al.
2010; Langmeier et al. 2002) and improves a
number of soil properties including soil tilth,
water-holding capacity, oxygen content, and fer-
tility. It can also reduce soil erosion, restores
eroded croplands, reduces nutrient leaching, and
increases crop yields (Khaleel et al. 1981; Araji
et al. 2001). The animal manure can produce
anthropogenic CH, via anaerobic decomposition
of manure and N,O via nitrification and denitrifi-
cation of organic N in animal manure and urine
(Bouwman 1996). Animal manure is often held
in liquid or solid form on the farm, awaiting dis-
posal. During storage time the manure decom-
poses, and gaseous by-products are released, and
the type of gas is determined largely on whether
the decomposition is aerobic or anaerobic
(Kirchmann and Lundvall 1998). The handling
system determines the moisture content and oxy-
gen availability in the manure, with liquid sys-
tems producing predominantly CH, and solid
systems producing both CH, and N,O. In rumi-
nant production systems, enteric CH, production
is the largest contributor to GHG emissions fol-
lowed by CH, from manure and in beef feedlot
systems, N,O from pen surface, and N,O emis-
sions from soils. Emissions from nonruminant
livestock systems are less than that of ruminants
and are mostly CH, and N,O from manure stor-
age and land application (Hristov et al. 2013).
LLS (FAO 2006a) estimated that global emis-
sions associated with livestock manure (i.e.,
manure management, manure land application,
and indirect manure emissions) are about a total
of 2,160 Tg CO,-eq./year.

Methane emissions from manure storage were
estimated to be 470 million tons (Mt) CO,e/year
in 2010 with an expected 11 % increase by 2020,
while N,O emissions from fertilizer use, manure
application, and deposition by grazing livestock
were estimated at 2,482 Mt CO.,e/year with an
expected 18 % increase by 2020 (USEPA 2006).
Whereas N,O emissions from manure applica-
tion on the soil are a major contributor to total
GHG emissions from agriculture (Davidson
2009), N,O from animal waste represents
30-50 % of the global agricultural emissions
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(Oenema et al. 2005). Both CH, and N,O are
potent GHG with global warming potentials
(GWP) of 25 and 298 kg CO.e/kg, respectively
(Solomon et al. 2007).

Majority of the CH, emission from manure is
produced under anaerobic conditions during stor-
age, while very little is produced following land
application. Manure produces less CH, when
handled as a solid (e.g., in stacks or pits) or when
deposited on pasture or rangelands than liquid
(USEPA 2005). Therefore, opportunities to
reduce CH, emission are centered on preventing
anaerobic conditions during storage or capturing
and transforming the CH, that is produced, if
anaerobic conditions are present, into useful
products such as cook gas. Data summarized by
Chianese et al. (2009) indicate average CH, emis-
sions from covered slurry, uncovered slurry, and
stacked manure to be 6.5, 5.4, and 2.3 kg/m? per
year although rates vary with temperature and
time in storage.

A major factor influencing N,O emissions
from agricultural land is N application (Jarecki
et al. 2008). The form of fertilizer applied as well
as the placement in the soil influences the flux of
N,O emissions (Breitenbeck et al. 1980; Bremner
et al. 1981). Manure contains most elements nec-
essary for stimulating soil nitrification and deni-
trification processes that form N,O. These
processes are transient, depending on the amount
and form of available N (NH,* or NO5"), soil oxi-
dation—reduction potential, degradable C sources,
soil temperature, water content, and microbial
population (Cavigelli and Parkin 2012).
Denitrifying organisms can further reduce N,O to
N, at rates dependent on soil conditions, with
multiple factors controlling the ratio of N,O to N,
produced. The fraction of N completely reduced
to N, also increases as soil water content
approaches saturation. Nitrous oxide can also be
produced indirectly when manure N is lost
through volatilization as NH;, NO, and nitrogen
dioxide (NO,) and is nitrified and denitrified in
soil following redeposition (USEPA 2010).

The nitrogen assimilation efficiency of
animals determines the amount of nitrogen reach-
ing the environment. Nitrogen assimilation effi-
ciencies vary considerably among different
livestock range from 10 % for beef cattle and
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38-75 % for swine (Castillo et al. 2001; Hoekstra
et al. 2007). As a result, significant amounts of N
are returned to the environment through animal
excretions (Clemens and Huschka 2001; Hoekstra
et al. 2007). This N can reenter the crop-produc-
tion cycle or be emitted as N,O or NH; (Mosier
et al. 1998b). Direct N,O emissions are produced
as part of the N cycle through the nitrification and
denitrification of organic N in livestock manure
and urine (Mosier et al. 1998b). Annual N losses
via N,O have been previously calculated between
0 and 5 % of N applied for manure (Jarecki et al.
2008). Indirect N,O emissions are produced from
N lost as runoff, during storage, leaching during
treatment, and during transportation (Mosier
et al. 1998b). Due to primarily anaerobic condi-
tions of rice production globally, CH, production
indirectly associated with animal manure appli-
cation to irrigated rice fields is considered a sig-
nificant source of emissions. Specifically, due to
microbial breakdown of animal manure under
anaerobic conditions, global CH, emissions from
rice farms account for approximately 60 Tg
CO,-eq./year (Verburg and Van der Gon 2001). In
most of the developing world, most rice is grown
under these conditions, while within the devel-
oped world rice is grown with urea as N source.
Half of the synthetic nitrogen fertilizer ever used
on Earth has been applied in just the last
15-20 years (International Nitrogen Initiative
2004, 2006). Of this fraction, it is estimated that
only 10-20 % was actually consumed by humans,
95 % of which was subsequently lost to the envi-
ronment (International Nitrogen Initiative 2004,
2006). Under status quo technological and con-
sumption norms, the substantial increases in
global food production volumes by 2050 (FAO
2006a, b, 2008, 2009) will strongly exacerbate
reactive nitrogen pollution issues. Due to the
large fraction of cereal and fodder crops directed
toward livestock production, this sector will play
a particularly important role.

Direct emissions of N,O from manure storage
are small when compared with CH, emissions.
For N,O emissions to occur, manure must first be
handled aerobically where ammonium (NH,4*) or
organic N is converted to NO;™ and nitrite (NO,")
during nitrification and then handled anaerobi-
cally where the NO;~ and NO,™ are reduced to
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elemental N (N,), with intermediate production
of N,O and nitric oxide (NO) through denitrifica-
tion (USEPA 2010). Most of the N,O resulting
from manure is produced in manure-amended
soils through microbial nitrification under aero-
bic conditions and partial denitrification under
anaerobic conditions, with denitrification gener-
ally producing the larger quantity of N,O (Tisdale
et al. 1993; USEPA 2010).

Although not a GHG, NH; (and its ionized
form, NH,*) is an important component of the
manure N cycle. Ammonium (a large fraction of
the N in manure) is the first product of decompo-
sition of urea through the action of the microbial
enzyme urease after urine is deposited on barn
floors and pastures. Urease is abundant in fecal
matter and in soil, and thus urea excreted in urine
is rapidly converted to NH,* when the environ-
mental conditions (temperature, pH) are favor-
able. Ammonium N can be converted under
aerobic conditions to NO5~, and both forms of N
are readily available to plants, whereas organic
forms of manure N are generally not readily
available (Beegle et al. 2008). Ammonium N is
also the carrier of rapidly available N in the soil
and a necessary precursor in the process that
leads to N,O emissions from application of
manure and fertilizers and urine deposition in
pastures (Tisdale et al. 1993; de Klein 2001).
Ammonia volatilization is generally the largest
pathway of loss for manure N (Harper et al. 2004;
Lee et al. 2011), with losses typically accounting
for 30-70 % of the NH,* content of cattle manure
(Thompson and Meisinger 2002).

The relationship between manure NHj; volatil-
ization and N,O emission is also complex because
(1) emissions of both may be reduced by diet
manipulation or manure management and (2) if a
mitigation technology reduces NH; losses, the
preserved NH,* may later increase soil N,O emis-
sions (Petersen and Sommer 2011). On the other
hand, gaseous losses of N will reduce the avail-
ability of N for nitrification and denitrification
processes and, consequently, N,O formation
(USEPA 2010). Therefore, NH; emission is con-
sidered an important component of the N,O miti-
gation practices.

Emissions of GHG from stored manure are
affected by environmental factors such as
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temperature (Khan et al. 1997), wind speed
(Sebacher et al. 1983), redox potential (Brown
et al. 2000), and crust formation on the slurry sur-
face (Sommer et al. 2000) and by animal factors
(Hashimoto et al. 1980). Uncertainties in GHG
estimation have been attributed to uncertainties
in the types and size of manure storage and to the
accuracy of year-round extrapolation of emis-
sions from short-term studies (Kaharabata et al.
1998). Typically, when livestock manure is stored
or treated in lagoons, ponds, or tanks (i.e., anaer-
obic conditions), CH, emissions are produced in
higher amounts than when manure is handled as
a solid (e.g., stacks or dry lot corrals) or depos-
ited on pasture where aerobic decomposition
occurs (EPA et al. 2006). Losses of N,O from the
pen surface of open-lot dairy or beef feedlot
facilities, however, can be significant. The fact
that up to 50 % of the excreted N in beef cattle
farms is not recovered in manure has been well
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documented for various geographic locations
(Loh et al. 2008; Cole and Todd 2009). Most of
these losses are as ammonia (NH;), but N,O
emissions are also significant (Leytem et al.
2011; Rahman et al. 2013) and depend on a vari-
ety of factors, including surface conditions
(Aguilar et al. 2011). With respect to manage-
ment in the developed world, the increased use of
liquid versus dry manure waste systems (liquid
systems produce significantly more CH,) in dairy
and pig operations has resulted in a relative
increase in CH, production (FAO 2006a).

10.6.3 GHG Emission from Livestock-
Related Farm Activities

The list of livestock farm activities that contrib-
utes to the GHG pool is depicted in Fig. 10.2.
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Fig.10.2 Different sources of GHG in livestock farm and its associated activities
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10.6.3.1 Land-Use Change

From a livestock perspective, land-use changes
would include any land adapted for livestock
rearing (e.g., animal grazing, production of crop-
land for livestock feed). Forested areas are par-
ticularly sensitive to land-use change. When
forest ecosystems undergo relatively abrupt land-
use changes, such as deforestation, forest
regrowth, biomass burning, wildfires, agriculture
abandonment, wetland drainage, plowing, and
accelerated soil erosion, significant loss of SOC
and increase in GHG emissions occur (CAST
2004; Dixon et al. 1994; Houghton et al. 1999; de
Boer et al. 2011).

Using the IPCC’s definition of land-use
change, livestock uses directly (i.e., pasture,
LPS) and indirectly (i.e., production of feed
crops) the largest landmass in the world
(Bruinsma 2003; Naylor et al. 2005) and is a pri-
mary driver for land-use change. LLS (FAO
2006a) estimated that livestock-related land-use
change produces 2,400 Tg CO,-eq.year or
35 % of the total GHGs attributed to livestock.
LLS (FAO 2006a) identifies deforestation in
Latin America as the primary source of GHG
emissions associated with global livestock.
Specifically, land-use changes, including expan-
sion of pasture and arable land for feed crops,
primarily occur at the expense of forested land.
Forest conversion for permanent crops, cattle
ranching, cultivation shifts, and agriculture colo-
nization are considered to contribute equally to
the agriculturally driven land-use changes in
these countries (Geist and Lambin 2002). Smith
et al. (2007) estimated that over the last 40 years,
an average of 6 and 7 Mha of forestland and non-
forestland, respectively, were converted to agri-
cultural land in the developing world. Houghton
(2003) estimated that “Indonesia and Brazil
accounted for approximately 50 % of the global
land-use change C flux in the 1990s.” It has been
estimated that the annual net emissions from
Brazilian Amazonian deforestation, based on the
average deforestation rate of 19,400 km= per
year for the 2007 period, were approximately 191
million tonnes of CO,-equivalent carbon, or 700
million tonnes CO,e (McAlpine et al. 2009). This
represents more than 2 % of global GHG
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emissions. The main cause is cattle ranching, and
in this case the link between land-use-change-
derived CO, release and livestock production is
very direct.

10.6.3.2 Livestock-Induced
Desertification

Desertification can be defined as “land degrada-
tion in arid, semi-arid and sub-humid areas
resulting from various factors including climatic
variations and human activities” (Reynolds and
Stafford Smith 2002; UNCCD 1994). Arid and
semiarid ecosystems account for more than 45 %
of the global land surface (Asner et al. 2003). The
most common human agricultural activities on
these lands are cattle and sheep grazing/ranching,
wood collection, and cultivation (Asner et al.
2003). The annual net emissions from Brazilian
Amazonian deforestation, based on the average
deforestation rate of 19,400 km=2 per year for the
2007 period, were estimated to be approximately
191 million tonnes of CO,-equivalent carbon, or
700 million tonnes CO,e (McAlpine et al. 2009).
This represents more than 2 % of global GHG
emissions. The main cause is cattle ranching, and
a relationship between the land-use-change-
derived CO, release and livestock production can
be directly linked. Overgrazing by livestock is
the most important cause of desertification in
South African drylands (Hofmann and Ashwell
2001; Milton et al. 1994). Compaction is a major
problem in areas with high livestock population
density and in areas where heavy machinery is
used for cultivation. Compaction due to livestock
pressure is a severe problem in the Sahelian
region, the horn of Africa, Central Asia, north-
eastern Australia, Pakistan, and Afghanistan
(Nachtergaele et al. 2010). LLS (FAO 2006a)
estimated that global emissions associated with
livestock-induced desertification total 100 Tg
CO,-eq.year”!. These calculations are based
upon studies that show a 25-80 % decline in SOC
in areas with long-term grazing (Asner et al.
2003). Desertification (i.e., land degradation of
pasture) is mainly an issue in Africa (2.4 million
km?), Asia (2.0 million km?), and Latin America
(1.1 million km?) (FAO 2006a). The United
Nations Environmental Programme (UNEP)
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estimates that 35 % of the world’s land surface is
currently at risk for desertification and more than
20 million hectares are reduced annually to near
or complete unusableness (Helldén 1991).

As mentioned above, nonanimal factors, such
as soil erosion and geographical location (higher
latitudes may have increased rates of decomposi-
tion of soil C), account for some of the SOC
losses (Jenkinson 1991). While animal factors
(i.e., degradation of aboveground vegetation)
most likely have a more significant contribution
to the nonrenewal of decaying organic matter
stocks (Asner et al. 2003), calculating the spe-
cific amount of soil C loss solely attributed to
livestock production is difficult (FAO 2006a).
However, livestock do occupy directly and indi-
rectly two-thirds of the global arable dry land
area, and the rates of desertification are estimated
to be higher in land pasture than other land uses
(Bruinsma 2003).

10.6.3.3 Release from Cultivated Soil
Plowing and tilling coupled with wind, rain, and
irrigation exacerbate soil erosion of cropland
(Lal 2004). Approximately 20-30 % of SOC is
mineralized and released into the atmosphere as
CO, (Lal 1999). During the past 40 years, almost
one-third of the world’s cropland has been aban-
doned due to erosion and degradation (Wood
et al. 2006). LLS (FAO 2006a) estimated that the
loss of C from cultivated soils (i.e., tilling, lim-
ing, and emissions related to leguminous feed
crops) associated with livestock totals 230 Tg
CO,-eq./year. These estimates have a high degree
of error based on environment, land manage-
ment, and annual loss rate coefficients used under
those conditions.

10.6.3.4 Carbon Emissions from Feed
Production

Historically, most of the resources utilized for
livestock nutrition came from the farm itself.
While this type of farming is still practiced in
some parts of the developing world, most modern
livestock operations require a variety of external
inputs (i.e., feed production and transport, herbi-
cides, pesticides, etc.) that directly or indirectly
utilize fossil fuels and hence produce net concen-
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trations of GHGs (Sainz 2003). This increased
utilization of external inputs allows for increased
animal density or intensification of livestock pro-
duction. In fact, more than half the energy expen-
diture during livestock production is for feed
production (nearly all in the case of intensive
beef operations) (FAO 2006a). Globally, live-
stock have been estimated to consume a third
(FAO 2002) or more (37 %) of world cereal out-
put (WRI 2004). While livestock in the develop-
ing world generally consume far fewer cereals
and rely more on foraging and by-products, this
situation may change (Keyzer et al. 2005) as pro-
duction systems intensify even as we see growth
in chicken and pig production, whose diets are
predominantly grains, in developing countries.
Livestock feed consumes nearly 43 % of the food
energy (kilocalories) produced by the world’s
total harvest of edible crops (Lundqvist et al.
2008; Smil 2000) after postharvest losses. To
produce 1 kg of edible meat by typical industrial
methods requires 20 kg of feed for beef, 7.3 kg of
feed for pig meat, and 4.5 kg of feed for chicken
meat (Smil 2000). On average, production of
1 kg of high-quality animal protein requires
nearly 6 kg of plant protein and consumption of
15,500 liters of water, the equivalent of 90 full
bathtubs (IAASTD 2008). This amount of water
is nearly 12 times the quantity needed to produce
1 kg of wheat (Hoekstra and Chapagain 2007).
One kcal of food energy from beef requires
40 kcal of fossil fuel energy input to produce
(Pimentel and Pimentel 2003). LLS (FAO 2006a)
estimated that fossil fuel use in manufacturing
fertilizer used for animal feed production and
emissions associated with fertilizer application
plus indirect emissions generate approximately
240 Tg CO,-eq./year globally. Total GHG emis-
sions for mineral fertilizer production are based
on synthesis of 14 million tonnes of mineral fer-
tilizer directly used for fertilization of cropland
used solely for animal feed (FAO 2006a). The
energetic cost of synthetic fertilizer synthesis is
between 7 and 65 MJ kg of N depending on the
fertilizer type and mode of manufacturing (e.g.,
natural gas versus coal) (FAO 2006a). Lal (2004)
compiled data estimating C emissions for pro-
duction, transportation, storage, and transfer of
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various fertilizers between 0.03 and 1.8 kg
CO,-eq.kg. The primary use of fertilizer in the
animal food chain is for the production of corn
(FAO 2006a). While N,0O emissions occur natu-
rally via nitrification and denitrification, the
application of excess N increases the rate of N,O
emissions (Bouwman 1996). Mosier et al. (1996)
estimated that worldwide application of N as syn-
thetic fertilizer (77.4 Tg/year) is in the same
range as that of N from manure (77.4 Tg/year).
Synthetic fertilizers have reduced CH, emissions
(ammonium nitrate and ammonium sulfate
appear to inhibit CH4 formation) relative to
manure, while synthetic fertilizers have relatively
higher N,O emissions. Therefore, attempts to
reduce CH; from manure sources may well
increase other emissions including N,O (Mosier
et al. 1996). This phenomenon has been termed
as pollution swapping.

LLS (FAO 2006a) does not address emissions
from production of pesticides, herbicides, and
other amendments commonly added to cropland.
However, in intensive systems, the combined-
energy use for seed and herbicide/pesticide pro-
duction and fossil fuel for machinery “generally”
exceeds that for fertilizer production (Swanton
et al. 1996). Lal (2004) conducted a comprehen-
sive review of energy required for production,
transportation, and storage of herbicides, insecti-
cides, and fungicides. Means CO,-eq./kg for her-
bicides, insecticides, and pesticides were 6.3, 5.1,
and 3.9, respectively, which were higher than all
N-based fertilizers investigated (Lal 2004).
Estimates compiling C emissions for production,
transportation, storage, and transfer of herbi-
cides, insecticides, and fungicides had average
equivalent C emissions higher than fertilizer (Lal
2004). These numbers are complicated as some
research shows that emission factors from pro-
duction are superseded by net reduction in emis-
sions on the cropland primarily due to no-till
farming (Hisatomi et al. 2007).

10.6.3.5 On-Farm Fossil Fuel Use

Fossil energy is a major input of livestock pro-
duction systems, used mainly for the production,
transport, storage, and processing of feed.
Depending on location (climate), season of the
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year, and building facilities, energy is also needed
for control of the thermal environment (cooling,
heating, or ventilation) and for animal waste
collection and treatment. Livestock products
are GHG intensive compared with other food
groups, and that the vast majority of impacts
occur at the farm stage, with subsequent process-
ing, retailing, and transport playing more minor
roles (Berlin 2002).

On-farm fossil fuel use is highly dependent on
the intensity and type of livestock production and
the environment of the farm. Fossil fuels are
employed in every facet of farming including till-
ing, irrigation, sowing, movement of feed, con-
trol of the environment (i.e., cooling, heating,
and/or ventilation), animal waste collection and
treatment (i.e., land application, solid separa-
tion), and transportation of farm products
(Johnson and Johnson 1995; Lal 2004; Sainz
2003). LLS (FAO 2006a) estimated that on-farm
fossil fuel use emits 90 Tg CO,-eq./year equiva-
lent. Estimates from the United States do not
exist currently for CO, emissions from on-farm
fossil fuel use. However, in an intensive system,
on-farm use of fossil fuel often produces greater
GHG emissions than those from chemical N fer-
tilizer (Sainz 2003). For the assessment of global
on-farm fossil fuel use associated with livestock
production, LLS (FAO 2006a) utilizes a single
study by Ryan and Tiffany (1998). FAO (2006a)
then extrapolates intensive farming globally and
adjustments based on latitude (e.g., at lower lati-
tudes less energy would be required for corn dry-
ing). Specifically, LLS focuses at on-farm energy
use for nine different commodities (corn, soy-
beans, wheat, dairy, swine, beef, turkeys, sugar
beets, and sweet corn/peas). The study identifies
diesel or liquefied petroleum gas (LPG) as the
primary source of energy for on-farm energy use
for eight of the nine commodities. The electrical
energy is used for managing extensive stock,
space heating for young birds and piglets, and
ventilation for pigs and poultry. In dairy farm for
milking, milk cooling, water heating and pump-
ing, lighting, ventilation, heating, electrical fenc-
ing, manure handling, and office and personnel
working environment, conventional electricity
consumption represents around 25 % of the
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nonrenewable energy use at the dairy farm, while
the diesel fuel corresponds to 15 % of energy
consumption (Bulletin of the International Dairy
Federation 2010).

10.6.3.6 Postharvest Emissions

The postharvest system includes processing, dis-
tribution (transport and storage), and preparation.
LLS (FAO 2006a) estimates that United States
generates emissions from postharvest systems
between 10 and 50 Tg CO,-eq.year based on
research done in Minnesota (Ryan and Tiffany
1998). The Holtkamp et al. (2006) report does
not address postharvest emissions. While post-
harvest CO, relative to the other categories listed
is not a major emitter of GHG, the wide range of
data available creates some uncertainty. This
uncertainty is primarily related to the myriad of
value ascribed to food animal by-products from
multiple food processing technologies.

In addition, differences in types of electricity
source (hydroelectric versus coal) affect the GHG
output. From an energy perspective, depending on
the efficiency and the product, agriculture repre-
sents between 20 and 50 % of the energy consumed
within the food supply chain (Wood et al. 2006).

Postharvest emissions associated with animal
feed production and processing of nonfood-
related animal products were not included in
FAO (2006a).

10.7 FAO’s Global Livestock
Environmental
Assessment Model

FAO developed a Global Livestock Environmental
Assessment Model (GLEAM) to assess the con-
tribution of livestock sector to climate change.
GLEAM represents the main activities of global
livestock supply chains which aims at exploring
the environmental implications of production
practices for main commodities, farming sys-
tems, and regions (Gerber et al. 2013). According
to this model, the GHG emission from livestock-
related activities was estimated to be around 7.1
gigatonnes CO,-eq. per annum. This quantity
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represents 14.5 % of all human-induced emis-
sions. This clearly indicates the prominent contri-
bution of livestock to climate change. The model
identified that feed production and processing
and enteric fermentation are the two main sources
of GHG emissions, representing 45 and 39 % of
livestock emission. In addition to processing,
manure management represents another 10 %.
Further, the model predicted that CH, is the sin-
gle largest contributor of GHG pool from live-
stock sector. Among the animal commodities,
beef and milk represent 41 and 20 % of the total
GHG production. Further, pig and poultry meat
and egg contribute around 9 and 8 %, respec-
tively, of GHG production from animal sector
(Gerber et al. 2013). Table 10.3 describes the dif-
ferent categories that contribute to global GHG
emission through livestock supply chain.

10.8 Conclusion

Livestock contributes both directly and indirectly
to climate change through emissions of green-
house gases such as carbon dioxide, methane,
and nitrous oxide. The livestock play a major role
in the emission of methane — a gas with a much
more lethal impact on global warming than the

Table 10.3 Global emissions from livestock supply
chains by category of emissions

Farm activities Source of GHG % contribution

Applied and deposited N,O 16.4
manure

Fertilizer and crop N,O 7.7
residues

Feed: rice CH, 0.4
Feed CO, 13.0
LUC: soybean CO, 3.2
LUC: pasture expansion CO, 6.0
Enteric fermentation CH, 39.1
Manure management CH, 4.3
Manure management  N,O 5.2
Indirect energy CO, 0.3
Direct energy CO, 1.5
Post farm CO, 2.9

Source: Gerber et al. (2013)
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usual suspect carbon dioxide. Domestic rumi-
nants, which ferment plants in a specialized
stomach during digestion, are estimated to be the
largest single human-related source of methane.
Reducing demand for ruminant products could
help reduce production and reduce substantial
GHG in the near term. A reduction in gases other
than carbon dioxide will therefore be needed to
abate climate change. From the global warming
perspectives, assessing the contribution of live-
stock and its production systems in relation to
GHG emissions using the LCA approach is very
crucial. This will facilitate better understanding
of the sector’s impacts, taking into account the
differences across production systems and spe-
cies and the development of effective design and
mitigation options. In addition, development of
policy options for GHG emission reduction from
the livestock sector will help to cost-effectively
manage the sector’s growing contribution to
GHG emissions.

10.9 Future Considerations

Although considerable research has been
advanced to further our understanding of con-
temporary livestock/environment interactions,
the implications of these trends for sustainabil-
ity objectives are not sufficiently resolved.
Given the limited consideration of the livestock
sector in environmental management to date and
the scale of the issues to be addressed, mobiliz-
ing the necessary political will to implement
such policies is a daunting but necessary pros-
pect. As the human species runs the final course
of rapid population growth before beginning to
level off midcentury, and food systems expand
at commensurate pace, control of the global
livestock sector should be considered a key
leverage point for averting irreversible ecologi-
cal change and moving humanity toward a safe
and sustainable operating space. To achieve an
economically and environmentally sustainable
food supply, agriculturalists need to identify
systems and practices that make the best use of
available resources and minimize the potential
environmental impact.

V. Sejian et al.
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Abstract

Rumen fermentation of carbohydrates plays a fundamental role in ruminant
metabolism as the main source of energy. Acetic, propionic and butyric
acids (namely, volatile fatty acids, VFA) are the main products of the
rumen fermentation of structural and nonstructural carbohydrates con-
tained in the ruminant’s diet. The metabolic pathways involved in VFA
production are strictly linked to methane emission, because hydrogen is
actively produced during the fermentation of structural carbohydrates, and
it is rapidly metabolised by methanogens, in order to maintain the optimal
thermodynamic condition for the metabolism of the microbe consortium
in the rumen. Hydrogen plays also a fundamental role in the maintenance
of the equilibrium among VFA pathways and in their interconversion. In
this chapter, after a brief chemical description of dietary carbohydrates,
individual VFA pathways are described in order to put in evidence the
thermodynamic control points of each pathway and the production of
energy and reductive equivalent. Then, the relationship between hydrogen,
VFA and methane production has been reviewed, considering the role of
some dietary factors, the substrate competition between different meta-
bolic pathways and the models of VFA estimation.
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the ration. Ruminants have developed, in the first
part of their digestive tract (foregut fermenters), a
highly specialised symbiosis with microorgan-
isms able to ferment a wide range of dietary car-
bohydrates, including the lignocellulosic fraction
(Van Soest 1994). These kinds of carbohydrates,
in fact, are indigestible for mammals, because
they do not produce endogenous cellulolytic
enzymes. The rumen microorganism community
consists of many bacterial, archaeal, protozoal
and fungal species, maintained under anaerobic
conditions, normally at a pH 5.6-6.7 and at 39 °C
(Hackmann and Spain 2010). The output of car-
bohydrate fermentation consists mainly of vola-
tile fatty acids (VFA, mainly acetate, propionate
and butyrate) and other products of microbe
metabolism such as formate, ethanol, lactate,
succinate and branched chain fatty acids. Acetate,
propionate and butyrate account for more than
95 % of total VFA, and they are an important
source of energy for ruminants, ranging from 40
to 70 % of the digestible energy intake (France
and Dijkstra 2005). The ability of rumen micro-
organism to ferment lignocellulosic components
in an anaerobic environment is strictly linked to
the production of high amount of hydrogen,
which must be further metabolised to methane
and eructated, in order to prevent its accumula-
tion in the rumen environment. Methane eructa-
tion by ruminants, therefore, is the direct
consequence of a metabolic need of rumen bacte-
ria. For many years, this aspect has been consid-
ered only from an energetic loss standpoint,
because the methane production accounts for
2-12 % of the ingested energy from the ruminant
(Moss et al. 2000). In the last 10 years, the meth-
ane production from ruminants is mainly consid-
ered as an environmental issue, because methane
actively contributes to climatic change and global
warming (Boadi et al. 2004).

The extent of rumen degradation and fermen-
tation of carbohydrates and the type of metabolic
pathways activated by rumen microbes depend to
the nature of dietary carbohydrates, to the rumen
environment and to the passage rate of nutrients
across the rumen-abomasum tract.

The aim of this chapter is to review the meta-
bolic fate of dietary carbohydrates in the rumen
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and the relationship between carbohydrates fer-
mentation and methanogenesis.

11.2 Dietary Carbohydrates

According to their cellular localisation, carbohy-
drates can be divided into two distinct fractions:
structural (SC) and nonstructural (NSC).

11.2.1 Structural Carbohydrates

Structural carbohydrates are contained inside the
plant cell walls and include different fractions,
which are not chemically uniform, like cellulose,
hemicellulose, pectins and lignin. The chemical
characterisation of SC is usually performed
according to the method described by Van Soest
(1994). This method is based on the ability of cell
wall carbohydrates to form covalent linkages
with the lignin component. Molecules with some
covalent linkage with lignin are insoluble in neu-
tral detergent and are recovered as neutral deter-
gent fibre (NDF), which consists of cellulose,
hemicellulose and lignin. These molecules are
incompletely or only partially fermentable in the
rumen. Pectins, which do not have covalent links
with lignin, are completely soluble in neutral
detergent and are completely fermentable in the
rumen. Hemicelluloses are soluble in acid deter-
gent, whereas celluloses and lignin are recovered
as acid detergent fibre (ADF). As a consequence,
hemicellulose content is calculated as the differ-
ence between NDF and ADF.

Cellulose is a polymer of f-1,4-D-glucose
linked through f-1,4- glycosidic bonds, which
forms the cell membranes of plants and most of
the supporting tissues (40-60 %). All forages,
especially preserved roughages, contain signifi-
cant amounts of cellulose (2040 % of dry mat-
ter) (Van Soest 1994). Cellulose is highly resistant
to hydrolysis by treatment with diluted acids and
alkali, while treatments with hot concentrated
mineral acids result in a complete hydrolysis of
cellulose into glucose. The digestion of cellulose
needs several types of enzyme such as endoglu-
canases (EC 3.2.1.4), exoglucanases (EC
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3.2.1.74), cellobiohydrolases (EC 3.2.1.91) and
glucosidases (EC 3.2.1.21), which act sequen-
tially in order to progressively reduce the cellu-
lose chain to glucose (Lynd et al. 2002).

Hemicellulose is composed by a mixture of
polysaccharides, which share a common f 1-4
linkage in a xylan core polymer (Van Soest
1994). The composition of hemicellulose is
greatly variable across plant species, but the dif-
ferent types of hemicellulose have as common
characteristic the covalent linkages with lignin in
the plant cell wall. As a consequence, the digest-
ibility of hemicellulose is directly related to that
of cellulose and inversely related to the amount
of lignin (Hespell 1988). Hemicellulose is hydro-
lysed in hot dilute mineral acids or alkalis, and its
degradation results into simpler molecules such
as D-glucose, D-galactose, D-mannose, D-xylose
and L-arabinose and uronic acids. These mole-
cules are linked together across different combi-
nations and several glycosidic linkages (Van
Soest 1994).

Pectins are components of plant cell wall that
do not have any linkage with lignin. As a conse-
quence, they are defined as soluble fibre and are
completely available for rumen fermentation.
Galacturonic acid is the main component of pec-
tins together with arabinan and galactan side
chains. The galacturonic acid units are linked by
an alpha 1-4 bond, but, unlike starch, these bonds
are not hydrolysable by amylases.

Lignin is the main limiting factor for the
digestion of plant cell wall material, and its com-
position is not completely known. Lignin is found
in close connection with cellulose and hemicel-
lulose in plant cell walls, and together hemicel-
lulose concurs to form the secondary wall
thickening (Van Soest 1994). Lignin is largely
contained in the wood (2040 %), and it is pres-
ent at lesser amounts in the fibrous portion of the
stems and leaves of herbaceous plants, especially
when they have reached the stage of maturity.
Lignin is practically indigestible, and its presence
lowers the digestibility of the other cell wall
components (Chesson and Forsberg 1997).

Rumen microbes are able to degrade both cel-
lulose and hemicellulose, with different rates
according to the passage rate of feed and to the
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amount of indigestible fraction that encrusts the
fibre fraction. In any case, the rate limiting step of
the whole degradation process of cellulose and
hemicellulose is the hydrolysis of the polysac-
charide structure (Mertens 1992; Chesson and
Forsberg 1997).

11.2.2 Nonstructural Carbohydrates

The NSC fraction is contained inside the plant
cell and includes organic acids, sugars (mono-,
di- and oligosaccharides), starch and fructans.
When pectins are included, the term non-fibrous
carbohydrates (NFC) is preferred to NSC
(Mertens 1992). NSC constituents are highly
digestible and are the main source of energy for
ruminants.

Starch is the most important NSC and repre-
sents the nutrient reserve of plants, particularly in
seeds and fruits. In nature, starch is found in
amyloplasts, in the form of granules, whose size
varies depending to the plants.

Starch is a mixture of amylose and amylopec-
tin, two polysaccharides that are structurally dif-
ferent. The relative content of the two components
varies according to the plant species. Amylose
has a linear structure based on a chain of
D-glucose molecules linked by an alpha 1-4
bond. Amylose is soluble in cold water; it is rap-
idly hydrolysed in maltose and forms the central
part of the granules. Amylopectin has a branched
structure, which contains both alpha 1-4 (linear
part) and alpha 1-6 bonds (branched part).
Amylopectin dissolves only in hot water, forming
a colloidal solution. The hydrolysis of amylopec-
tin is slower than that of amylose, but when enzy-
matic or chemical treatments remove the
branched structure, amylopectin also dissolves in
cold water as amylose. Depending on the source,
the proportion of amylose and amylopectin may
differ, although the main component is amylo-
pectin, which accounts for 70-80 % of the total
starch (Kotarski et al. 1992).

The rate of starch degradation is greatly vari-
able, depending on the plant species, the passage
rate of feed and the chemical structure of the
starch. The fractional degradation rate for the
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potentially degradable fraction of starch in the
rumen ranges from 0.04 to 0.05 h™' for untreated
corn and sorghum grain to more than 0.3 for
untreated barley and wheat grain. Most of tech-
nological treatments such as cracking and grind-
ing, toasting, steam flaking and extrusion result
in an increase of starch degradability (Offner
et al. 2003). Monosaccharides, disaccharides, oli-
gosaccharides and fructans are water-soluble car-
bohydrates, and they are the most digestible part
of NSC. They are rapidly soluble in rumen liquor
and are immediately available for fermentation.

11.3 Rumen Fermentation
of Dietary Carbohydrates

The breakdown of complex carbohydrates in the
rumen produces simpler molecules that are
metabolised to glucose and, then, to pyruvate by
Embden-Meyerhof pathway also called glycoly-
sis. Cellulose is degraded to glucose by the action
of the microbial multienzyme complex known as
cellulosome (Morrison and Miron 2000), contain-
ing the enzymes, f3-1,4 glucosidase (EC 3.2.1.21),
which converts cellulose to cellobiose, and cello-
biose phosphorylase (EC 2.4.1.20), which acts on
cellobiose to obtain glucose- 1-phosphate (Weimer
1992). The degradation activity of cellulolytic
bacteria is strictly linked to the adhesion of bacte-
ria to plant material. In fact, cellulolytic bacteria
produce a cellulose-binding protein type C, which
interacts with cellulose and improves the adhe-
sion of bacteria to plant material in the rumen
(Morrison and Miron 2000). As a consequence,
any factor able to decrease the adhesion of cellu-
lolytic bacteria to plant material results in a
decrease of cellulose degradation.

Starch degradation is actively performed by
several strains of rumen bacteria and also by pro-
tozoa. Unlike protozoa, amylolytic bacteria are
unable to ingest starch granules, and then the ini-
tial attack of starch granules is performed by
surface-associated alpha-amylases or by another
mechanism at the cell surface (Kotarski et al.
1992). Amylase enzymatic complex transforms
starch in maltose and isomaltose, which are then
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converted in glucose-1-phosphate by maltase
(EC 3.2.1.20), maltose phosphorylase (EC
2.4.1.8) or 1,6 glucosidase (EC 3.2.1.33).

The degradation of 1 mol of sucrose leads
directly to 1 mol of a-D-glucose and 1 mol of
B-D-fructose, which are the two constitutive
monosaccharides bonded together by a 1,
2-O-glycoside linkage. Similarly, fructans are
degraded to f-D-fructose and, to a lesser extent,
to o-D-glucose, being fructans mainly consti-
tuted by fructose molecules linked by 2,3 and
2,1-O-glycoside bonds (Van Soest 1994).

Pectins are hydrolysed to pectic acid by means
of pectinesterase (EC 3.1.1.11) action and, suc-
cessively, to galacturonic acids (or to uronic
acids) by means of the polygalacturonase enzyme
(EC 3.2.1.15) and finally to pentoses. Also, the
hydrolysis of pB-1,4 linkages of hemicelluloses
contributes to produce pentoses such as xylose,
which may originate also by the hydrolysis of
xylans. Pentoses may be converted in glucose
and then in fructose-6-phosphate and in fructose-
1,6-diphosphate, which are the first two steps of
the glycolysis (Romano and Conway 1996).

Hence, rumen degradation of both SC and
NSC converges to glycolysis (Fig. 11.1).

11.3.1 Glycolysis

Glycolysis is the catabolic process that converts
1 mol of glucose in 2 mol of pyruvate, under
anaerobiotic conditions. This metabolic pathway
can be divided in two phases. The first one, which
includes five steps, is the “phase of energy invest-
ment” because it is endergonic: 2 mol of ATP are,
in fact, consumed per each mole of degraded glu-
cose (Fig. 11.2). The second phase (Fig. 11.3), in
contrast, is the “phase of energy gain” because
metabolic steps involved are exergonic: 4 mol of
ATP and 2 mol of NADH are, in fact, produced
per each mole of degraded glucose. Hence, the
net balance of glycolysis includes the production
of 2 mol of ATP and 2 mol of NADH that are
molecules with a high energy content, useful to
counterbalance the endergonic  reactions
(McDonald et al. 1995):
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In the first step of glycolysis, glucose is
phosphorylated to glucose-6-phosphate by hexo-
kinase enzyme (EC 2.7.1.1), consuming one
ATP. This passage is characterised by high free
energy of activation (AG), but the enzyme activ-
ity allows overcoming the initial energy barrier.
Considering the whole reaction, the negative
value of the free energy (AG=-16.7 kJ/mol)
makes this step irreversible. Hexokinase belongs
to the family of transferase enzymes, and its
activity depends on the presence of Mg?* in the
active centre of enzyme, which forms an ion
bond with the substrate (Demeyer 1991).

The second step is the isomerisation of
glucose-6-phosphate to fructose-6-phosphate, by
the action of glucose phosphate isomerase enzyme
(EC 5.3.1.9). This enzyme firstly opens the glu-
cose ring and reduces the aldehyde to the corre-
spondent alcohol; then, the alcoholic function is

oxidised to the relative ketone, and finally the ring
is newly closed to form fructose-6-phosphate.
The AG of this step is not favourable (+1.7 kJ/
mol), but the half-life of fructose 6-phosphate is
very short, because the glycolysis proceeds very
quickly with a new phosphorylation, subtracting
the fructose 6-phosphate to the previous reaction
(Demeyer 1991). In the third step, therefore,
fructose 6-phosphate is phosphorylated to
fructose 1,6-diphosphate, by the enzyme
6-phosphofructokinase (EC 2.7.1.11) that is an
allosteric enzyme belonging to the class of the
transferases and composed by two mobile sub-
units able to bond the substrate and the ATP mol-
ecule. In this passage, one ATP is requested to
insert a phosphate group on the position 1 of fruc-
tose-6-phosphate with a AG=-14.2 kJ/mol. This
step is not reversible and represents a crucial point
of the glycolysis process, because both glucose
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6-phosphate and fructose 6-phosphate are com-
mon intermediates of other metabolic processes,
but when the second phosphate group is added to
the fructose 6-phosphate, this molecule is des-
tined to be catabolised exclusively to pyruvate.
The next step, in fact, consists in the breakdown
of fructose 1,6-diphosphate to glyceraldehyde
3-phosphate and dihydroxyacetone phosphate.
The reaction (AG=+23.8 kJ/mol) is catalysed by
the enzyme fructose-diphosphate aldolase (EC
4.1.2.13) that is a lyase enzyme. The “phase of
energy investment” is concluded by the isomeri-
sation of the dihydroxyacetone phosphate to glyc-
eraldehyde 3-phosphate by the enzyme
triose-phosphate  isomerase (EC  5.3.1.1)
(AG=+7.5 kJ/mol). Although the dihydroxyace-
tone phosphate synthesis is more energetically
favourable, the reaction shifts toward the forma-
tion of glyceraldehyde 3-phosphate, because this
molecule is dehydrogenated in the next step of the
glycolysis pathway, immediately after its synthe-
sis. At the end of this first phase of the glycolysis,
from a mole of glucose, 2 mol of glyceraldehyde
3-phosphate are obtained (Demeyer 1991).

The next steps of glycolysis belong to the “phase
of energy gain” and the pathway proceeds in posi-
tive energy balance. Glyceraldehyde 3-phosphate
is transformed in 1,3-diphosphoglycerate by means
of the oxidation of the glyceraldehyde 3-phosphate
to carboxylic acid, followed by the phosphoryla-
tion of the carboxylic group. These two passages
are catalysed by the glyceraldehyde 3-phosphate
dehydrogenase (EC 1.2.1.12), which is an oxide
reductase enzyme, able to compensate the ener-
getic deficit of the phosphorylation passage with
the negative value of AG (—43 kJ/mol) of the oxi-
dation. The balance of the whole reaction allows to
store energy as NADH and the final AG is
about+6.2 kJ/mol (Demeyer 1991). Then,
1,3-diphosphoglycerate is converted in
3-phosphoglycerate by the action of phosphoglyc-
erate kinase (EC 2.7.2.3), which is a Mg*-
dependent transferase enzyme. The energy balance
of the step is negative (AG=-18.5 kJ/mol), and
one ATP is produced, as a consequence of the
transfer of one phosphate group to an ADP mole-
cule (Russell and Wallace 1997).

The next step (AG =+44 kJ /mol) is a rear-
rangement of the 3-phosphoglycerate structure
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coordinated by the phosphoglycerate mutase
enzyme (EC 5.4.2.1) that transfers the phosphate
group from the third to the second carbon atoms,
by way 2,3-phosphoglycerate as intermediate,
and the final production of 2-phosphoglycerate.
At the next step, the enolase (EC 4.2.1.11), an
enzyme belonging to the family of lyases, con-
verts by dehydration the 2-phosphoglycerate into
phosphoenolpyruvate (AG =+1.8 kJ/mol) that
is transformed in pyruvate by the action of the
pyruvate kinase enzyme (EC 2.7.1.40) (Mg
dependent). Since this reaction is strongly exer-
gonic (AG =-314 kJ/mol) , 1 mol of ATP is
produced per each mole of pyruvate (Russell and
Wallace 1997).

The net mass balance of glycolysis, starting from
one molecule of glucose, which has 6 atoms of car-
bon, produces two molecules of pyruvate (3 carbon
atoms), via glyceraldehyde-3-phosphate. From an
energetic standpoint, during glycolysis, 2 mol of
ATP are consumed, whereas 2 mol of NADH and
4 mol of ATP are produced; hence, the final ener-
getic balance is positive, accounting for 2 mol of
ATP and 2 mol of NADH (Demeyer 1991).

In the rumen ecosystem, pyruvate is the mile-
stone needed to activate the next pathways for the
production of volatile fatty acids (VFAs) such as
acetate, propionate and butyrate and the gases
(CO, and CH,) related to the biochemical reac-
tion involved in the VFA production. In the
rumen, the production of VFA is highly variable
(from 2 to 15 g per litre of rumen liquor), and it is
strongly affected by the quality of the diet fed to
the animals, which, in turn, influences the amount
and the composition of rumen microorganisms
(Bannink et al. 2006).

11.3.2 The Acetate Pathway
and Methanogenesis

Pyruvate is oxidised to acetyl-coenzyme A
(Ac-CoA) and formate by an enzymatic system
called pyruvate ferredoxin oxidoreductase (EC
1.2.7.1) in the presence of coenzyme A
(3-phospho-adenosine-5-diphospho-pantotheine)
(Baldwin and Allison 1983). Hence, the Ac-CoA
is phosphorylated by the enzyme phosphotrans-
acetylase (EC 2.3.1.8) to acetylphosphate that, in
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the next step, is converted to acetate by the
enzyme acetate kinase (EC 2.7.2.1), with the
production of 1 mol of ATP (Fig. 11.4). The for-
mate production generates also 1 mol of CO, and
1 mol of H,, and this metabolic step is character-
ised by (AG=-130 kJ/mol) (Russell and
Wallace 1997). CO, and H, are the precursors of
CH, in the methanogenesis pathway, which
involves several specific enzymes and coenzymes
able to transport carbon units or electrons in the
oxidoreduction process (Fig. 11.5). CO, is acti-
vated by the reaction with the methanofuran
coenzyme (MFR) resulting in a formyl moiety
(MFR-COH) (Thauer 1998). MFR, in the next
passage, is substituted by a methanopterin
(5,6,7,8 tetrahydromethanopterin), and then the
carboxylic group of the formyl moiety is reduced
to a methylene group by means of the F,,, coen-
zyme (8-hydroxy-5-deazaflavin), in the presence
of 2-mercaptoethanesulfonate (coenzyme M).
The last step deals with the reduction of methyl
group to methane (Fig. 11.6). This step is an exer-
gonic reaction (coupled with the phosphorylation
of ADP), catalysed by methyl-CoM reductase

acetate kinase

Acetate

enzyme (EC 2.8.4.1), which contains factor F,;,
as prosthetic group (Ankel-Fuchs et al. 1986).

The net balance of the fermentation of 1 mol
of glucose to acetic acid results in the produc-
tion of 2 mol of acetic acid, 2 mol of CO, and
4 mol of H,:

C,H,,0, »2C,H,0, +2C0O, +4H, (11.2)

CO, and hydrogen are further metabolised as
methane by Archaea bacteria according to the
following equation:

CO,+4H, =CH, +2H,0  (11.3)

11.3.3 The Butyrate Pathway

As previously described, pyruvate is firstly trans-
formed in Ac-CoA that, in the case of butyrate
pathway, is converted to acetoacetyl CoA by the
acetyl-CoA acetyltransferase enzyme (EC
2.3.1.9). The next step is the production of
B-hydroxybutyryl-CoA, catalysed by the enzyme
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Fig.11.5 Scheme of
methanogenesis
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B-hydroxybutyryl-CoA  dehydrogenase (EC
1.1.1.157), which uses two hydrogen atoms by
the oxidation of NADH. The next step is from
p-hydroxybutyryl-CoA to crotonyl-CoA, by
means of 3-hydroxybutyryl-CoA dehydratase
enzyme (EC 4.2.1.55). Crotonyl-CoA is trans-
formed to butyryl-CoA (using NADH as hydro-
gen donor) and then to butyryl phosphate, by the
action of the enzymes butyryl-CoA dehydroge-
nase (EC 1.3.99.2) and phosphate butyltransfer-
ase (EC 2.3.1.19), respectively. The last step is
the formation of butyrate, via the lyses of the
phosphate group that is used to form ATP
(Demeyer 1991).
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In synthesis, the net balance for the complete
fermentation of 1 mol of glucose to butyrate is

C.H,0, —» C,H,0, +2CO, +2H, (11.4)
Considering the production of H,, the butyrate
pathway, therefore, is more favourable than the

acetate one, because hydrogen is used in the
reduction of acetoacetyl CoA and crotonyl-CoA.

11.3.4 The Propionate Pathway

In the case of propionate, two pathways may ori-
gin from pyruvate: the first is the synthesis via
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Fig.11.6 Scheme of acetate and butyrate pathway

lactate and acrylate production (Fig. 11.7) and
the second via oxalacetate and succinate
(Fig. 11.8). The reduction of pyruvate to lactate
in the presence of lactate dehydrogenase (EC
1.1.1.27) involves the oxidation of NADH and
results in a net production of 2 mol of ATP from
each mole of glucose. The lactate is activated by
coenzyme A to form lactoyl-CoA, involving the
breakdown of an ATP, which provides the energy
for the reaction. This step is catalysed by
propionyl-CoA transferase enzyme (EC 2.8.3.1).
Then, the lactoyl-CoA is dehydrated by lactoyl-
CoA dehydratase (EC 4.2.1.54) to acryloyl-CoA
that, subsequently, is reduced to propionyl-CoA
by acryloyl-CoA reductase (EC 1.3.1.84). Also,
this step involves the oxidation of NADH. The
last step is the release of the coenzyme A with a
net production of an ATP. The lactate pathway is
preferred by some rumen bacteria such as
Megasphaera elsdenii and its contribution to pro-
pionate production becomes more important
when ruminants are fed diet with high level of
starch (Russell 2002).
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The alternative pathway is called the succinate
or the dicarboxylic acid pathway. In this pathway,
pyruvate is firstly converted to oxaloacetate by
means of pyruvate carboxylase enzyme (EC
6.4.1.1), which contains biotin as prosthetic
group. This step consumes also a molecule of
CO, and may start also by phosphoenolpyruvate,
which originates by glycolysis. In this case, the
synthesis of oxaloacetate is catalysed by phos-
phoenolpyruvate carboxylase (EC 4.1.1.31) with
a gain of one ATP. Then oxalate is reduced to
malate, by the malate dehydrogenase enzyme
(EC 1.1.1.37) using a NADH. In the next step,
firstly, malate is dehydrated to fumarate, via
the fumarase enzyme (EC 4.2.1.2), and then, the
fumarate reductase enzyme (EC 1.3.1.6) con-
verts fumarate to succinate. Also, in this step, an
oxidation of NADH occurs. The succinate is acti-
vated by means of coenzyme A to form
succinyl-CoA, involving the breakdown of an
ATP, which provides the energy for the reaction.
Hence, succinyl-CoA is transformed to
(S)-methylmalonyl-CoA by the action of
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methylmalonyl-CoA  mutase enzyme (EC
5.4.99.2) and methylmalonyl-CoA racemase (EC
5.1.99.1) with vitamin By, as cofactor. Propionyl-
CoA is obtained by a carboxylation catalysed by
the propionyl-CoA carboxylase enzyme (EC
6.4.1.3) with a loss of a CO, molecule. At the end
of the process, the conversion of propionyl-CoA
to propionate leads to an energy gain by the
recovery of one ATP. This pathway accounts for
more than 60 % of propionate production in the
rumen (Russell and Wallace 1997; Russell 2002).
The net balance for the complete fermentation
of 1 mol of glucose to propionate is
C,H,0, »2C,H,0,+2[0] (11.5)
Considering the stoichiometry of VFA pro-
duction, the acetate synthesis contributes to the
formation of 2 mol of CO, and 4 mol of H, per
mole of glucose fermented; since methanogens
use 1 mol of CO, and 4 mol of H, to produce
CH,, the acetate pathway releases 1 mol of CO,
and 1 mol of CH, per mole of fermented glucose.
The butyrate results in 1.5 mol of CO, and
0.5 mol of CH, per mole of fermented glucose,
while propionate does not contribute to CH, pro-
duction because it does not result in a net produc-
tion of H, and CO,. Hence, the energy proportion
retained by animal is higher when propionate is
produced instead of acetate or butyrate (Demeyer
1991).

11.4 Substrate Competition
to Methane Production

As reported in the previous paragraph, H, and
CO, are the main gas produced during rumen fer-
mentation of structural carbohydrates, and they
are readily used by methanogens bacteria to pro-
duce CH, and H,O, with an energetic expense
that may vary between 2 and 12 % of the gross
energy intake, according to the type of diet
(Johnson and Johnson 1995). However, methano-
gens may also use different substrates for meth-
ane synthesis, and, at the same time, other
metabolic pathways may be activated as H, sink.
As regards the first aspect, methanogens bacteria
may use formate, acetate, methanol,
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methylamines, methylated sulphides and
short-chain alcohols as electron donor in CO,
reduction as an alternative to H, (Mills et al.
2003). Since some methanogen strains grow
exclusively on these alternative substrates (Zinder
1993), it is very important to improve the basic
knowledge about substrate utilisation and prefer-
ence of methanogens, in order to avoid a system-
atic underestimation of CH, emission by
ruminants under different feeding conditions.
However, from a thermodynamic standpoint, the
methanogenic processes based on the use of H,
coupled with formate or CO, as substrates are the
most favourable, accounting for a AG=-145 kJ
and —135 kJ, respectively. The other substrates
reported above are characterised by a less favour-
able AG or, as in the case of carbon monoxide, by
a high toxicity for large part of rumen bacteria
(Ungerfeld and Kohn 2006; Mills et al. 2003).
Regarding the alternative metabolic pathways
for H, sink, some rumen microorganism may
compete with methanogens bacteria for the use
of H, (Jeyanathan et al. 2013). Reductive aceto-
genic bacteria compete with methanogens in the
rumen for the use of H,, in the reduction of CO,
to acetate. This pathway has been observed in
several herbivores species, and it is considered as
the main H, sink pathway in nonruminant herbi-
vores (Klieve and Ouwerkerk 2007). The number
of acetogenic bacteria in the rumen is higher in
the early stages of life, and it decreases after few
weeks, whereas the number of methanogens
increases (Morgavi et al. 2010). In adult, the total
concentration of acetogenic bacteria in rumen
liquor is usually tenfold lower than that of metha-
nogens, although some differences have been
reported according to the feeding regimen (Fonty
et al. 2007). Methanogenesis is more favourable
than reductive acetogenesis under normal rumi-
nal condition because the value of AG is nearly
double of that estimated for reductive acetogen-
esis (—135 kJ vs. =72 kJ, Ungerfeld and Kohn
2006). Moreover, the H, thresholds, needed by
methanogens bacteria to operate their synthesis,
are 10—-100-fold lower than that needed for reduc-
tive acetogenesis (Le Van et al. 1998; Ungerfeld
and Kohn 2006). Therefore, reductive acetogens
bacteria are outcompeted by methanogens,
because H, partial pressure in rumen is maintained
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to a level lower than that optimal for acetogens
metabolism.

Sulphate-reducing bacteria are able to use sul-
phate, nitro compounds and nitrate as electron
acceptors as alternative to CO, and, therefore,
may be considered as competitors of methano-
gens for H, sink (Gibson et al. 1993). Taking into
consideration the thermodynamic aspects and the
substrate affinity, sulphate-reducing bacteria
have a competitive advantage for H, use in the
rumen, if compared with methanogens; however,
the amount of sulphur compounds in the diet is
usually lower than that needed by sulphur-
reducing bacteria to be the major H, sink in the
rumen (Zinder 1993).

An alternative electron sink to methanogene-
sis is also the biohydrogenation of dietary poly-
unsaturated fatty acids (PUFAs); in fact, PUFAs
are toxic for rumen microorganisms especially
for gram-positive bacteria that are the main
responsible of SC fermentation and of the acetate
and H, production (Jenkins et al. 2008).
Otherwise, gram-positive bacteria, which are
involved in propionate production, are less sensi-
tive to PUFA; hence, the propionate synthesis is
enhanced when dietary PUFA increased (Ellis
et al. 2008). Moreover, during the biohydrogena-
tion processes, double bonds present in the fatty
acid chains are saturated, consuming reducing
equivalents and subtracting H, to the other path-
ways (Jenkins et al. 2008). In particular, the bio-
hydrogenation process is more favourable than
methanogenesis from both thermodynamic and
enzymatic standpoints. Hence, several studies
demonstrated that lipid addiction to the diet
decreases CH, production, and the degree of sat-
uration of fatty acids contained in the lipid sup-
plement is inversely proportional to the reductive
effect on CH, production (Giger-Reverdin et al.
2003).

11.5 Role of H, in the Equilibrium
of VFA Pathways

The equilibrium among VFA metabolic pathway
plays an important role in the regulation of meth-
ane emission. Diet composition may significantly
affect this equilibrium and, in particular, the ratio

starch/cellulose (Ellis et al. 2008). Cellulolytic
bacteria, in fact, produce more acetate and H,,
whereas amylolytic bacteria produce more pro-
pionate and less H,. For instance, when acetate
production increases (as in the case of high-
forage diets) and propionate and butyrate meta-
bolic routes remain unchanged, an increase in
methane production occurs at the expenses of
CO, emitted by acetate and butyrate pathways,
and the amount of methane produced per mole of
fermented glucose increases (Baldwin 1970).

However, the activation of VFA pathways is
not genetically predetermined, but rumen micro-
organisms growing on different substrates are
able to activate different possible fermentation
pathways, according to the more favourable ther-
modynamic conditions (Janssen 2010). The H,
pressure in the rumen plays a fundamental role in
favouring the prevalence of a specific metabolic
pathway and the interconversion among VFA
pathways (Janssen 2010). Each metabolic path-
way, in fact, is thermodynamically controlled,
and the H, partial pressure in the rumen environ-
ment may actively regulate the fermentation
pathways that use or produce H,. In general, there
is equilibrium between H, concentration in rumen
liquor and CH, and propionate production. When
H, concentration is high (readily degradable feed
is rapidly digested, high passage rate of feed, low
ruminal pH, presence of inhibitors of methano-
gens), propionate fermentation increases, because
H, formation becomes thermodynamically unfa-
vourable, and CH, production per unit of fer-
mented feed decreases. Conversely, when H,
concentration is low (slowly degradable feed is
digested, low passage rates of feed, growth con-
ditions of methanogens are near optimal), the
propionate pathway becomes unfavourable, and
the CH, production per unit of fermented feed
increases (Janssen 2010).

Rumen pH plays also an important role in the
equilibrium of VFA. Rumen pH varies according
to the amount of NSC in the diet, rumen degrad-
ability of starch, the amount of effective fibre in
the diet, the passage rate of feed and the time
after feeding (Kolver and de Veth 2002; Zebeli
etal. 2010). In general, when rumen pH decreases,
rumen fermentation shifts toward propionate pro-
duction leading to increased utilisation of H, and
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thereby decreases the production of CH,
(Christophersen et al. 2008). The optimal pH
value for the methanogens bacteria growth is
close to the neutrality; therefore, there is a direct
effect of pH on CH, production through an inhi-
bition of bacterial growth of both cellulolytic and
methanogens bacteria (Van Kessel and Russell
1996). Moreover, when pH value decreases, the
H, concentration in the rumen increases resulting
in a decrease of net H, production by fermenta-
tive pathways and, thus, in a decrease of CH, pro-
duction (Janssen 2010).

Also, the concentration of final and intermedi-
ate products may induce a shift of VFA pathways,
and this aspect has been evaluated as a means to
drive H, sink toward propionate production
instead of CH,. As described in the previous
paragraph, in fact, propionate synthesis involves
the use of H, in two metabolic steps: the reduc-
tion of oxaloacetate to malate and the reduction
of fumarate to succinate (Fig. 11.8). From a ther-
modynamic standpoint, the reduction of fumarate
to succinate is more favourable than methano-
genesis. However, although stoichiometric calcu-
lation shows that 1 mol of fumarate reduced to
succinate is expected to decrease methanogenesis
by 0.25 mol, when fumarate has been added to
ruminant diet, the observed CH, reduction was
half than that expected (Ungerfeld and Kohn
2006). Since the conversion of fumarate to both
acetate and propionate (via succinate) is thermo-
dynamically favoured, the added fumarate is only
partially reduced to succinate, whereas a signifi-
cant part of fumarate is converted to acetate,
releasing a pair of reducing equivalent, which
counterbalances the reducing equivalent adsorbed
by fumarate (Ungerfeld and Kohn 2006).

Similarly to what is observed for fumarate,
also other intermediates of propionate pathway
(malate, oxaloacetate, acrylate) may actively
shift the equilibrium toward an increase of pro-
pionate production, subtracting more H, to CH,
pathway. In particular, addition of malate seemed
to stimulate both propionate production and other
forms of electron sink related to the microbial
anabolism (Martin 1998). However, large part of
data available in literature refers only to in vitro
studies.
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11.6 Relation Between VFA
Production and Methane
Emission

As previously stated, the equilibrium among
VFA in the rumen is a mirror of the metabolic
pathway activated by rumen microbes to ferment
dietary carbohydrates. Since acetate and butyrate
pathways produce H,, whereas propionate path-
way uses H,, the accurate prediction of total VFA
production and of production rates of individual
VFA in the rumen under different feeding condi-
tion is an essential step in order to achieve a
proper estimation of the CH,4 emission.

In literature, several studies have proposed
different methods to evaluate VFA production,
but the level of accuracy achieved is not yet
completely satisfactory (Ellis et al. 2008). The
main problem observed to improve the accuracy
in the VFA estimation is related to the evalua-
tion of the absorption rate of VFA by rumen
wall, especially when diets are rich in starch
(France and Dijkstra 2005; Bannink et al. 2000).
Both empirical and mechanistic mathematical
models have been proposed to predict VFA pro-
duction in the rumen, but mechanistic
approaches, which consider several nutritional
and microbial factors, seem to be preferable
than empirical models that estimate individual
VFA production on the basis only of nutritional
factors (Bannink et al. 2008).

Recently, Alemu et al. (2011) evaluated four
different VFA stoichiometric models previously
published in order to assess their ability to predict
VFA and CH, production, using independent
data sources. The authors found that the ability to
predict individual VFA production varied accord-
ing to the model adopted. In general, the models
proposed by Bannink et al. (2006) and by Noziere
et al. (2010) showed the best prediction ability
with values of mean prediction errors ranging
from 1.6 (Bannink model) to 2.9 (Noziere model)
for butyrate, from 8.6 (Bannink model) to 9.1
(Noziere model) for propionate and from 10.4
(Noziere model) to 11.5 (Bannink model) for
acetate. In all cases, the authors considered the
amount of unexplained variance relative to differ-
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ences between predicted and observed values of
VFA production still too large to obtain an accu-
rate prediction of CH, emission on the basis of
VFA values obtained by the application of the
stoichiometric model considered (Alemu et al.
2011). However, the mechanistic models pro-
posed seemed to better represent the relationship
between individual VFA and between VFA pro-
duction and adsorption.

Moreover, the study of Alemu et al. (2011)
put in evidence an intriguingly aspect about the
accuracy of the IPCC tier 2 method that is the
current inventory method usually adopted to
estimate the CH, emission in the livestock sec-
tor. According to the result of the study from
Alemu et al. (2011), the mean square error of
IPCC method was higher than that of three of the
four mechanistic models evaluated in the study,
suggesting that [PCC method overestimated the
CH, emission. Hence, results of Alemu et al.
(2011) confirmed what previously reported by
Ellis et al. (2010) who stated that IPCC tier 2
method does not have the ability to take into con-
sideration the changes in dietary composition,
and, therefore, the use of IPCC tier 2 method is
considered useful in order to obtain an accurate
estimate of the impact of different feeding strate-
gies on CH, emissions.

11.7 Conclusions

Rumen fermentation of carbohydrates is strictly
linked to methane emission, because H, is
actively produced during the fermentation of
structural carbohydrates, and it must be rapidly
metabolised by methanogens in order to maintain
the optimal thermodynamic condition for the
metabolism of the microbe consortium in the
rumen. The balance between acetate and propio-
nate pathway is a critical point to regulate the
amount of H, available for CH, emission. The
complete understanding of the relationship
between different VFA pathways and the accu-
rate estimate of VFA production could offer great
opportunity to improve ruminant production in
terms of energy efficiency and methane
emission.
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Abstract

Methane is a potent greenhouse gas (GHG) which is responsible for global
warming, and it is about 23 times more potent than carbon dioxide and is
produced worldwide by biotic and anthropogenic activity. Increased
industrialisation in the past few decades and an increase in global human
population have increased the demand of food particularly of animal ori-
gin to a significant level. The livestock population, especially ruminants in
particular, is responsible for emitting 16-20 % of the CH, to the atmo-
sphere. The enteric fermentation in ruminants is unique, carried out by the
anaerobic microorganism, and culminates in the formation of CH,, which
is the sink for hydrogen and carbon dioxide, formed as a result of anaero-
bic fermentation in the rumen. The population of domesticated ruminant
livestock species like cattle, buffalos, sheep, goat, mithun, yak, etc., which
provide food to humans has increased worldwide in the recent past. These
livestock are reared under different systems that are prevailing in a particu-
lar country, and the most common identified livestock rearing systems are
intensive, extensive and semi-intensive. In intensive system of rearing, the
animals are confined and more concentrates are fed with provision of qual-
ity roughages. While in the extensive system of rearing, the livestock are
let loose and depend on the pasture for their growth and production, and
the quality of the pasture is responsible for the nutrients assimilated by the
animal. The semi-intensive system of rearing is a combination of the above
two systems. Enteric CH, production in ruminants depends on several
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factors like type and quality of feed, the physical and chemical characteris-
tics of the feed, species of livestock, feeding level and schedule, the effi-
ciency of feed conversion to livestock products, the use of feed additives
to support production efficiency, the activity and health of the animal and
genetic make-up of the animal. Therefore, feeding system(s) employed for
livestock rearing certainly has an effect on the enteric CH, production. A
concerted effort has been put in this chapter to get an insight into the differ-
ent livestock rearing and feeding systems, CH, contribution from livestock
and global warming, CH, production from different feeding systems and
means to augment livestock production by reducing enteric CH, under dif-
ferent feeding regimens.

Keywords
Enteric methane * Extensive system * Feeding system e Intensive system ®

Ruminants ¢ Semi-intensive system

12.1 Introduction

The concerns for green and healthy surroundings
have increased due to the deterioration of envi-
ronmental health caused by the release of green-
house gases (CO,, CH,, N,O, etc.) to the
atmosphere. Rapid industrialisation, urbanisation
in developing countries and anthropogenic activ-
ity have contributed immensely to greenhouse
gases (GHGs) emission. In the last few decades,
the livestock sectors have undergone rapid devel-
opment for sustaining the ever-increasing demand
for food of animal origin. The production of milk,
meat and eggs has also increased in both the
developed and developing countries in the recent
past with the concomitant increase in livestock
population. With the increase in global livestock
population, the levels of GHGs in the atmosphere
have also increased, particularly CH, from enteric
fermentation in ruminants. Methane production
from ruminants is a normal phenomenon and an
inevitable outcome of rumen fermentation — the
process through which non-human edible plants
such as grass and fibrous crop residues are trans-
formed into valuable products such as milk and
meat. The end products of enteric fermentation
are volatile fatty acids which are the primary
source of energy in ruminants for both mainte-
nance and production. This process proceeds
with the liberation of fermentation gases CO,, H,,
N,O and CH,.

The CH, gas which is formed in the rumen
serves as a hydrogen sink for ruminants. Methane
generation is a wasteful process in the rumen
because it results in the loss of about 10-12 % of
the gross energy consumed by the ruminants,
which, otherwise, could have been used for the
production purpose. Therefore, it has been the
constant endeavour of scientists worldwide to
reduce CH, emissions from ruminants as doing
so would allow the animals to retain more energy
and produce meat and milk more efficiently.
Farm animals, mostly ruminants, are the prime
source of food and animal protein (milk, meat)
for human and are raised under different produc-
tion/feeding systems prevailing in regions or
countries as a whole. The type of feed offered to
the animals along with other factors is responsi-
ble for the enteric CH, production; therefore, the
feeding system plays an important role on enteric
CH, production and, subsequently, its release to
the atmosphere. Among the diverse factors asso-
ciated with enteric CH, production in ruminants,
nutrition plays an important role. Methane pro-
duction will be lowered only if the feed that is
offered to the animal is tailored to the metabolic
requirements, with better digestibility, and sig-
nificant portion of the nutrients are diverted
towards production and less towards wastage and
CH, emissions (Grainger and Beauchemin 2011).
For instance, in concentrate-based feeding sys-
tem, a high-grain diet will result in less CH, per



12 Enteric Methane Emission Under Different Feeding Systems

unit of intake in ruminants, but a feeding system
solely on concentrate will have other
implications.

Therefore, a thorough understanding of nutri-
tional principles along with proper nutritional
management can promote optimum growth and
will lead to higher levels of production than in the
absence of such care. In grazing-based produc-
tion system, a significant portion of CH, is pro-
duced by the animal from enteric fermentation if
the grazing pasture is not managed scientifically
(Berchielli et al. 2012). Therefore, executing
proper grazing management practices to improve
the quality of pastures may optimise animal pro-
ductivity to a desired level, concomitantly with a
reduction in enteric CH, production. The impor-
tance of soil health and plant composition in the
grazing pasture is paramount in ensuring lower
CH, and better production efficiency in animals
in grazing-based feeding system. An in-depth
effort has been made in this chapter to highlight
different feeding systems in which livestock
(ruminants) are reared, enteric CH, production
and ways of lowering enteric CH, production for
augmenting production in different ruminant
species.

12.2 Brief History

of Domestication

and Different Feeding
Systems for Livestock

Production

The history of domestication of animals for the
benefit of human beings dates back to more than
12,000 years. Humans relied on animals for food
and associated by-products, work and a variety of
other uses. To meet up these demands, they have
tamed or held in captivity species of mammals,
birds, etc. These animals are known as livestock
and provide food for human beings with higher
nutritive value, and rearing them has implications
for occupational safety and health. Among the
livestock species, sheep and goat were the first to
be domesticated for human use, and this was fol-
lowed by other livestock species (Myers 2011).
The demand for animal products of late has
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increased, and it is driven by the rising human
population and an increase in per capita con-
sumption due to enhanced income.

The distribution and rearing pattern of live-
stock around the world depends on the geograph-
ical location and agro-climatic conditions. For
instance, animal husbandry practices in sub-
Saharan Africa (semiarid to arid) have evolved
species that are more tolerant to poor nutrition,
infectious diseases and long migrations.
Similarly, in Asia and the Pacific region, nearly
76 % of the world’s agricultural population exists
on 30 % of the world’s arable land (Myers 2011).
About 85 % of the farmers use cattle (bullocks)
and buffaloes to cultivate and thresh crops.
Livestock rearing operations are mainly small-
scale units in this region, but large commercial
farms are establishing operations near urban cen-
tres. In rural areas, millions of people depend on
livestock for meat, milk, eggs, hides and skins,
draught power and wool. In Europe the number
of people associated with agriculture, precisely
livestock industry, has decreased over the years
due to increased urbanisation and mechanisation.
The livestock rearing in this region is based on
pastures that have been developed due to better
climatic conditions. More than 30 % of the popu-
lation of the Near East is engaged in agriculture.
This region is characterised by lower rainfall and
majority of the area that is available is used for
grazing of animals. Most of the livestock species
that were domesticated in this region include
goats, sheep, pigs, cattle, water buffaloes, drom-
edary camels and donkey/asses. Migration of
livestock for longer distances in search of feed
and water is practised in these regions.

The Latin American and Caribbean region dif-
fers from other regions in many ways. Large
tracts of land remain to be exploited, the region
has large populations of domestic animals, and
much of the agriculture is operated as large oper-
ations. Livestock represents about one-third of
the agricultural production, which makes up a
significant part of the gross domestic product
(Myers 2011). Agriculture is the major economic
activity in North America (Canada and the United
States), but a fewer proportion of the population
is engaged in agriculture, and it is more intensive,
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with larger farms. Livestock and livestock prod-
ucts make up a major proportion of the popula-
tion’s diet, contributing 40 % to the total food
energy. The livestock industry in this region has
been very dynamic.

12.3 Different Feeding Systems
for Livestock Production

12.3.1 Cattle and Buffalo

Domesticated large ruminants, namely, cattle and
buffalos, are generally reared for milk and meat
production and as a source of energy (draught
animals) for agricultural activities (ploughing)
and carrying loads mainly in the developing
countries. The livestock contributes immensely
to the gross domestic product (GDP) and food
security to millions of human population round
the world. The ruminant livestock in particular
are unique in converting forage-based feed that
are unsuitable for human consumption to valu-
able food (milk, meat, etc.) for teeming human
population the world over. The feeding system
for ruminant food animals round the globe is not
uniform but heterogeneous and depends on the
socio-economic condition, geographical loca-
tions, climatic conditions, human and livestock
population, government policies and other fac-
tors associated with that particular country. In
general, the feeding systems are moulded based
on the targeted livestock product, viz. milk or
meat.

12.3.1.1 Milk Production

Developed countries in general have livestock
feeding systems which are adapted for large-
scale (herd size) higher-yielding dairy cows that
are concentrated in confinement production sys-
tems either seasonally or round the year (FAO,
IDF and IFCN 2014). These countries show
greater inconsistency in animal feeding systems
which depends exclusively on roughage to high
reliance on concentrates. Therefore, the feeding
system relies on both the stored forage and the
purchased grains and concentrate. Even in the
developed countries, sometimes, the feeding sys-
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tem is wholly based on the pasture with no con-
centrate supplementation (Moss 2010). For
example, animal feeding systems in New Zealand
are predominately pasture based with a low
dependence on purchased grains and concentrate
(typically less than 10 % of the diet) even though
the average herd size is relatively large compared
with those in most other developed countries. For
instance, in South America and South Africa, the
milk yield may reach up to 7,000 kg energy-cor-
rected milk per cow per year, whereas in
Southeast Asian countries and India, the average
annual yield is less than 3,000 kg energy-cor-
rected milk per cow per year.

In contrast to the feeding system in developed
countries, the developing countries have feeding
systems adapted for small herd size and low-
yielding dairy cows, where locally produced
roughage represents the major source of feed uti-
lised. A significant amount of the dry matter
intake in these animals comes from grazing in
unorganised community grazing lands, with mar-
ginal supplementation with concentrate. For
example, animal feeding systems for dairy cows
in some countries like Venezuela depend entirely
on grass as the roughage source, whereas feeding
systems in Southeast Asian countries like India
and Thailand rely substantially on crop residues
(cereal straw, stover, bagasses, etc.).

12.3.1.2 Meat Production
The feeding systems employed for meat produc-
tion vary from country to country and it is not
uniform. In developed countries, quality beef is
produced from the feeding of high-energy rations
to young animals in confinement; on the contrary,
meat production in developing countries comes
from pasture-based feeding system. Presently,
the demand for meat from grass-fed animals is
increasing due to health consciousness; in this
direction some meat producers have also altered
their feeding practices, whereby reducing or
eliminating grain from the ruminant diet, produc-
ing a product referred to as ‘grass fed’ or ‘grass
finished’ (Mathews and Johnson 2013).

Under intensive or specialised system of feed-
ing, the meat animals are raised in organised
farms, and the finishing stages before marketing
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are important as desired meat in terms of fat and
marbling is curved. In this system the input
includes grass, fodder, silage, grain or industrial
by-products, which are extensively used.

In an extensive system of meat production, the
animals are bred, raised and grown exclusively in
grazing pasture and sent to the market for slaugh-
ter. These types of feeding system are observed in
regions of the world where there are pastoral
grazing land (Africa and Latin America) and in
Asian countries where livestock are reared on
community grazing land and crop on residues.
Though live weight gain in extensive-based feed-
ing system is small, but during dry seasons and in
drought, a significant amount of production
energy is wasted by the animals in search of feed
and often losses considerable portion of live
weight.

Mixed farming type of feeding management is
practised in many parts of the world, wherein
small farmers keep young male animals and
some culled heifers for feeding and finishing and
fed them on home-grown fodder. Under the
mixed farming systems practised today, the
feeder cattle are usually, but not always, pro-
duced on specialised breeding and raising farms
located on poorer land or land unsuited to inten-
sive farming.

12.3.2 Sheep and Goat

Sheep and goats are mostly raised for meat pur-
pose, but in some countries goats are also reared
for dairying as well as for meat. Both sheep and
goats are grazing ruminants, though the feeding
habit resembles to some extent, but differs con-
siderably. The selection and intake of forage
depend not only on the available plant resources
but also on the feeding behaviour of animals.
Goats prefer to consume a wide variety of feed-
stuffs and are more selective and browse more,
especially under extensive conditions, than
sheep. The selectivity of goats is reduced under
intensive management. Goats generally have a
better body condition compared to sheep under
the same grazing conditions, mainly due to their
ability to select a nutritious diet.

In extensive type of feeding system, the natural
pastures contribute to the bulk of sheep and goat
feed. The pasture may be composed of indige-
nous forage species and is often subjected to
severe overgrazing. Sheep and goat may graze on
permanent grazing pasture/areas, on fallow land
and on cultivated land following harvest. Both
fallow land and crop stubble provide poor graz-
ing for a very short period just after harvest. The
availability and quality of native pasture vary
with altitude, rainfall, soil type and cropping
intensity. In many areas, natural pastures are
invaded by species of low palatability; therefore,
optimum nutrients from the pasture may be lim-
ited (Mengistu 1985). Goats have affinity for
browsing protein-rich plants, which are richer in
protein and minerals than tropical grasses during
the dry season. During the dry period, the browse
often serves as an excellent source of supplemen-
tal protein in addition to dry grass.

In a semi-intensive type of feeding system, the
small ruminants are grazed on cultivated grasses
and sometimes on legumes, community grass-
lands and fallow lands for 8-12 h in a day
(Sankhyan et al. 2010). Then in the evening,
some concentrate mixture or supplemental grain
or oil cakes are offered to the animals. Goats can
efficiently use cultivated pastures for either meat
or milk production. A hectare can support 16-60
goats depending on the type of pasture, the
amount of fertiliser applied and the presence of
legumes. Available farm by-products are some-
times used as supplement in addition to intake
from pasture (Child et al. 1984).

Intensive type of feeding or stall feeding sys-
tem is also known as ‘zero graze’ system and ani-
mals are confined in a pen and all the feeding
management is done here. It requires huge capital
investment and is labour intensive; thus, it is not
extensively practised in many of the developing
countries, and nevertheless, it has commercial
potential. In this system the animals are fed
mostly on cut forage (cereal hay, legume hay or
cereal-legume hay mixtures), conserved hay and
chaffed straw. Supplementary feeding is also car-
ried out with concentrates, the quantity of which
depends again on forage availability and the pro-
ductive stage of animal. Short-term intensive
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feeding prior to marketing of sheep/goats for
meat known as fattening is also practised in many
countries (Sumberg and Cassaday 1985).
Fattening/finishing involves intensive feeding of
sheep and goats to slaughter weight with ade-
quate finish (fat deposit) in feedlots. Fattening/
finishing can be accomplished with rations con-
taining different proportions of roughages and
concentrates. The proportion depends on the type
of feeds available, the desired length of feeding
and the types of animals to be finished. Higher
proportions of concentrate feeding shorten the
time required for fattening. Grains and grain
products commonly fed are corn, barley, sor-
ghum, oats and wheat and grain by-products like
wheat bran, and high protein concentrate ingredi-
ents include groundnut cake, soybean cake, cot-
tonseed cake, linseed cake, sunflower cake,
brewer’s grains, distillers’ grains and other simi-
lar feeds.

12.4 Methane Production
from Livestock vis-a-vis
Global Warming

Methane production in ruminants is a normal
phenomenon, and it acts as a sink for the hydro-
gen gas which is formed in the rumen as a result
of anaerobic fermentation by the microbes.
Anaerobic fermentation by livestock is the out-
come of the capability of ruminants to utilise
large amounts of fibrous feeds (grass, straw, sto-
ver, crop residues) which cannot be utilised as
human food. Ruminant livestock, such as cattle,
sheep and goats, have a large anaerobic fermen-
tation vat known as rumen, which harbours a
large microbial population, which ferments and
aids in the digestion of roughages. The end
products of fermentation are mainly volatile
fatty acids, acetate, propionate, butyrate and
valerate with other branch fatty acids (iso-butyr-
ate and iso-valerate) and fermentation gases
CO,; and hydrogen. The quality of feeds, mainly
the roughage which constitutes the major bulk
of the ruminant’s diet, is responsible for CH,
emissions per unit of feed energy consumed by
the animal. Accordingly, when poor quality of
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feed is fed to the ruminants, there will be higher
CH, production per unit of product than better
fed animals.

Ruminant animals contribute significantly to
human food chain as they have the ability to uti-
lise complex polysaccharides in plant cell walls,
viz. cellulose, hemicelluloses and pectin, which
are otherwise non-digestible by any of the mam-
malian digestive enzyme and convert them to
meat and milk for human consumption. In spite
of their valuable contribution, ruminant animals
are often considered as one of the major contribu-
tor to the global climate change due to the emis-
sion of CH, as a by-product of fermentative
digestion of feedstuffs in the rumen. Domestic
ruminants are one of the important anthropogenic
sources of CHy, contributing approximately 29 %
of the total anthropogenic annual CH, production
(Ripple et al. 2014). Approximately two-thirds of
the total CH, production by domestic ruminants
is contributed by cattle, and the rest is shared by
other domestic ruminants like buffalo, sheep,
goats, etc.

12.4.1 Enteric Fermentation
and Methane Production
in Ruminants

Enteric fermentation is the fermentation that
takes place in the digestive systems of ruminant
animals. A significant amount of fermentation
takes place in the rumen of cattle, buffalo, sheep
and goats resulting in the formation of volatile
fatty acids along with fermentation gases CO,
and hydrogen which are further reduced to CH,.
As far as pseudo-ruminants (like horses, mule
and donkeys) and monogastric animals (pigs) are
concerned, the emissions of CH, are relatively
lower because the digestive tract does not support
the same level of feed fermentation. Domestic
ruminants with low levels of production effi-
ciency have relatively high CH, emissions per
unit of product because in these animals a signifi-
cant fraction of the feed intake is solely used for
maintenance (basic metabolic processes) rather
than production. However, in animals with higher
production efficiency, the maintenance emissions



12 Enteric Methane Emission Under Different Feeding Systems

are spread out over a larger amount of production;
therefore, the CH, emissions are lower per unit
product.

In ruminants and pseudo-ruminants like
camel, the major part of CH, production or meth-
anogenesis occurs in the large fermentative ves-
sel known as rumen, which is located at the
beginning of the digestive tract. Methane is also
produced in the hindgut of ruminants and mono-
gastric animals, but in much smaller amounts.
The rumen is a composite and diverse system and
mostly houses obligatory anaerobic microbes
where feedstuffs including fibrous plant material
are broken down and fermented primarily to
short-chain volatile fatty acids (VFA), CO,,
hydrogen (H,) and CH, by large numbers of dif-
ferent genera and species of bacteria, protozoa,
fungi and methanogens. Methanogens present in
the rumen belong to a separate domain Archaea
in the kingdom of Euryarchaeota and are found in
a wide range of other anaerobic environments
(Liu and Whitman 2008). Most rumen methano-
gens derive energy for their growth through a
series of biochemical reduction of CO, with H,,
and some methanogens use acetate and methyl
group-containing compounds to produce CH,.
Methanogens invariably play a key role by scav-
enging hydrogen gas which is liberated during
the fermentation, thereby lowering the partial
pressure of hydrogen so that fermentation can
proceed efficiently (Song et al. 2011).

The microbial populations in the rumen have
symbiotic relationships wherein the metabolites
are exchanged between different microbial popula-
tions, and this promotes or compensates each oth-
er’s growth (cross feeding). Methane synthesis is
regarded as one such cross feeding between hydro-
gen-producing microbes and hydrogen-consuming
methanogens (Wolin et al. 1997). Since the hydro-
gen-producing microbes include fibrolytic fungi
and bacteria, their co-association with methano-
gens allows efficient removal of hydrogen, which
facilitates continuous fibre degradation. There are
about 70 methanogenic species belonging to 21
genera that have been reported, and a range of dif-
ferent methanogens also coexist in the rumen
(Jarvis et al. 2000), but only seven ruminal species
have been isolated and purified. These are
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Methanobacteriumformicicum,Methanobacterium

bryantii,  Methanobrevibacter ~ ruminantium,
Methanobrevibacter millerae, Methanobrevibacter
olleyae, Methanomicrobium mobile and

Methanoculleus olentangyi. The population densi-
ties of methanogens in the rumen appear to be
influenced by diet and in particular by the fibre
content of the diet (Kirchgessner et al. 1995).

12.4.2 Class of Livestock Feed
and Enteric Methane
Production

Feed cost encompasses more than 70 % of the
total cost of livestock production in organised
sectors. Livestock feeds are broadly classified
according to the amount of specific nutrient they
provide in the ration. They are generally divided
into two classes—concentrate and roughage.
Concentrates are feeds which contain a relatively
smaller amount of fibre (less than 18 %) and have
a comparatively high digestibility and result in a
higher nutritive value having more than 60 %
total digestible nutrients (TDN). Roughages, on
the other hand, are bulky feeds containing a rela-
tively large amount of less digestible material
(crude fibre more than 18 %) and with a lower
energy value (up to 60 % TDN). In addition to the
above, minerals (macro and micro), vitamins
(water soluble and fat soluble) and water are
important nutrients for farm animals.

A concentrate is a feed or mixture of feed
which supplies primary nutrients (carbohydrate,
protein and energy or fat) at higher level and at
the same time contains less than 18 % CF with
lower moisture content. On the basis of protein
(crude protein, CP) content, they are further clas-
sified as either energy-rich concentrates (CP less
than 18 %) or protein-rich concentrates when the
CP content of the feed or feed mixture exceeds
18 %. Energy-rich concentrates include cereal
grains and seeds (maize, barley, oats, sorghum,
bajra, etc.), mill by-products (bran, flour, germ,
gluten, grain screenings, groats, hulls, meal, mid-
dlings, polishing, shorts, etc.), molasses (molas-
ses of cane, beet, citrus fruits, wood, etc.) and
root crops (cassava).
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Protein-rich concentrates on the other hand
can be classified according to the source of origin
as plant protein, animal protein, nonprotein nitro-
gen and single-cell proteins. Plant proteins
include oil meals which are obtained by different
processing methods like pressed or ghani, expel-
ler and solvent extracted. Oil cakes and meals are
good source of protein, and about 95 % of the
nitrogen is present as true protein with higher
digestibility (75-90 %) and is less methanogenic
in ruminants. Some common oilseed meal
(cakes)-based plant proteins used for feeding
ruminants include peanut meals, linseed meals,
mustard cake, cottonseed cake, copra meal, ses-
ame meal and soybean meal. In addition to the
above, brewer’s grains and yeast are also a good
source of protein for animals, but it contains high
moisture. Animal protein supplement usually
employed for farm animal feeding is derived
from inedible portion of animal tissues mainly
from the meat processing industries, milk pro-
cessing industry and marine fish processing
plants. They may include meat meal, meat and
bone meal, blood meal, feather meal, hatchery
by-product meal, fish meal, etc.

Feedstuffs containing nitrogen in form other
than protein are known as nonprotein nitrogen
(NPN). Organic NPN compounds include ammo-
nia, amides, amines and amino acids, while inor-
ganic NPN compounds may include a variety of
ammonium salts and ammoniated by-products
like urea. The microorganisms present in the
rumen are able to degrade dietary proteins to syn-
thesise microbial protein; in the same way, they
degrade urea into ammonia and subsequently it is
incorporated into amino acids. Single-cell pro-
tein (SCP) is obtained from single-cell organisms
like yeast (Saccharomyces cerevisiae, Torulopsis
utilis), bacteria (Methanomonas methanica) and
algae (Chlorella vulgaris, Spirulina maxima,
Scenedesmus obliquus) which are grown in spe-
cific growth media.

Roughages are generally bulky feedstuffs
which have a low weight per unit of volume.
Most feedstuffs that are classed as roughage have
high crude fibre content with lower digestibility
of nutrients. Most roughages have high content of
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cell wall material, the composition of which varies
with the age of the plant, soil composition, etc.
The cell wall contains an appreciable amount of
cellulose, hemicelluloses, pectin, polyuronides,
lignin, silica and other components. The nutrient
content of plant materials reduces as the plant
attains maturity, and the amount of lignin is a
critical factor which affects digestibility of nutri-
ents. The roughages can be classified as dry (hay,
straw, stover, corn cobs, sugarcane bagasse and
cottonseed hulls), and succulent roughage
includes pasture, range plants, tree fodder, culti-
vated fodder, silages, root crops and tuber, brew-
ery by-products, waste from food processing
plants and fruit and vegetable waste.

Enteric CH, production in ruminants is a nor-
mal process, and major factors influencing its pro-
duction are pH of rumen, diet, feeding strategy,
volatile fatty acids, animal species and environ-
mental stresses. The optimal pH range for CH,
production is 7.0-7.2, but the same can be formed
in the pH range of 6.6-7.6. But at lower pH, the
activity of fibre degraders reduces considerably
(Argyle and Baldwin 1988; Dijkstra et al. 1992);
thereby, the nutrient digestibility gets affected.
Methanogens present in rumen are responsible for
CH, production, and diet has a prime role not only
on methanogen numbers but also on CH, produc-
tion, as both the quantity and quality of feed can
alter the rumen fermentation pattern. Methane
production may be higher when mature dried for-
ages are fed or when they are thickly chopped
rather than finely ground or pelleted and may
decrease when forages are preserved in ensiled
form (Moss et al. 2000). Because they stimulate
the rumen degradation of plant cell walls, alkali
treatments of poor-quality forages have been
shown to increase the amount of CH, emissions.
Volatile fatty acids, the main source of energy for
ruminants, vary with different carbohydrates that
are fermented in the rumen. The ratio of forage to
concentrate also influences the ratio of acetate to
propionate in the rumen, and CH,; emission
decreases drastically from 612 % (forage-based
diet) to 2-3 % when concentrates (90 %) predom-
inate a major portion of the ruminants’ diet
(Johnson and Johnson 1995).
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Thus, feeding of a high concentrate to low
roughage diet produces less enteric CH, vis-a-vis
low concentrate to high roughage diet (Whitelaw
et al. 1984). This lower CH, emission can be
ascribed to lower portion of carbohydrates and
faster passage rate, thus shifting the fermentation
pattern towards higher propionate production
(Johnson and Johnson 1995). Apart from diet,
other factors like higher intake of feed and rate of
passage of digesta can also influence CH, pro-
duction in the rumen. The retention time of
digesta in the rumen decreases with increased
passage rate and feed intake, and the digestion
occurs in the small intestine rather than in the
rumen, which in turn reduces the extent and rate
of ruminal dietary fermentation. Apart from
dietary factors, CH, production is also influenced
by species of livestock; in general crossbred
cattle produce higher CH, than exotic breeds.

12.4.3 Contribution of Methane
from Livestock

In ruminants, CH, is produced normally during
the course of digestion process, and these species
are the major source of anthropogenic CH,, con-
tributing approximately 23 % (81 Tg of CH,) of
the total anthropogenic annual CH, production,
which is the second largest source of anthropo-
genic CH,. The process of CH, production in
ruminants is a complex microbiological anaero-
bic fermentation that breaks down cellulose and
other macromolecules in the rumen, generating
CH, in the process and expelling it via eructation
through the mouth and nose (Moss et al. 2000).
Among the domestic ruminants, cattle is respon-
sible for two-thirds of the total CH, production
(74 %), and the rest is shared by other domestic
ruminants like buffalo (11.3 %), sheep (6.36 %),
goats (4.86 %), etc. Methane is also produced
variably from nonruminants (Patra 2014) like
camels (1.11 %), mules (0.11 %) and asses
(0.42 %), pigs (1.08 %) and horses (1.05 %).
Pseudo-ruminants like camel share some features
of their digestive anatomy and physiology with
ruminants, but camelids produce less CH, than
ruminants (Dittmann et al. 2014).
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Several factors influence the enteric CH,
emissions from ruminants, and they include daily
dry matter intake, digestibility of feed, amount of
fibres and soluble carbohydrate in diet, type of
volatile fatty acids (VFAs) produced during fer-
mentation (acetate to propionate ratio), etc., that
affect the amount of enteric CH, production.
Similarly, animal species, breed and composition
of the ruminal microbial population and rumen
pH also affect CH, production. Therefore, rumi-
nants, when fed low-quality feed, have higher
CH, emissions per unit of product than better fed
animals. Ruminants with low levels of productiv-
ity use a large fraction of their feed intake (dietary
energy intake) for maintenance, and as a result,
the emissions are spread over a relatively small
output, resulting in a high level of emission per
unit of product. Conversely, productive animals
on the other hand produce less CH, per unit of
product. In addition to the above, feed quality has
an important impact on the level of CH, emis-
sions. Very low-quality feeds, such as straw, crop
residues, stovers and poor forages, have low lev-
els of digestibility, and therefore, higher emis-
sions are observed per unit of feed intake.

In arid and semiarid regions where ruminant
production is land based (grazing), a sizeable
period of the year offers feed resources which
are poor in quality, thereby resulting in lower
productivity with higher enteric emission in
these regions. Grazing and mixed systems in the
tropics and subtropics are thus the main con-
tributors to high CH, emission levels. Generally,
temperate and highland zones have the best
quality of grazing and other forage resources for
ruminants and therefore lower emission levels.
Further, in regions where fodders are grown in
irrigated lands with proper management prac-
tices, the quality of fodders is better and results
in lower enteric CH, emission. Manures origi-
nating from the livestock are a major source of
anthropogenic CH,. In big farms in developed
countries where intensive type of feeding man-
agement is practised for a very large number of
animals, manure management is very important
because improper management (storing of lig-
uid manure) will contribute significantly to
higher CH,.
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In developing countries the demand of live-
stock products (milk and meat) are increasing at
an increasing rate. So, with the increase in live-
stock population, the enteric CH, emission is
likely to increase. The projected global enteric
CH, emission from different livestock species
will increase from 94.9x10° kg in 2010 to
105x%10° and 120x10° kg in 2025 and 2050,
respectively (Patra 2014). The increase in the
concentration of CH, will affect the environment
in the long run. With this trend, GHG emission
could reach 3,528 million tonnes CO, eq. in 2050
(an increase of 27.2 % with respect to year 2010),
which is expected due to animal population
growth driven by increased demands of meat and
dairy products, especially in the developing
countries, unless proper GHG mitigation mea-
sures are adopted in these countries (Patra 2014).
If proper efforts are put in place, it will help to
reduce the global warming due to GHGs, and
secondly, it will lower feed energy loss. Reduction
in CH, emission will result in higher growth and
productivity of ruminant and improve the effi-
ciency of feed utilisation with the same amount
of energy supplied.

12.5 Enteric Methane Production
from Different Feeding
Systems in Animals

Feeding systems on which livestock are reared
have a bearing on the quantity of enteric CH, pro-
duction, and for this reason a sound understand-
ing of the fundamentals of feeding systems
vis-a-vis enteric CH, production in ruminants is
desired. The enteric CH, production revolves
around the microbial population in the rumen, the
hydrogen gas which is produced during the
course of anaerobic fermentation of feedstuffs
and the proportion of fermentation end products,
i.e. volatile fatty acids (acetate, propionate, butyr-
ate, valerate, iso-butyrate and iso-valerate) which
are likely to be formed to provide energy to the
animals for maintenance as well as for
production.

The quantity of hydrogen produced during
anaerobic fermentation is highly dependent on
the diet, the type of rumen microbes acting on the
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substrate and the resulting end product (Leng and
Preston 2010). For instance, the propionate for-
mation process in the rumen consumes hydrogen,
whereas the acetate and butyrate formation pro-
cess releases hydrogen. Thus, any feeding system
which will favour shifting of rumen fermentation
from acetate to propionate will lower hydrogen
release and CH, production (Basarab et al. 2013),
and the association between CH, emissions and
the ratio of the various volatile fatty acids have
been demonstrated in many of the studies aimed
at lowering CH, production to enhance ruminant
production.

Methanogenesis is an essential-evil process in
ruminant digestion system as it prevents the
accumulation of excess hydrogen and thereby
enables normal fermentation process to proceed
smoothly. If hydrogen gas is allowed to accumu-
late in the rumen, then the fermentation process
cannot continue and it will stop abruptly. The
utilisation of hydrogen and carbon dioxide to
produce CH, is a characteristic of methanogenic
archaea. The positive interaction of methanogens
with other rumen microorganisms helps in
enhancing the energy efficiency as well as in feed
digestion, thereby increasing animal performance
(Hook et al. 2010). Positive interactions have
been described for cellulolytic (Ruminococcus
albus and R. flavefaciens) and non-cellulolytic
bacteria (Selenomonas ruminantium), protozoa
and fungi (O’Mara 2004; Mirzaei-Aghsaghali
et al. 2008).

When we deliberate on enteric CH, produc-
tion from different feeding systems, it is impera-
tive to consider all the factors, intrinsic or
extrinsic, which are related to the livestock pro-
duction (milk or meat) as well as factors that are
associated with CH, production. In this regard,
life cycle assessment for different livestock
products (milk or meat) for which they are raised
needs to be considered. Life cycle assessment in
cows for milk production showed that grazing
cows in the USA emitted more GHG per unit of
milk compared with confinement (Belflower
et al. 2012). When carbon sequestration by
grassland was considered, pasture systems
reduced net GHG emissions (Fredeen et al.
2013). The type of feed used in pasture and con-
finement systems has potential implications on
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both enteric CH, and total GHG emissions
(Fredeen et al. 2013).

12.5.1 Enteric Methane Production
from Intensive Feeding
System

The amount of enteric CH, emitted by farm ani-
mals depends on the feeding system on which the
animals are being raised. The enteric CH, pro-
duced by the farm animals for different products
(milk or meat) is not similar, but varies with the
product for which the animals are raised. In gen-
eral, an animal raised on intensive feeding regime
will produce less CH, than their counterpart
reared on extensive system or on pasture because
the more fibrous the feed available to the animal,
the greater the CH, emissions. For instance, if we
compare beef production from two feeding systems,
grazing or grain-fed system, it is very likely that
grass-fed beef production systems will produce

more CH, than grain-fed or feedlot beef systems.
Grains, such as corn, barley and soybean, and oil
cakes (soybean meal, peanut meal, etc.) are much
easier for ruminants to digest, and the amount of
CH, produced by cattle fed a grain-based diet is
less (Knapp et al. 2014) than that of cattle fed
grass-based diets (sometimes, feeding of excess
grain-based diets may have harmful effects on the
health of ruminants). As grains are made up of
simple sugars and starch, they are much easier to
break down and digest than fibrous forages,
requiring less fermentation and thus resulting in
less CH, production (Beauchemin and McGinn
2005). Methane production potential of common
concentrates that are routinely used for the feed-
ing of livestock is listed in Table 12.1.

In general oil cakes or oilseed meals are less
methanogenic in comparison to cereal grains and
agro-industrial by-products. The presence of
secondary plant metabolites in many of the feed
ingredients is responsible for lower CH,
production as many of the methanogenic

Table 12.1 Methane production potential (MPP) of concentrates used for livestock feeding

Feed ingredients Scientific name

Grains
Maize Zea mays
Bajra Pennisetum typhoides
Jowar Sorghum bicolour
Guar Cyamopsis tetragonoloba
Barley Hordeum vulgare
Oat Avena sativa
Cakes/meals
Soybean Glycine max
Peanut Arachis hypogaea
Sunflower Helianthus annuus
Sesame Sesamum indicum
Mustard Brassica spp.
Cottonseed Gossypium spp.
Palm kernel meal Elaeis spp.

Coconut oilseed meal Cocos nucifera

Agro-industrial by-products brans/hulls

Rice bran Oryza sativa
Wheat bran Triticum aestivum
Soybean hull Glycine max
Cottonseed hull Gossypium spp.
Lupin hull Lupinus spp.
Corn gluten meal Zea mays

MPP values of common feedstuffs listed above are based on in vitro incubation of feedstuffs

CH, (ml/g) References

12.5 Personal communication
13.7 Personal communication
13.1 Personal communication
16.1 Personal communication
12.4 Personal communication

6.87 Lee et al. (2003)

7.14 Personal communication

3.7 Personal communication

8.22 Personal communication

9.4 Personal communication

4.5 Personal communication

4.48 Personal communication

3.93 Lee et al. (2003)

6.63 Lee et al. (2003)

5.41 Personal communication
15.09 Personal communication
11.12 Lee et al. (2003)

0.86 Lee et al. (2003)

8.66 Lee et al. (2003)

6.56 Lee et al. (2003)
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microorganisms are inhibited, and propionic acid
is the major volatile fatty acids formed when such
feed are fed to the ruminants (Szumacher-Strabel
and Cieslak 2010). Feeding of high-grain diets to
rapidly growing ruminants will yield less CH,
emission because of higher production of propi-
onic acid, and CH, emission may fall drastically
to as low as 2-3 % (Johnson and Johnson 1995).
Feeding or production system on which ani-
mals are reared plays an important role not only
on improving growth rate or reproduction effi-
ciency but enteric CH, production. Lowering of
enteric CH, in ruminants will save dietary energy
by about 8-10 % which is otherwise wasted.
Factors such as dry matter intake and diet
composition are critical to the amount of CH,
produced in the rumen. Johnson and Johnson
(1995) reported that there is a relationship
between the level of dry matter intake and diet
composition, so that providing carbohydrates of
high digestibility associated with high ingestion
levels might result in a decrease in gas produc-
tion. The comparison between dry matter intake
(DMI) and CH, emission (g/day) evidenced that
gas emission was related to the increase in DMI
in animals, and the treatments with concentrate
addition resulted in higher CH, emission
(Johnson and Johnson 1995). Protein supplemen-
tation in the diets increased the nutrient digest-
ibility and significantly decreased CH, production
in rumen (Mehra et al. 2006). The higher effi-
ciency of energy utilisation is the most efficient
strategy to reduce CH, emission per kilogram of
milk or meat in ruminants (Herrero et al. 2013).
If enteric CH, emission is compared between
intensively fed animals and feedlot-raised ani-
mals, it is imperative that the emissions from
feedlots will be higher on a per acre basis than the
equivalent sized grass-based production systems,
because the feedlot will have many more animals
packed more closely together. However, if com-
parisons are made in terms of unit livestock prod-
uct, say meat production, then faster-growing
animals intensively fed will produce less CH,
than extensively raised animals for the same
purpose. Grain-finished beef in Australia produced
38 % less CH, than grass-finished beef (Peters
et al. 2010), and although the total CH, emissions
were higher from the area of the feedlot, the ani-
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mals gained weight faster and so were slaugh-
tered at a younger age, emitting less gas on a per
unit of meat basis.

12.5.2 Extensive System of Livestock
Rearing

The feeding habits of ruminant animals are pri-
marily based on grazing, but ruminants are raised
under different feeding systems to hasten the
time period required to produce food for humans
and for the ease of managing livestock rearing.
When we talk about extensive system of live-
stock rearing, the livestock as a whole are the
largest user of land resources with grazing land
and cropland dedicated to the production of feed
representing almost 80 % of all agricultural land.
To sum up these segment uses 3.4 billion hectares
for grazing and 0.5 billion hectares for cultivating
feed crops (Steinfeld et al. 2006). The manage-
ment practices and use of grazing land for live-
stock are not uniform worldwide but vary widely,
so does the productivity of livestock and enteric
CH, production per hectare of grazing land.

The quality of grazing pasture also depends on
the agro-climatic condition of different regions of
the world. In arid and semiarid rangelands, where
most of the world’s grasslands are confined, inten-
sification of pastures is technically unfeasible or
unprofitable (Cassandro et al. 2013). The grazing
pastures in Africa and Asia are not extensive like
that of European countries but are small, and tra-
ditionally, they are of common property resources.
Rising human population, especially in the devel-
oping countries, is disturbing the forest ecology,
and these practices have severe implications to
pasturelands: valuable ecosystems are being con-
verted to pastureland (e.g. clearing of forest); pas-
tureland is being converted to other uses (cropland,
urban areas and forest); and pastureland is degrad-
ing. In this situation the livestock raised on grass-
land are deprived of quality pastures as there is a
diminishing of grazing area and livestock have to
compete for dry matter.

Research shows that different grasses and
forages at different stages of development cause
ruminants to produce different amounts of CH,.
Feeding of diets rich in forage will result in an
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acetate type of fermentation (methanogenic) and
will result in an increase of CH, production com-
pared to propionic-type fermentation which, on
the other hand, is stimulated by concentrates
(Rowlinson et al. 2008; Kingeston-Smith et al.
2010) fed to ruminants. Research has shown that
increased quality and digestibility of forages
result in reduced CH, production. Grazing sys-
tems which are managed properly and rotational
grazing will have inclination to reduce forage
maturity, thereby improving forage digestibility
and reducing enteric CH, production. However,
at high intake levels, the proportion of energy lost
as CH, decreases as the digestibility of the diet
increases (Johnson and Johnson 1995). Water-
soluble carbohydrates (WSC) present in forage
material affect the enteric CH, production in
ruminants. There is also evidence that using clo-
vers and grasses with high WSC in animal diets
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can directly reduce CH, emissions (Lovett et al.
2004). It has been demonstrated that increasing
the WSC content in perennial ryegrass by 33 g
per kg reduces CH, production by 9 % in vitro
(Rowlinson et al. 2008). Kurihara et al. (1997)
reported a CH, production of 33-75 g per kg
digested organic matter intake for forage-based
beef cattle in tropical Australia. However, select-
ing forages high in non-fibre carbohydrates could
reduce CH, emissions.

Methane production potential (MPP) of some
forage samples determined by in vitro gas produc-
tion technique is listed in Table 12.2, and these
forage materials are consumed by ruminants in the
semiarid region part of India. These in vitro tech-
niques can be used for the measurement of CH,
produced under rumen-like conditions in the labo-
ratory. The gas production technique uses rumen
fluid as an inoculum, and the CH, produced

Table 12.2 Methane production potential (MPP) of some forages used for livestock feeding

Feed ingredients Scientific name

Straws
Jowar Sorghum bicolour
Wheat Triticum aestivum
Guar Cyamopsis tetragonoloba
Barley Hordeum vulgare
Groundnut Arachis hypogaea
Paddy Oryza sativa

Fodder
Guar Cyamopsis tetragonoloba
Groundnut Arachis hypogaea
Jowar Sorghum bicolour
Vigna Vigna sp.
Black gram Vigna mungo
Bajra Pennisetum typhoides

Tree fodders
Khejri Prosopis cineraria
Ardu Ailanthus excelsa
Neem Azadirachta indica
Babool Acacia nilotica
Siris Albizia lebbeck
Mango Mangifera indica

Indian rosewood
Pala
Pasture grass

Dalbergia sissoo

Ziziphus racemosa
Cenchrus Cenchrus ciliaris
Sewan Lasiurus sindicus

Mixed pasture grass

CH, (ml/g) References
9.79 Personal communication
7.86 Personal communication
6.55 Personal communication
7.79 Personal communication
5.38 Personal communication
2.42 Lee et al. (2003)
9.67 Personal communication
7.08 Personal communication
4.39 Personal communication
3.89 Personal communication
3.28 Personal communication
15.22 Personal communication
2.27 Personal communication
9.48 Personal communication
6.07 Personal communication
7.01 Personal communication
9.70 Personal communication
3.58 Personal communication
10.44 Personal communication
5.56 Personal communication
13.16 Personal communication
9.19 Personal communication
7.88 Personal communication

MPP values of forages listed above are based on in vitro incubation of feedstuffs
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following the incubation of a wide variety of feeds
can be measured and quantified. Any method that
can predict CH, output from specific feeds can be
incorporated into a ration formulation system to
enable the CH, output to be minimised (Tamminga
et al. 2007). An adequate characterisation of feed-
stuffs is required for an efficient ration formula-
tion in any livestock system. The addition of some
measure of CH, potential for any basic feedstuff
would be very valuable to enable other methods to
be imposed to reduce CH, output, i.e. mixed diets
could be formulated to minimise CH,4 production
using a range of ingredients.

Another important factor that can influence
enteric CH, production in ruminants raised on
pasture is the stage of maturity of forage.
Improving the forage quality, either through
feeding forages with lower fibre and higher solu-
ble carbohydrates (changing from C, to C;
grasses) or even grazing less mature pastures, can
lower CH, production (Beauchemin et al. 2008;
Ulyatt et al. 2002) to a significant level. Celluloses
present in feedstuffs are more methanogenic than
hemicelluloses, and it is reported to produce CH,
three times than that of hemicellulose (Moe and
Tyrell 1979), while cellulose and hemicellulose
are fermented at a slower rate than nonstructural
carbohydrates, thus yielding more CH, per unit
of substrate digested (McAllister et al. 1996).
Supplementation of leguminous forage in the diet
of ruminants lowers CH, emissions partly due to
lower fibre contact, faster rate of passage and in
some case the presence of condensed tannins
(Beauchemin et al. 2008). Increasing forage
quality and the management of stocking rates and
rotational grazing strategies have been demon-
strated to reduce enteric CH, emissions (FAO
2010) in ruminants that are raised on pasture.

Forage species of grazing pasture also have a
role in influencing enteric CH, production in
ruminants. Tropical grasses fed to ruminants are
generally 13 % less digestible than temperate
grasses which is due to differences in the ana-
tomical structure of the plants and higher tem-
peratures at which tropical species are grown
(Minson 1990). Methane conversion rate of tropi-
cal forage species is probably related to the rela-
tively high levels of fibre and lignin, low levels of
non-fibre carbohydrate (Van Soest 1994) and
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low digestibility (Minson 1990) compared with
temperate forage species. In developing countries
like India, crop residues and straws are the staple
roughages, which form bulk in the animal’s diets;
therefore, enteric CH, production will be invari-
ably higher in such animals.

12.5.3 Semi-intensive System
of Livestock Rearing

In semi-intensive type of feeding management, as
practised in many parts of the world, the livestock
species are allowed to graze for about 8—10 hin a
day and concentrates are supplemented after graz-
ing hours. Under this system of feeding manage-
ment, the enteric CH, will be lower than under
extensive system as supplemental concentrate
will aid in a better synchronisation of energy and
protein with optimum fermentation. The feeding
of small amounts of concentrate feeds can increase
the utilisation of roughage feeds by ruminant live-
stock in this feeding system. Improvements in the
digestibility of roughages are due to the provision
of necessary nutrients (especially degradable pro-
tein) to promote rumen fermentation, resulting in
increased fibre digestion and intakes of rough-
ages, reduced wastes from unconsumed and undi-
gested feeds and increased animal productivity
and efficiency. Diets with a high proportion of
concentrates will promote propionate type of
ruminal fermentation and ultimately lower enteric
CH, production from such animals. The ratio of
forage to concentrate in the ration influences
rumen fermentation so as the ratio of acetate to
propionate in the rumen. It would therefore be
expected that CH, production would be less when
high-concentrate diets are fed (Moss et al. 2000).

12.6 Augmenting Livestock
Production by Reducing
Enteric Methane Emission
Under Different Feeding
Systems

Enteric CH, production by ruminants is a waste-
ful process and results in wastage of 8-10 % of
the feed energy. Decreasing the quantity of CH,
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produced by livestock will not only augment live-
stock performance in terms of milk and meat pro-
duction but decrease the carbon footprint, increase
the efficiency of feed/nutrient utilisation and pos-
sibly decrease production costs to a significant
extent. One of the major outcomes of decrease in
ruminal CH, production is an increase in the pro-
duction of propionate by the ruminal microbial
residents. Because propionate is used by the ani-
mal more efficiently than other volatile fatty
acids, increases in propionate production can
decrease the quantity of feed required per unit of
weight gain. Details of the enteric CH, abatement
have been dealt elaborately elsewhere in the book;
however, some CH,-lowering strategies suitable
for different systems are stated briefly.

12.6.1 Intensive Feeding System

Under intensive system of livestock feeding, sev-
eral strategies can be adopted to lower enteric
CH, production from ruminants. If rumen fer-
mentation can be modified for a more propionate
type, then production will be enhanced. The fol-
lowing strategies can aid to enhance livestock
performance by lowering the enteric CH, produc-
tion in domesticated livestock species which are
raised for human food.

12.6.1.1 Supplementation

of Feed Enzymes

Fibre-degrading enzymes like cellulases and
hemicellulases, when added to the diet of rumi-
nants, have been shown to improve ruminal fibre
digestion and productivity and are reported to be
mediated through alteration of the acetate to pro-
pionate ratio and had reduced CH, by 28 %
in vitro and 9 % in vivo. These feed grade cock-
tail enzyme products are available in the market,
and further research is still required to screen a
large number of enzymes which have a signifi-
cant CH, abatement potential (O’Mara 2004;
Beauchemin et al. 2008).

12.6.1.2 Organic Acids (Dicarboxylic
Acids)

Supplementation of dicarboxylic acids (fuma-

rate, malate and acrylate), which are precursors
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for propionate production in the rumen, can act
as an alternative H, sink, thereby lowering meth-
anogenesis. Supplementation of fumaric acid in
the diet has been reported to lower enteric CH,
from O to 75 % (McAllister and Newbold 2008),
but the high cost associated with its feeding lim-
its its applicability under farm condition.

12.6.1.3 Supplementation
of Fat and Oils

Inclusion of fat in the diets of ruminants causes a
decrease in enteric CH, production, and it is
dependent on the dose or levels of fat supplemen-
tation, fat sources, forms of fat supplementation
and types of diet. Irrespective of fat sources, CH,
emissions were calculated to be reduced by 5.6 %
with each 1 % addition of fats (Beauchemin et al.
2008). A decrease in CH, production by fat sup-
plementation may be mediated through com-
bined influences on the inhibition of growth of
methanogens and protozoal numbers and reduc-
tion of ruminal organic matter (OM) fermenta-
tion and hydrogenation of unsaturated fatty acids,
thereby acting as alternative H, sink in the rumen
(Bhatt et al. 2011). Oil supplementation in the
diet can lower CH, production in the rumen, and
in sheep a decrease up to 27 % has been reported
(Fievez et al. 2003; Machmiiller et al. 2003).
Methane-lowering effect is due to two factors,
namely, hydrogenation of the fatty acids compet-
ing for substrate with methanogens and direct
inhibition of methanogens by the fatty acids
themselves (Chaves et al. 2008).

12.6.1.4 Use of lonophore
Compounds

The practice of supplementing ionophore antibi-
otics like monensin in the diet of ruminants is
widely practised in many of the developed countries
to improve the efficiency of meat and milk pro-
duction. Their supplementations have also been
shown to depress CH, production in ruminants
(Beauchemin et al. 2008), and the positive effect
exhibited by their supplementation is dose
dependent in many of the studies. The CH, pro-
duction has been reported to decrease up to 76 %
in vitro and to an average of 18 % in vivo (Van
Nevel and Demeyer 1996). Ionophores do not
alter the quantity and diversity of methanogens
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(Hook et al. 2009), but they change the bacterial
population from Gram-positive to Gram-negative
organisms with a concomitant change in the fer-
mentation from acetate to propionate. This fer-
mentation shift lowers the availability of H, for
CH, production by methanogens, but these addi-
tives are now forbidden in the European Union.

12.6.1.5 Defaunation

Removal of protozoa (defaunation) has often
been reported to lower CH, emissions, primarily
due to the decrease in the amount of H, trans-
ferred from protozoa to methanogens. An aver-
age reduction of approximately 13 % has been
suggested by Hegarty (1999). However, protozoa
numbers are strongly affected by diet, and defau-
nation has achieved more dramatic reductions in
CH, emissions from ruminants on a concentrate-
based diet, with CH, reductions ranging from 20
to 42 % (Whitelaw et al. 1984; McAllister and
Newbold 2008; Morgavi et al. 2008). Most com-
mon methods to achieve defaunation in farm ani-
mals can be done by feeding a high-grain diet for
a short period, and this practice will result in a
drop of pH which ultimately inhibits protozoa.
Chemical defaunation (usually with detergents)
is the commonly used experimental defaunation.
The use of secondary plant metabolites like
saponin-rich plant or essential oils can be more
effective in inhibiting rumen protozoa.

12.6.1.6 Supplementation
of Probiotics

The term ‘probiotics’ is defined as ‘a live micro-
bial feed supplement that may beneficially affect
the host animal upon ingestion by improving its
intestinal microbial balance’ (Fuller 1989).
Probiotics are living microorganisms that confer
health benefits to the host when administered in
adequate amounts. The term probiotic describes
viable microbial cultures, culture extracts, enzyme
preparations or various combinations of these.
Common probiotic organisms used as additives
are Saccharomyces, Lactobacillus, Aspergillus,
etc. Methane-lowering effect has been shown by
some of these species, mostly in vitro. Mutsvangwa
et al. (1992) showed that addition of S. cerevisiae
to an in vitro system suppressed CH, formation by
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10 %. Similarly, a 20 % reduction in CH, after
48 h of incubation of mixed rumen microorgan-
isms in the presence of alfalfa and a live yeast
product was reported (Lynch and Martin 2002). A.
oryzae has been found to lower CH, production to
the extent of 50 % (Frumbholtz et al. 1989), which
was directly related to a reduction in the protozoal
population.

12.6.2 Extensive Feeding System

Under extensive system of feeding management,
the ruminant animals are raised exclusively on
pasture, and CH, mitigation strategies from rumi-
nants in pasture-based systems can be challeng-
ing because of the lack of methods to estimate
feed intake of the animals. In ruminants, dry mat-
ter intake (DMI) is the main factor driving CH,
production (g CH,/day), and generally, a strong
positive relationship of DMI and CH, production
is observed (Moss et al. 1995; Molano and Clark
2008). The strategies should involve grazing pas-
ture management, use of plant secondary metab-
olites and similar approaches that are related to
the feeding system.

12.6.2.1 Grazing Pasture

Management

As pasture is the main source of nutrients for the
grazing ruminants, therefore, proper pasture
management practices will prevent pasture deg-
radation and excessive nutrient loss from the pas-
ture. Pasture management, including forage
species selection, stocking rate and continuous
vs. rotational grazing strategies have all been
shown to influence enteric CH, emissions.
Perhaps the most promising pasture management
strategy identified to date for mitigation of enteric
emissions is the inclusion of legumes in the for-
age species mix.

Intensive rotational grazing systems serve as a
better way to increase forage production per unit
area. In conventional grazing systems, the ani-
mals are allowed to graze continuously on a sin-
gle field. General characteristics of a conventional
system usually include a single water source such
as a stream, sporadic and inconsistent pasture rest
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periods and inconsistent manure spreading. On
the other hand, rotational grazing systems have
multiple, smaller fields (paddocks) for rotation of
livestock, management-dependent forage rest
periods, better water distribution within pad-
docks and more investment in capital such as
fencing and watering systems. Rotational grazing
leads to increased soil water holding capacity and
reduced sheet and gully erosion. Another poten-
tial benefit may involve a reduction in GHG
emissions, primarily enteric CH,; production.
Improved forage quality and animal health may
reduce animal CH, emissions and increase the
carbon sequestration potential of pasture soils.

12.6.2.2 Plant Secondary Metabolites
Plant secondary metabolites (PSM) were earlier
considered as anti-nutritive factors in animal
nutrition because of their antibacterial properties
and adverse effect on nutrient utilisation.
Currently, numerous studies have attempted to
exploit these PSM as natural feed additives to
improve the rumen fermentation -efficiency
(enhancing protein metabolism, decreasing CH,
production), reducing nutritional stress such as
bloat and improving animal health and productiv-
ity (McIntosh et al. 2003; Patra et al. 2006;
Benchaar et al. 2007). Many phytochemicals
such as saponins, tannins, essential oils and many
other unknown metabolites from a wide range of
plant sources show potential for CH, mitigation
options (Kamra et al. 2008; Patra and Saxena
2010). These metabolites lessen CH, production
through a direct effect on methanogens and/or
elimination of protozoa, reduction of OM diges-
tion and modification of fermentation in the
rumen (Patra and Saxena 2010). In pasture-based
systems, CH, mitigation strategies that require
daily supplementation of basal diet are not feasi-
ble, and manipulation of pasture species compo-
sition seems the only alternative for mitigation
strategies.

The anti-methanogenic activity of tanninifer-
ous plants has been studied mainly for condensed
tannin-rich plants or extracts because of their
lower risk of toxicity to the animal than hydrolys-
able tannins (Beauchemin et al. 2008). There are
two modes of action of tannins on methanogene-
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sis, firstly, the activity or methanogen population
is directly affected, and secondly tannins reduce
hydrogen production by lowering feed degrada-
tion (Tavendale et al. 2005). Alternately, tannins
are also known to decrease protozoal numbers
(Makkar et al. 1995), and the decrease in CH,
production could also be mediated through the
decrease in protozoal number. Tannin-containing
forages and tannin extracts have been demon-
strated to decrease CH, production both in vitro
and in vivo experiments.

Saponins are glycosides that occur in wide
variety of plants. Saponins are natural detergents,
chemically defined as high molecular weight gly-
cosides in which sugars are linked to a triterpene
or steroidal aglycone moiety. The important com-
mon forages known to contain saponins are
lucern, white clover, red clover and soybean. In
ruminants saponins form bloat by changing sur-
face tension of rumen contents contributing to a
frothy blot by entrapment of numerous bubbles
of fermentative gases in the digesta. These com-
pounds also affect rumen protozoa and cause cell
death by forming complex with sterols in proto-
zoal cell membranes (Cheeke 2000). They also
modify ruminal fermentation by suppressing pro-
tozoa and selectively inhibiting some bacteria.
Rumen protozoa are particularly sensitive to
saponins which reduce their level in the rumen,
resulting in the depression of methanogens asso-
ciated with protozoa (Kobayashi 2010).
Supplementation of saponin-rich plant extracts to
ruminants decreased ruminal protozoa counts
and lowered methanogenesis (Wallace et al.
1994; Takahashi et al. 2000; Wang et al. 2000;
Mwenya et al. 2004; Santoso et al. 2004), and in
all the studies, lower methane production was
accompanied by a decrease in the ruminal acetate
to propionate ratio in both in vitro and in vivo
experimentation.

Essential oils (EQ) are steam-volatile or
organic solvent extracts of plants (Gershenzon
and Croteau 1991). The term ‘essential’ derives
from ‘essence’, which means smell or taste, and
relates to the property of these substances of
providing specific flavours and odours to many
plants (Calsamiglia et al. 2007). The most
important active compounds present in essential
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oils are broadly included in two chemical
groups, namely, terpenoids (monoterpenoids
and sesquiterpenoids) and phenylpropanoids.
They are mostly obtained from herbs and spices
and also present to some extent in many plants
for their protective role against microbes (bac-
terial, protozoa or fungal) or insect attack.
Structurally, they are mainly cyclic hydrocar-
bons and their alcohol, aldehyde or ester deriv-
atives. The use of essential oils and their active
ingredients in enteric CH, mitigation has been
reported mostly from in vitro experiments
(Calsamiglia et al. 2008; Bodas et al. 2008;
Benchaar et al. 2009; Soren et al. 2010, 2011).
Many of the studies pertaining to the use of
essential oils in CH, reduction have been
demonstrated to be dose dependent. McIntosh
et al. (2003) demonstrated that the reduction in
the number of Methanobrevibacter smithii
occurred only after using the highest concentra-
tion (1,000 ppm) of the commercial mixture of
essential oils, while the lower doses (5, 10, 20,
40, 80, 160 ppm) did not adversely affect the
population of Methanobrevibacter
A similar dose-related phenomenon has also
been reported by Macheboeuf et al. (2008), who
studied the effect of the essential oils extracted
from Thymus vulgaris, Origanum vulgare,
Cinnamomum verum and Anethum graveolens.

smithii.

12.6.3 Semi-intensive Feeding
System

In semi-intensive or mixed type of feeding
system, the animals are allowed to graze for
about 8-10 h in the pasture followed by supple-
mentation in the evening. The grazing pasture or
community grazing lands are not uniform round
the year but vary seasonally. Majority of the
interventions are required during the lean period
when the availability of nutrients is poor and
there are possibilities that enteric CH4 produc-
tion will be higher. Some of the nutritional strat-
egies pertaining to the feeding system in
question are as follows:

N.M. Soren et al.

Nutritional and Diet
Management

Nutritional management includes feeding or
supplementation of quality forage to ruminants
with lower fibre and higher soluble carbohy-
drates, changing of tropical grasses (C, species)
of the pasture to temperate type (C; species) or
grazing less mature pastures that may be fruitful
for reducing enteric CH; (Beauchemin et al.
2008). Addition of grains to a forage diet will
increase the starch content, thus reducing fibre
intake, reducing rumen pH and promoting the
production of propionate in the rumen (McAllister
and Newbold 2008). Propionate production tends
to reduce methanogenesis in the rumen. Methane
emissions are also commonly lower with higher
proportions of forage legumes in the diet, partly
due to lower fibre content, faster rate of passage
and, in some cases, the presence of condensed
tannins (Beauchemin et al. 2008). Plant breeding
therefore offers some potential to improve the
efficiency of digestion, while reducing CH,
production.

12.6.3.1

12.6.3.2 Concentrate
Supplementation

Enteric CH, production can be lowered by sup-
plementing concentrate in the diet of ruminants
with higher genetic merit because the nutritional
requirements are not met only with the feeding of
forages. Compared to forages, concentrates are
usually lower in cell wall components, and the
presence of nonstructural carbohydrates (starch
and sugars) will allow faster fermentation with
the production of elevated levels of propionate in
comparison to acetate. Thus, CH, production can
be lowered by almost 40 % concentrates when a
forage-rich diet is replaced by a concentrate-rich
diet (Veen 2000). Increasing the proportion of
concentrates is to be done judiciously; otherwise,
clinical acidosis may ensue, and therefore, there
is a need to supplement structural carbohydrates
also.

12.6.3.3 Ration Balancing
Dairy animals in developing countries produce
more CH, because of feeding rations which are
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imbalanced in nutrients. Animals on imbalanced
rations not only yield less milk at a higher cost
but also are reported to produce more CH,
per litre of milk (Capper et al. 2009; Garg 2011).
A balanced ration should provide protein,
energy, minerals and vitamins from dry fodders,
green fodders, concentrates, mineral supple-
ments, etc., in appropriate quantities to enable
the animal to perform optimally and remain
healthy. Enteric CH, emission from animals fed
on balanced ration is 12-15 % lower (Kannan
etal. 2011).

12.7 Conclusions

Methane is one of the GHGs which have a sig-
nificant role in greenhouse effect. Methane
production in ruminants is unique and serves
as a hydrogen sink. Around 10-12 % of the
gross energy is wasted as CH, in ruminants;
thus, the animals cannot exhibit optimum pro-
duction performance. Livestock feeding sys-
tem is not uniform worldwide and may vary
depending on the socio-economic condition,
geographical locations, climatic conditions
and human and livestock population and in
turn may affect enteric CH, production and
animal performance as a whole. A sound
knowledge and understanding of different
feeding systems on which ruminants thrive will
help to improve livestock performance and
lower enteric CH, yield. Suitable mitigation
strategy(s), most appropriate for a particular
feeding system, will help in better abatement
of enteric CH, for a clean and green environ-
ment for humans in years to come.

12.8 Future Prospect

Research works involving different feeding sys-
tems existing worldwide for lower enteric CH,
production, along with evolving mitigation strat-
egies that are simple and practicable, need to be
developed for increasing the production from
ruminant animals. Lowering CH, emission from
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ruminants by different interventions will not only
lead to a clean and green environment but healthy
environment for humans to live.
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Abstract

As enteric methane emissions from ruminants contribute to feed inefficiency
and global warming, methodologies to measure the enteric methane from
either the individual ruminant or the herd are needed. Therefore, methane
emission estimations in ruminants may provide insight into potential meth-
ane mitigation strategies. Furthermore, the use of methane emission meth-
odologies enables researchers to compare and contrast methane emissions
from different diets, breeds, and geographical locations and to evaluate miti-
gation strategies. This chapter describes key methane estimation methodolo-
gies previously and currently used in research and highlights the advantages
and disadvantages of each methodology. Key in vivo techniques include
open- and closed-circuit respiration chambers, open-circuit hood systems,
sulfur hexafluoride (SFs) tracer, polythene tunnel system, methane/carbon
dioxide ratio, GreenFeed, infrared (IR) thermography, laser methane detec-
tor, and the intraruminal gas measurement device. Furthermore, the in vitro
gas technique (IVGT) estimates the methane emissions from different dairy
rations. Theoretical methodologies include the rumen fermentation balance,
COWPOLL ruminant digestion model, and the Cattle Enteric Fermentation
Model (CEFM). Although there are several different types of methane esti-
mation methodologies, the cost, species, accuracy of the technique, mainte-
nance, and the environment of the ruminant are all contributing factors in
choosing which technique to apply to a study.
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13.1 Introduction

Globally, enteric fermentation accounts for 28 %
of the estimated anthropogenic methane emis-
sions (EPA 2013). With an expanding global
population and demand for beef and dairy prod-
ucts, methane emissions are projected to signifi-
cantly increase by year 2020 (Global Methane
Emissions and Mitigation Opportunities 2014).
Because methane has a 12-year lifespan in the
atmosphere, it is a short-term climate forcer.
While methane is in the atmosphere shorter, and
is produced in smaller quantities than carbon
dioxide, it has a global warming potential (GWP)
25 times that of carbon dioxide, making it one of
the most important greenhouse gases contribut-
ing to climate change (EPA 2010).

As a response to global and country-specific
enteric methane emissions, scientists have come
up with several methane mitigation strategies and
methodologies for estimating enteric methane
emissions from ruminants. Emphasis on the latter
will be the focus of this chapter. If the overall
goal is to mitigate methane, then it is important to
understand how much methane ruminants are
producing and how much is being abated on an
individual and whole herd basis. This chapter
will focus on a variety of popular methods for
estimating individual animal enteric methane
emissions. A description of the functionalities of
each method and the advantages and disadvan-
tages of each methodology will be presented.

13.2 Closed-Circuit Respiration
Chamber

Turner and Thorton (1966) developed a closed-
circuit respiration chamber in 1966 that was com-
pletely sealed and measured the change in air
composition. The closed-circuit chamber has air
conditioning, a cage to hold the animal, and feed
and water bins. Gas analysis occurs as air is
pumped continuously from the chamber through
a sampling circuit that contains a dust trap, sole-
noid, and relief valves. An infrared analyzer is
used to record methane and carbon dioxide con-
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centrations. According to Turner and Thorton
(1966), each run can range from 30 to 100 min
and is dependent upon animal size and state.
Wright et al. (2004) described placing sheep in
closed-circuit chambers for 13.5 h for 5 consecu-
tive days. The sheep on this study also received
30 min of acclimation. Because the system was
closed, the chamber was raised or “opened” for
approximately 12 min every 2-3 h to expel the
carbon dioxide. When the chamber is lowered
again, the system is then considered “closed.”

Cost is the biggest disadvantage to this meth-
ane emission estimation methodology. Because
carbon dioxide can build up in the closed system,
an operator needs to be present to open the sys-
tem, making it more difficult to measure total
exchange over a long period of time (Turner and
Thorton 1966; Wright et al. 2004). By opening
up the system, Turner and Thorton (1966) noted
that it could become more difficult to keep ambi-
ent air in. Although the closed-circuit system has
several disadvantages, it still is highly precise in
comparison to other techniques. If researchers
prefer to use an open-circuit respiration chamber,
then the closed-circuit respiration chamber can
be easily converted into one.

13.3 Open-Circuit Whole Animal
Respiration Chambers

The use of whole animal open-circuit respiration
chambers has been the gold standard method to
estimate individual methane emissions of small
and large ruminants. In fact, the validity of other
methodologies presented in this chapter is deter-
mined by comparing results to data collected
with the use of whole animal respiration cham-
bers (Johnson et al. 1994; Chagunda et al. 2009;
Montanholi et al. 2008).

With the open-circuit indirect calorimeter, a
known flow of air is circulated around the ani-
mal’s head, nose, and mouth, and expired air is
collected (McClean and Tobin 1987). Methane
emissions can be determined by measuring the
total airflow through the system and calculating
differences between inhaled and expired air
(Johnson and Johnson 1995). Both carbon dioxide
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and methane are determined with an infrared
analyzer, while oxygen concentrations are
determined by a paramagnetic analyzer (Miller
and Koes 1988). The chamber is completely
sealed and has a negative pressure created by out-
side air to ensure that all potential leaks that
could affect methane emissions go inward. The
chamber temperature is maintained by circulat-
ing air going through the evaporator assembly
(Miller and Koes 1988). Before going through
the infrared and paramagnetic analyzers, all
moisture from the air samples is removed by a
desiccant.

Although the design of respiration chambers
varies by experiment and facility, all chambers
typically have similar components. The respira-
tion chamber contains a cage to house an indi-
vidual animal (e.g., cattle or sheep). Within the
cage, waterers, feeders, fecal and urine collec-
tors, air conditioning, and dehumidifiers are all
necessary for animal comfort (Chagunda et al.
2009). Before starting an experiment, the animal
must be acclimated to the chamber. Typically, the
animal gets acclimated to the chamber for 4-6 h,
multiple times. Once the animal becomes accli-
mated to the chamber, then gas measurements
can be calculated.

Johnson and Johnson (1995) noted that respi-
ration chambers can measure both enteric and
hindgut methane emissions in an individual, giv-
ing a more accurate estimate of the total methane
produced by the animal. The biggest disadvan-
tages to using a respiration chamber are the cost
due to construction and maintenance and the
lack of a comfortable, normal environment for
the animal. The chambers attempt to create a
comfortable environment, but changes in animal
behavior could be an issue as ruminants like
sheep and cattle are herd animals that like to
socialize with other members of their herd. It is
proposed that by creating an artificial environ-
ment, the animal’s dry matter intake (DMI) will
be altered. DMI is a key component that drives
methane emissions (Ellis et al. 2007) and would
decrease under these chamber conditions
(Johnson and Johnson 1995). Therefore, it is
believed that the use of an immobile respiration
chamber cannot be applied to animals on pasture.

Although cost is the major drawback to using
respiration chambers, this technique is still con-
sidered the gold standard for the most accurate
estimates in comparison to the other techniques
that will be discussed below.

13.4 Open-Circuit Ventilated
Hood System

The ventilated hood systems use the same prin-
ciples as the whole animal chambers to measure
methane concentrations, but are less expensive
and portable. Kelly et al. (1994) developed a
mobile, open-circuit indirect calorimetry system
that contains a hood system with an airtight head-
box. The system uses two separate but linked
sampling lines. The mainline involves the move-
ment of gas across a ventilated hood worn around
the animal’s neck with subsequent measurements
of airflow, absolute pressure, relative humidity,
and temperature. The hood fits small ruminants
and was originally made primarily of plywood
(Kelly et al. 1994). The hoods have acrylic win-
dows and a removable rear panel for feeding and
watering that is sealed with butterfly clips and
foam to prevent leakage. The front of the hood
has an opening for the animal to put its head in. A
nylon drape attached to the hood is secured
around the animal’s neck with an adjustable
string.

Odongo et al. (2008) also used the same prin-
ciples of the whole animal chamber along with
the previous hood system to create an open-
circuit ventilated hood system for estimating
methane emitted from lactating Holstein dairy
cattle under two diet treatments. Furthermore,
Place et al. (2011) utilized basic dimensions and
design from both Kelly et al. (1994) and Odongo
et al. (2008) to construct a ventilated hood system
that measures greenhouse gases and volatile
organic compound emissions. Because the head-
boxes are made out of clear polycarbonate mate-
rial, cattle can have a full range of vision while
they are temporarily placed in the headboxes for
sampling (Place et al. 2011). By having a full
range of vision and movement, the animal can be
more comfortable and less stressed.
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The biggest advantage of using ventilated
hood systems is that it is less expensive than a
whole animal chamber. It also requires less space
and is mounted on a cart with wheels so that it
can be moved from one location to another.
According to Place et al. (2011), the ventilated
hood systems are more accurate than the SFq
tracer technique that will be explained later in the
chapter. The biggest critique of the technique is
that the animal is restrained and therefore needs
to adapt to the system.

13.5 Rumen Fermentation
Balance

Using a series of assumptions about fermentation
and volatile fatty acids (VFAs), Wolin (1960)
came up with an equation, called the theoretical
rumen fermentation balance for predicting meth-
ane and carbon dioxide in ruminants in corre-
spondence to the molar distribution of VFAs in
the rumen. The following assumptions were
made: (1) there is no hydrogen associated with
microbial cell synthesis; (2) the fermentation of
noncarbohydrate substrates results in no VFAs;
(3) the molar proportions of VFAs in a rumen
fluid sample are 65 acetic acid: 20 propionic acid:
15 butyric acid, representing the proportions in
which they are produced from substrates; and (4)
all the carbohydrates are of the same empirical
formula, C¢H;,O4. The fermentation balance is
evaluated with experimental data with product-
substrate relationships to determine theoretical
methane to carbon dioxide ratio. Furthermore,
@rskov et al. (1968) explored the VFAs, acetic,
propionic, and butyric acids and stated that the
fermentation balance suggests that there is a cor-
relation between methane losses and acetic acid.
For example, with an increase in acetic acid pro-
duction, more hydrogen is available to reduce
carbon dioxide to methane. In contrast, propionic
acid has an inverse effect, while butyric acid has
an intermediate effect on methane.

Since this technique uses equations to indi-
rectly estimate methane emissions, it has received
several criticisms. The technique was established
in 1960 when the other methodologies revealed
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in this chapter were not yet developed.
Considering the age of the technique and the lack
of other techniques during this time, the rumen
fermentation balance was a start to establishing
methods to estimating methane emissions.

13.6 InVitro Gas Technique

The in vitro gas production technique (IVGPT)
or in vitro gas test was originally used to predict
the fermentation of ruminant feedstuffs. With
methane’s contribution to greenhouse gas emis-
sions and methane’s inability to be used as an
energy substrate, the IVGPT has been applied to
examine methane production from different feed
ingredients predominantly seen in dairy rations
(Lee et al. 2003). The overall goal of using this
method would be to quantify the methane pro-
duced from the ration, compare rations from
commercial farms, and to alter rations to be more
feed efficient for the animal and contribute less
methane into the environment.

Although there are several different methods
and alterations to measuring gas production, the
basic principles of all the techniques are the
same: ferment feed with naturally occurring
rumen microorganisms. A fresh rumen digesta
sample is collected and filtered through cheese-
cloth to remove any large feed particles. To avoid
a change in the microbial population, carbon
dioxide is flushed into the containers holding the
experimental samples. Over a series of time
points, from O h up to 144 h, the feedstuff, buffer,
mineral solution, and rumen fluid are incubated
at 39 °C in a water bath (Lee et al. 2003; Storm
et al. 2012; Getachew et al. 2005). The total
amount of gas produced during the incubation is
measured and analyzed to predict the amount of
methane produced. Methane can be determined
by injecting 100 ml of the gas from a glass
syringe with an outlet containing a gastight sep-
tum into a gas chromatograph (GC) with a ther-
mal conductivity detector (Getachew et al. 2005).
Getachew et al. (2005) ran each incubation in
duplicate, and gas samples were collected from
each syringe at 6, 24, 48, and 72 h from the
syringe septum. The amount of gas produced by
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fermentation of the substrates in the feed can
estimate digestibility and metabolizable energy.
The IVGPT measures the fractional degradation
ratio of feed matter disappearance per unit time
and the amount of methane produced per gram
dry matter (Storm et al. 2012).

Although the basis of the technique is consis-
tent, there are some variations to the methods
used to measure in vitro gas. Menke et al. (1979)
described an IVGPT where gas produced from
fermentation was used to estimate digestibility,
but 0.2 g of air-dry material or feedstuff was
added to a 150 ml glass syringe with a buffered
medium and rumen fluid inoculum that was incu-
bated at 39 °C in a water bath. The total gas pro-
duction was measured by reading the position of
a piston at different time intervals (Mauricio et al.
1999). In contrast to Menke et al.’s (1979) tech-
nique, Wilkins (1974) incubated the substrates
and rumen fluid in a sealed serum flask with fer-
mentation gases building up in the oxygen-free
headspace of the flask. A technique employed by
both Pell and Schofield (1993) and Tedeschi et al.
(2008) uses an in vitro fermentation chamber
where the substrates, buffer, and rumen fluid are
within flasks that had pressure sensors attached.
Other techniques include fully automated sys-
tems and the rumen simulation technique
(RUSITEC) that uses rumen effluent from simu-
lated rumen fermentation, but has lower micro-
bial activity than natural rumen fluid (Storm et al.
2012).

Some advantages to using the IVGPT tech-
nique are that it is relatively inexpensive to other
methane estimation techniques such as respira-
tion chambers. Typically, the duration of these
experiments is 1-4 weeks and can compare mul-
tiple feedstuffs from different commercial farms
at a time. Aside from the initial collection of
rumen fluid in vivo, the technique resides in the
laboratory without the use of live animals,
thereby decreasing the labor intensity of the
procedure.

The biggest criticism of using the IVGPT is
that it is a simulation of how the feedstuff is fer-
mented in the rumen and not a technique that
gives the individual animal’s methane emission
estimates and total digestibility in the whole ani-
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mal (Storm et al. 2012). The gas release captured
by this technique is related to degradation, but gives
no information about the extent of degradation or
the quantity of fermentation products (i.e., micro-
bial proteins and volatile fatty acids) (Mauricio
et al. 1999). This technique does not account for
the long-term adaption of the rumen microorgan-
isms to feedstuffs under a normal rumen environ-
ment. For example, bacteria are estimated to
adapt to a change in feedstuff within 4 weeks,
while methanogens adapt between 4 and
12 weeks (Williams et al. 2009). Although this
technique has several flaws, it is a good basis for
testing new feedstuffs and comparing rations that
could potentially launch an in vivo experiment
using live animals.

13.7 Sulfur Hexafluoride (SF¢)
Tracer

The SFg tracer procedure designed by Johnson
et al. (1994) estimates methane emission rates
from cattle and sheep in their natural environ-
ments. SFy is used to simulate the methane emis-
sion rates from the mouth and nostrils, as the
dilution rates are very similar to methane and are
nontoxic to the animal. Before measuring the
methane emissions in vivo, small permeation
tubes containing liquid SF are prepared in the
laboratory. The tubes are placed in a 39 °C water
bath and weighed until accurate loss rates are
determined. Permeation rates of 500-1,000 ng of
SFe¢/min are suggested (Johnson et al. 1994).
Before the permeation tubes are inserted into
the rumen, the animals go through an acclimation
period that is dependent upon the individual ani-
mal being sampled, ranging from 1 day to a week.
A balling gun inserts the permeation tube con-
taining SF¢ into the rumen. Contrary to the
Johnson et al.’s (1994) acclimation period and
tube insertion procedure, Pinares-Patifio and
Clark (2008) and Pinares-Patifio et al. (2008)
used a 10-day acclimation period and used fistu-
lated cattle so that a balling gun was unnecessary.
Although acclimation periods and routes of per-
meation tube insertions vary by study, the action
of the sulfur hexafluoride (SFy) is the same. Once
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in the rumen, the permeation tube will release
SF; at a constant rate, and both SF; and methane
concentrations can be measured at the mouth of
the animal. Once SF, release rates and methane
and SFg concentrations are measured, the follow-
ing equation can be used to determine the meth-
ane emission rate (Sheppard et al. 1982):

Qmethane = QSFh X [CH4 ] / [SF6 ]

In their original article, a 1-L stainless steel col-
lection vessel and a capillary tube extending from
the collection canister were used above the ani-
mal’s mouth and nostrils for sample collection
(Johnson et al. 1994). There is a collar around the
animal’s neck for the canister to attach to a trans-
fer line. Prior to sample collection, the canister is
evacuated. To start sample collection, a valve on
the collection vessel is opened as the evacuated
canister is filled at a constant rate until it reaches
0.5 atmospheres (atm). Once this occurs, the can-
ister valve is closed to stop sampling. The air that
is collected in the canister passes through a sam-
ple loop with a flame ionization detector (FID)
that is attached to a calibrated GC. Quantification
of methane production is observed comparing the
peak heights and retention times of the samples
to a set of standards (Johnson and Johnson 1995).

Although the SFq tracer method enables
researchers to estimate the methane emissions
from ruminants in their natural settings, such as
pasture and free stalls, there are several flaws dis-
played by this technique. Both McGinn et al.
(2006) and Pinares-Patifio et al. (2008) noted that
although the method does measure the methane
eructated by the animal, it fails to measure the
5-10 % of the methane from the rectum (Johnson
and Johnson 1995). Furthermore, in comparison
to the chamber method, the SF, tracer technique
both underestimates and overestimates methane
emissions when compared to open-circuit indi-
rect calorimetry techniques, making it a less
accurate technique (Pinares-Patifio and Clark
2008; Pinares-Patifio et al. 2008; Grainger et al.
2007). Pinares-Patifio et al. (2008) also noted that
there is an uncertainty about the permeation rate
of the tubes associated with length of time
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between calibration and trial use. Some research-
ers argue that the SF, tracers generate inaccurate
readings and are highly variable in data recorded
from the same animal in consecutive days. This
variability is from dust and water blocking the
capillary tubing, from leaks in the polyvinyl
chloride (PVC) yolks used around the animal’s
neck or from poor ventilation (Pinares-Patifio
et al. 2008; Wright et al. 2013).

13.8 Polythene Tunnel Systems

A polythene tunnel system was designed to draw
air through a large tunnel and measure methane
concentrations in air entering and leaving the
tunnel with gas chromatography. Lockyer and
Champion (2001) used the polythene tunnel,
previously explained by Lockyer and Jarvis
(1995), to measure methane production in sheep
in relation to changes in grazing behaviors.
While measuring methane, video recordings of
the animals’ eating and ruminating behavior
were observed.

The polythene tunnel consists of one large
tunnel that is portable and can be placed out on
pasture, unlike whole animal respiration cham-
bers. The animals contained in the tunnel are still
able to graze on pasture, while their methane
emissions are measured. Within the large tunnel,
variable speed coaxial fan and two smaller tun-
nels blow air into and out from the larger tunnel.
An apparatus inside the tunnel measures and
records the methane in air entering and leaving
the tunnel while monitoring the airspeed, humid-
ity, and temperature.

Some of the challenges of using the tunnel
system are that different dietary treatments can-
not be used as the animals in the tunnel are graz-
ing on the pasture under the tunnel (Bhatta et al.
2007). It was observed by Lockyer and
Champion (2001) that animals contained in the
tunnel for 10 days had consistent methane emis-
sions to other studies using the polythene tun-
nel, but had decreased methane emissions in
comparison to studies with open-circuit indirect
calorimetry.
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13.9 Methane/Carbon
Dioxide Ratio

With the use of carbon dioxide as an internal
marker to estimate methane emissions, the meth-
ane/carbon dioxide ratio determines how efficient
microbial fermentation is on feed and therefore
uses feeds or cattle with the great energy conver-
sion abilities and low methane emissions. From
data collected from metabolizable energy (ME)
intake or from heat-producing units (HPU), the
total concentration of carbon dioxide can be esti-
mated. The intake ME minus the weight gain or
milk produced by the animal will yield the
amount of carbon dioxide excreted. To determine
the methane/carbon dioxide ratio, a portable
device called a Gasmet (Gasmet Technologies,
Oy, Helsinki, Finland) samples air in barns or
around individual animals, while the amount of
carbon from fat, carbohydrates, or proteins not
metabolized to carbon dioxide can be estimated
as methane emissions (Madsen et al. 2010). To
calculate the amount of methane emitted, the
same equation from the SF tracer method is used
with carbon dioxide replacing SF.

When cows eructate carbon dioxide and meth-
ane, the respective concentrations are 100 and
1,000 times higher than the concentrations found
naturally in air (Storm et al. 2012). Therefore,
Madsen et al. (2010) state that a low amount of an
animal’s breath needs to be sampled (i.e., 2—-3 %).
Another benefit of this methodology is that it is
versatile. Since the device that measures the
gases in the breath and air is portable, both indi-
vidual and whole herds can have their methane
emissions estimated in different environments.
Although this method does not measure the
methane emissions from the rectum, it still mea-
sures the majority of the methane emitted from
the animal (Murray et al. 1976).

One of the challenges of this technique is that
both CO, production and the animal’s energy
requirements are influenced by the same factors:
size, production, and activity (Storm et al. 2012).
In comparison to the respiration chamber tech-
nique, this method also has more variation
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between day-to-day measurements, leading to an
increased standard error. To address this varia-
tion, larger sample numbers are required and are
easier to obtain as this method is noninvasive and
does not disturb the animal in an unfamiliar envi-
ronment like the respiration chamber does.

13.10 GreenFeed

Another means of measuring methane emissions
in cattle is the GreenFeed system, created by
Zimmerman and  C-Lock  Incorporated
(Zimmerman 1993). The system is versatile in
that it can measure methane and carbon dioxide
emissions from both dairy and beef cattle in dif-
ferent environments such as pasture, free stalls,
and tie stalls. The GreenFeed system is a
“turnkey-based system” with a “baiting station”
that can quantitatively measure both methane and
carbon dioxide.

GreenFeed works when an animal sticks its
head into the instrument and receives a small
amount of food as an award. To prevent any dis-
crepancies in methane measurements due to a
varying diet and frequency of animal visits to the
instrument, the typical food reward (150-300 g)
that the animal receives is allotted to 3-5 times
per day and is similar to the ration that the animal
consumes on a daily basis. Once the animal sticks
its head into the instrument, a radio frequency
identification (RFID) system identifies the ani-
mal. A fan draws air over the animal’s nose,
mouth, and head into an air-handling system
where airflow rates, gas concentrations, and the
volumetric flux (liters/minute) of gases emitted
by the animal are calculated. Once the volumetric
flux is calculated, the mass flux (grams/minute)
can be calculated in conjunction with the ideal
gas law (PV=nRT) where P is the pressure of the
gas, Vis the volume of the gas, n is the amount in
moles of the gas, R is the ideal gas constant, and
T is the absolute temperature. After an animal’s
emissions are measured, the information goes to
the analyzing station, and the unit resets for the
next animal to enter (Zimmerman 1993; Waghorn
et al. 2013).
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As of 2012, there have been 18 GreenFeed
units installed in seven countries, and they have
been tailored to the environment in which it is to
be used. In the United States, a GreenFeed sys-
tem at Washington State University (WSU) can
still operate during a harsh winter and only
requires a low amount of power (i.e., 50 watts).
At Pennsylvania State University (USA), the unit
moves on wheels, between cows housed in tie
stalls. To get an estimate of the methane emitted
from each cow in a tie-stall operation, the cow’s
methane is measured for 5-7 min, 5 times per
day. Another one at Michigan State University
(USA) is installed into a robotic milker at the
Kellogg Biological Research Station.

There are several pros of using the GreenFeed
unit versus other techniques. The unit itself is
standardized and is low maintenance in that it
takes 15 min per week to change out the air filters
and calibrate the unit. Unlike respiration cham-
bers or headboxes, the animals can be measured
under grazing conditions. The unit also uses a
low amount of energy and receives its power sup-
ply by the solar panel connected to it. However, it
was noted that WSU had to use an AC adapter to
help power the unit in the winter.

One of the biggest challenges with the
GreenFeed method of measuring methane is that
methane emissions are taken at all times of the
day for each animal. For example, cow A could
enter the unit and receive bait before a meal when
methane emissions are typically low and cow B
could tend to enter the unit after a meal when
methane emissions are high (Montanholi et al.
2008). Multiple time points during the course of
the day are supposed to make up for this potential
disparity, but the animal’s ability to enter the unit
cannot be controlled. There is a potential that an
animal will not have any interest in the unit or
that a dominant animal may prevent a more sub-
missive animal from entering.

Although, the unit measures the methane that
exits the animal’s mouth and nose, it does not get
a complete estimate of methane emissions as it
does not measure the 5-10 % of the methane that
is emitted from the rear of the animal (Murray
et al. 1976). The majority of the methane would
be measured with this unit, but does not collect
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100 % of the methane emitted from the animal as
a closed respiration chamber does.

13.11 Infrared Thermography

It has been suggested that there is a correlation
between decreased body surface temperatures
and increased feed efficiency in cattle (Montanholi
et al. 2006, 2007). The production of methane
results in an estimated 2-12 % gross energy
intake that makes the animal less feed efficient
(Johnson and Johnson 1995). Knowing this infor-
mation about feed efficiency and there being
insufficient comparisons made between infrared
(IR) thermography and actual methane and heat
production, Montanholi et al. (2008) demon-
strated that methane emissions from cattle could
be estimated by comparing thermal images cap-
tured with an IR camera from the right and left
flanks of dairy cattle to methane emissions mea-
sured by an open-circuit indirect calorimetry
system.

The IR camera is portable and can be used
without coming into contact with the animal.
Before use, the camera is calibrated with the cur-
rent room temperature and humidity. To get more
accurate readings, it is suggested that the ani-
mal’s body surfaces be free from excess debris
and that measurements be taken with the animal
out of direct sunlight (Poikalainen et al. 2012).
When aiming the camera at a body surface of the
animal, such as the left flank, the camera sits atop
a tripod, 1.5 m away from the body surface, and
an image is captured (Huntington et al. 2012).
The camera converts the skin surface’s emitted
radiation from wavelengths to an electrical signal
that is converted into a thermal image. It is sug-
gested that thermal images be captured every
20 min for a total of 20 time points, indicating
that it takes 6.5 h to generate data from one
animal.

In the study by Montanholi et al. (2008), it
was noted that there was only a 0.1 °C difference
between the left and right flanks, and temperature
fluctuations coincided with feeding. The temper-
ature difference detected by the IR camera
between the left and right flanks coincided with
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the methane emission pattern that was observed
from the animals in the open-circuit calorimeter.
Furthermore, it was concluded that differences
between the left and right flank temperatures are
good indictors of methane estimates, but only at
certain times of the day. The postprandial period,
roughly 100 min after a meal, was advised to be
the best time to assess the methane production
via IR thermography and demonstrates
fluctuations in rumen temperatures (Montanholi
et al. 2008). Some advantages to using IR ther-
mography are that the technique is fast, noninva-
sive, and less expensive in comparison to other
methane estimation technologies and enables the
animals to be in their normal environments (e.g.,
free stalls, pasture, or tie stalls). The IR camera
also provides instant results that are stored in
computer files so that the researchers can better
manage the large amount of data they are collect-
ing on farm.

Although there are several benefits to IR ther-
mography, there are some issues and parameters
that must be followed to get accurate results. As
mentioned before, thermal images must be taken
out of direct sunlight and out of the wind, as these
factors can alter the body surface temperatures
(Poikalainen et al. 2012). Because it takes 6.5 h
to generate data from one animal, the technique
can become time consuming and labor intensive
with increased herd sizes. Another issue is that
there needs to be a way to calibrate methane with
temperature. This technology does not quantify
the methane that is produced so there is a need to
calibrate temperature with methane.

13.12 Laser Methane Detector

Originally, the laser methane detector (LMD)
was created by the Tokyo Gas Co. for measuring
methane emissions in sewage systems, mines,
and demolition sites. However, it was recently
suggested by Chagunda et al. (2009) that this
device could be used on commercial farms to
estimate methane emissions in individual cattle
and sheep that could benefit greenhouse gas
mitigation strategies and feed efficiency con-
cerns. The LMD is a handheld device that uses
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infrared absorption spectroscopy and uses second
harmonic detection of wavelength modulation
spectroscopy to determine the methane
concentration.

To use the handheld device, a semiconductor
laser beam is directed at the preferred area of
detection (i.e., the nostrils). The data that are
obtained from each measurement are stored on a
memory card that can then download readings
onto a computer. Measurements are obtained via
gas column density, and methane concentrations
are given in part per million (ppm). Chagunda
et al. (2009) used LMD to measure methane
emitted by four sheep and two dairy cows that
were housed for 8 h in an open-circuit respiration
chamber. Every 30 min, samples were collected
from each animal with methane measurements
taken every 0.5 s within a 5-min window. While
measuring each animal, researchers note the
activity of the animal (e.g., ruminating, standing,
eating, lying) along with the weather conditions
(Chagunda et al. 2013). By noting these condi-
tions, a correlation of methane and activity was
made by Chagunda and Yan (2011), indicating
that methane emissions in ppm increased directly
after feeding.

The use of a LMD to detect methane is safe
for the operator of the device to use because no
animal contact is needed, and it is ideal for the
animal, in that it is a noninvasive, stress-reducing
technique that predicts methane emissions of
individual animals in their natural environments.
Because it is portable, methane emissions can be
estimated in different production systems such as
pasture based, tie stalls, or free stalls. This device
has demonstrated that it can be used to estimate
methane emissions in real time from sheep, cat-
tle, and possibly other ruminants. Since the data
are stored in the memory card, no samples are
required to be immediately transferred to the lab,
and data can be obtained quickly.

Although Chagunda and Yan (2011) revealed
the positive outcomes of using LMD, the
author also points out several challenges of
using the technology. The first issue is extract-
ing the methane emission data from the animal.
Because ruminants are eructating methane
from their mouths and respiring methane from



218

their nostrils, the laser beam on the LMD is
only measuring one of these emissions at a
time. To compensate for this issue, it is sug-
gested that both are measured over longer
durations. Unlike respiration chambers, the
LMD does not account for the 5-10 % methane
emitted from the rectum (Johnson and Johnson
1995). Taking the above issues into account
and measuring methane emissions every hour
for 24 h in conjunction with documenting the
animals’ activities, this technique could
become labor intensive.

13.13 Intraruminal Gas
Measurement Device

As an alternative to using SFs tracers or respira-
tion chambers to estimate enteric methane emis-
sions from cattle on pasture, an intraruminal gas
measurement device has been developed at the
Commonwealth  Scientific and  Industrial
Research Organization (CSIRO) in Australia.
The proposed gas measurement device is capable
of being housed in the rumen as it is impermeable
to liquid and is swallowed by the ruminant as a
bolus with a tubular body. When first swallowed,
the device has wings that are held in position by
dissolvable bands. Once in the stomach, the
bands dissolve and the wings expand outward to
prevent it from being expelled from the rumen.
The bolus is permeable to gases and has gas sen-
sors in the form of miniaturized infrared sensors
that can detect the methane in the rumen. A con-
troller is coupled to the gas sensor so that it can
periodically process and output data that provides
the amount of methane in the rumen (Wright
et al. 2013). Although this device is not yet avail-
able, it is believed to be an alternative to the SFg
tracers. The intra-stomach device is considered
more desirable because it does not significantly
impede the animal in its natural environment.
Lastly, this device has an advantage in that it can
be applied to a wide variety of ruminants (e.g.,
cattle, sheep, giraffes), while other methodolo-
gies are typically species specific.

L.M. Cersosimo and A.-D. G. Wright

13.14 Intergovernmental Panel
on Climate Change (IPCC)

In 1988, the IPCC was created by the United
Nations Environment Programme (UNEP) and
the World Meteorological Organization (WMO)
to act as an international body to assess climate
change (IPCC 2007). To estimate enteric meth-
ane emissions, the IPCC uses three tiers: tier 1, 2,
and 3. In general, tier 1 is a less accurate approach
for determining enteric methane emissions from
different regions of the world and does not take
into account variations in animal physiology pro-
duction level (Yan et al. 2006). Instead, it relies
on a default emission factor given in the IPCC
Guidelines that is multiplied by the number of
animals for each livestock group to calculate the
total methane emissions. In the United States, all
livestock excluding cattle are part of tier 1, and a
less detailed approach is taken in comparison to
tier 2.

The tier 2 method is more accurate and is
country specific for countries that have large cat-
tle and sheep populations and have documented
records of diet and animal populations. An appro-
priate methane emission factor is determined and
multiplied by the number of animals for each ani-
mal type. To do this, animal population data and
animal and feed characteristics are needed. The
latter are obtained either from a government
organization like the Environmental Protection
Agency (EPA) or from interviews of key people
in the industry. In the United States, the EPA
developed the Cattle Enteric Fermentation Model
(CEFM) that divides the cattle population into
subcategories. For dairy cattle, subcategories
include calves, replacement heifers, and cows,
while beef cattle subcategories include steers,
bulls, cows, feedlot cattle, and calves (EPA
2010). Along with the subcategories, the specific
diets are also analyzed, and the COWPOLL
ruminant digestion model evaluates the methane
conversion rates (Y;,) from respiration chambers
that represent the gross energy converted to
methane (EPA 2010; Montanholi et al. 2008).
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Tier 3 also uses the Y,, calculations, but is a more
complex method than tier 2. To be part of the tier
3 method, there needs to be a scientific documen-
tation in an article published in an international
journal.

13.15 Conclusion

Several different methane estimation methodolo-
gies exist, and choosing which one to utilize is
dependent upon various factors such as cost,
maintenance, accuracy, or the environment in
which the ruminant lives in. With these methane
emission estimation methodologies present, it is
possible to calculate how much methane an indi-
vidual ruminant or a herd is producing under spe-
cific diets, by certain species, or breed. Although
this chapter highlighted several strategies used to
estimate methane emissions from ruminants, new
methodologies or improvements on the present
methodologies will be created. Each methodol-
ogy has its own advantages and disadvantages
that need to be considered before use in an exper-
iment and after experimental data are retrieved
and interpreted.
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Abstract

Livestock production in developing countries is subsidiary to plant
agriculture. In tropical countries, ruminants are fed on lignocellulosic by-
products like cereal straws, tree foliages, and cakes of oilseeds. The rumen
harbors complex microbial communities which play a critical role in effi-
cient utilization of such complex plant materials. The metagenome of the
rumen is considered a determining factor for the efficiency of the particu-
lar digestive metabolism of ruminants as well as the accompanying envi-
ronmental problems. Gene signature and biological fingerprinting of
microorganisms present in ruminants is an important area of scientific
research. Recent advances in the ruminant gut microbiology and genomics
now offer new opportunities to conduct a more holistic examination of the
structure and function of rumen ecology. The importance of rumen micro-
bial signature and diversity of microorganisms in the ruminant forestom-
ach has gained increasing attention in response to recent trends in global
livestock production. Applied metagenomics has the potential for provid-
ing insight into the functional dynamics of the ruminomics database and
will help to achieve a major goal of rumen ecosystem; microbial commu-
nities function and interact among these microbes as well as with the host.
In this book chapter, we highlight recent studies of the buffalo rumen
microbiome in rumen ecology, nutrition, animal efficiency, and microbial
function.
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14.1 Introduction

Rumen microbial diversity is composed of bac-
teria, archaea, fungi, protozoa, and virus in defi-
nite proportions, based on various factors
influencing the rumen ecosystem. Modification
and changes in rumen microbial ecosystem have
a major impact on meeting the challenge of
reducing enteric methane emission in ruminant
livestock as well as in enhancing production
using the hydrogen sink. The stability and the
dynamics of the rumen play a vital role in main-
taining the balance within the rumen ecosystem.
There exists equilibrium between the microbial
community and their metabolism. The equilib-
rium is altered, when new feed type or new
organisms enter into the rumen ecosystem. The
change is possible only if the entering new
microbes fit into the rumen environment, if not
the microbes are eliminated. Rumen is anaerobic
in nature; the feed particles in rumen trap small
air pockets containing oxygen which are used by
the facultative anaerobes ensuring perfect
anaerobic condition. Rumen ecosystem diver-
sity, anaerobiosis, pH, and various other factors
make it difficult to culture the organism with the
present technology. In tropical countries like
India, where livestock production is subsidiary
to plant agriculture, ruminants are fed on ligno-
cellulosic by-products, tree foliages, and cakes
of oilseeds. The efficiency of ruminants to utilize
such a wide variety of feeds depends on the pre-
vailing microbes like bacteria, ciliate protozoa,
methanogens, anaerobic fungi, and bacterio-
phages (Dehority et al. 1997; Hespell et al. 1997,
Klieve and Bauchop 1988; Klieve and Swain
1993). The synergetic and antagonistic effect on
account of feeding different type of feeds
makes it difficult to quantify the role played by
any particular group of microbes among the
consortia inside the rumen. The conventional

technique of culture-dependent cloning gives a
limited and biased knowledge about the prevail-
ing rumen microbial population. The knowledge
about the prevailing organism in the rumen and
an insight of the rumen microbial changes dur-
ing different conditions can be studied with the
help of next-generation sequencing (NGS) tech-
nique — metagenomics. Recently metagenomics
has emerged as a very powerful tool for micro-
bial community analysis irrespective of individ-
ual microbial culturing conditions.
Metagenomics isolates DNA from the whole
community, to sequence and to analyze the
obtained data to provide intervention, microbial
understanding, therapeutic and biotechnological
applications.

14.2 16SrRNA Sequencing

Methodology

14.2.1 Bacterial Diversity
in the Rumen

The small subunit 16S rRNA gene is most
commonly chosen because of its highly conserved
and variable regions, extensive database of refer-
ence sequences, and precedent set by previous
work. Sequencing of 16S amplicons is currently
limited by the capability of available sequencing
platforms. Therefore, several variable regions are
typically selected from the 16S rRNA gene.
Bacterial communities in buffalo rumen were
characterized using a culture-independent
approach (Singh et al. 2010a). Buffalo rumen
includes species of various bacterial phyla, hence
16S rDNA sequences were amplified and cloned
from the sample. A total of 191 clones were
sequenced and similarities to known 16S rDNA
sequences were examined. About 62.82 %
sequences (120 clones) had >90 % similarity to
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the 16S rDNA database sequences. Furthermore,
about 34.03 % of the sequences (65 clones) were
85-89 % similar to 16S rDNA database sequences.
For the remaining 3.14 %, the similarity was
lower than 85 %. Phylogenetic analyses were also
used to infer the makeup of bacterial communities
in the rumen of Surti buffalo. The study distin-
guished 42 operational taxonomic units (OTUs)
based on unique 16S rDNA sequences: 19 OTUs
affiliated to an unidentified group (45.23 % of
total OTUs); 11 OTUs of the phylum Firmicutes,
also known as the low G+C group (26.19 %);
7 OTUs of the Cytophaga—Flexibacter—
Bacteroides phylum (16.66 %); 4 OTUs of
Spirochaetes (9.52 %); and 1 OTU of
Actinobacteria (2.38 %). These include 10 single-
clone OTUs, hence good coverage (94.76 %) of
16S rRNA libraries indicated that sequences iden-
tified in the libraries represent the majority of bac-
terial diversity present in ruminal fluid.

The microbiome of buffalo rumen plays an
important role in animal health and productivity.
The rumen bacterial composition of both liquid
and solid fraction was surveyed using pyrose-
quencing of the 16S rRNA gene. Sequences were
analyzed using taxonomy-dependent clustering
methods and revealed that the dominant ruminal
bacteria shared by all samples belonged to phyla
Bacteroidetes, Firmicutes, Fibrobacteres, and
Proteobacteria. The core rumen microbiome of
the rumen consisted of 10 phyla, 19 classes, 22
orders, and 25 families. However, the relative
abundance of these bacterial groups was mark-
edly affected by diet composition as well as in
type of biomaterial (liquid and solid). In animals
fed with a green and dry roughage diet, the cel-
lulolytic  bacteria, Ruminococcaceae and
Fibrobacteraceae, were found in highest abun-
dance, in all biomaterials, which reflected the
need for enhanced fiber-digesting capacity in
buffalo. The polysaccharide-degrading
Prevotellaceae bacteria were most abundant in
buffalo rumen. In taxonomic comparison of
rumen bacteria, about 26 genera were differen-
tially abundant among liquid and solid fraction of
ruminal fluid. These results highlight the buffalo
ruminal microbiome’s ability to adapt to feed
with different composition.
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14.2.2 Methanogen Diversity
in the Rumen

The rumen is characterized by its high microbial
population density and complexity of microeco-
logical interactions. Methane is biologically pro-
duced by the metabolism of the diverse group of
methanogenic microorganisms.

They inhabit typical anaerobic environments,
such as wetlands, sediments, geothermal springs,
and the digestive tracts of mammals (Garcia et al.
2000). Methane is an important greenhouse gas
which significantly contributes to global warm-
ing. Livestock is a major anthropogenic source of
methane emission from agriculture and contrib-
utes about 18 % of the global greenhouse gas
(GHG) emissions, and as much as 37 % of
anthropogenic methane, mostly from enteric fer-
mentation by ruminants (FAO 2009). Livestock
rearing has been an integral part of the agricul-
tural system in India. Currently, India possesses
the world’s largest livestock population of 485
million, which accounts for 13 % of the global
livestock population (MOA 2003). It has 57 % of
the world’s buffalo and 16 % of the cattle popula-
tion. Contribution of methane emission in India
by buffalo is 42 % (Chhabra et al. 2009).

Several species of methanogens have been iso-
lated from ruminants, but few have been consis-
tently found in high numbers (Stewart et al. 1997),
and it is likely that major species of rumen metha-
nogens are yet to be identified (Rocheleau et al.
1999; Wright et al. 2004). The most common
species of methanogens isolated from the
rumen are strains of Methanobrevibacter,
Methanomicrobium, Methanobacterium, and
Methanosarcina (Wright et al. 2004; Jarvis et al.
2000). Methanogens are difficult to study through
culture-based methods, and therefore many
researchers have instead used culture-independent
techniques to study methanogen populations. The
16S rRNA gene is the most widely used target for
gene surveys, and a number of primers and probes
have been developed to target methanogen groups
(Purdy et al. 2003; Saengkerdsub et al. 2007; Shin
et al. 2004; Tatsuoka et al. 2004). Methanogens
are frequently found in association with protozoa
(Tajima et al. 2001; Sizova et al. 2003).
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Methane emissions from ruminant livestock
are considered to be one of the most potent forms
of greenhouses gases contributing to global
warming. Many strategies to reduce emissions
are targeting the methanogens that inhabit the
rumen, but such an approach can only be success-
ful if it targets all the major groups of ruminant
methanogens. Therefore, a basic knowledge of
the diversity of these microbes in different breeds
of buffalo is required. Singh et al. (2010b) stud-
ied the methanogenic community in rumen of
Surti buffaloes by using PCR amplification, clon-
ing, and sequencing of methyl coenzyme M
reductase (mcrA) gene. A total of 76 clones were
identified revealing 14 different sequences
(OTUs). All 14 sequences were similar to metha-
nogens belonging to the order Methanobacteriales.
Within Methanobacteriales, six OTUs (12 clones)
were similar to Methanosphaera stadtmanae,
seven OTUs (63 clones) were similar to unclassi-
fied Methanobacteriales, and the remaining one
OTU (1 clone) belonged to unknown methano-
gen. Overall, members of the Methanobacteriales
dominated the mcrA clone library in the rumen of
Surti buffalo. Further studies and effective strate-
gies can be made to inhibit the growth of
Methanobacteriales to reduce the methane emis-
sion from rumen which would help in preventing
global warming.

In another study, the methanogenic communi-
ties in rumen were characterized using a culture-
independent method. 16S rDNA sequences were
amplified and cloned from the sample. A total of
171 clones were sequenced to examine 16S
rDNA sequence similarity. About 52.63 %
sequences (90 clones) had >90 % similarity,
whereas 46.78 % of the sequences (81 clones)
were 75-89 % similar to 16S rDNA database
sequences, respectively. Phylogenetic analyses
were also used to infer the makeup of methano-
genic communities in the rumen of Surti buffalo.
The study distinguished 23 operational taxo-
nomic units (OTUs) based on unique 16S rDNA
sequences: 12 OTUs (52.17 %) affiliated to
Methanomicrobiales order, 10 OTUs (43.47 %)
of the order Methanobacteriales, and one OTU
(4.34 %) of Methanosarcina barkeri-like clone,
respectively. In addition, the population of
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Methanomicrobiales and Methanobacteriales
orders was also observed, accounting for 4 and
2.17 % of total archaea. This study has revealed
the largest assortment of hydrogenotrophic meth-
anogen phylotypes ever identified from rumen of
Surti buffaloes (Singh et al. 2012a).

14.3 Assessment of Protozoa
Rumen Based on 18S rDNA
Sequences

Protozoa are unicellular eukaryotic microorgan-
isms which are ubiquitous in nature and human-
made environment. The rumen ciliates are
potentially an agriculturally important group of
protozoa found in domestic and wild ruminants
(Williams and Coleman 1992). Compared to
other ecosystems, little information is available
on protozoa in buffalo rumen. The relative lack of
information on ruminal protozoa may be due to
difficulties in isolation, culture, or maintenance.
Rumen isolates often lose viability for unknown
reasons during purification or subculturing of
pure isolates. More than 42 genera of ruminal
protozoa have been described based on cultiva-
tion and morphological studies (Williams 1986;
Dehority 1993). Most genera are representatives

of typical bovine rumen populations, viz.,
Entodinium,  Diplodinium,  Eudiplodinium,
Ostracodinium, Metadinium, Enoploplastron,
Polyplastron, Epidinium, Ophryoscolex,

Isotricha, and Dasytricha (Karnati et al. 2003).
The molecular diversity of rumen protozoa in
Surti buffalo (Bubalus bubalis) was investigated
using 18S rRNA gene library prepared from the
pooled sample of rumen fluid from three adult
animals. A total of 172 clones were sequenced
and similarities to known 18S rDNA sequences
were examined. About 12 OTUs had >91 % sim-
ilarity to 18S rDNA data sequences. Furthermore,
about 27 OTUs of the sequences were 86-90 %
similar to 18S rDNA database sequences, and for
the remaining 14 OTUs, the similarity was less
than 85 %. Phylogenetic analyses were also used
to infer the makeup of protozoal communities in
the rumen of Surti buffalo. As a result, 40 OTUs
(123 of 172 clones) belonged to Entodiniomorphid
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protozoa, indicating that this group is the most
dominant component of protozoal populations
in Surti buffaloes (Bubalus bubalis). 12 OTUs
(45 clones) belonged to the Holotrich protozoa.
Among Holotrich, 12 clones isolated from rumen
fluid fell into two species identified as Dasytricha
ruminantium-like clone (7 clones) and Isotricha
prostoma-like clone (5 clones). One OTU (4
clones) belonged to the Haptorida protozoa
(Singh et al. 2013a).

14.4 Real-Time PCRTechnique
in Determination

of Microbes in Rumen
14.4.1 Bacterial Community

The digestion of plant material and subsequent
conversion for energy requirements of the host
ruminant are performed through a complex sym-
biotic relationship of microbiota with the rumen
(Mackie 1997). The composition and proportion
of microorganisms are influenced by external
factors, such as diet, feeding frequency, age,
geographical location, and ruminant-host inter-
action (Hungate 1969). Bacteria are considered
important for the biological degradation of
dietary fibers due to their fibrolytic activity and
biomass in the rumen. Although fibrolytic spe-
cies such as Fibrobacter succinogenes,
Ruminococcus albus, and Ruminococcus flavefa-
ciens play a key role in plant fiber degradation
(Forsberg et al. 1997), positive interactions
between them and non-fibrolytic bacteria such as
Selenomonas ruminantium and Treponema bry-
antii have been reported (Kudo et al. 1987). In an
early study, the synergism between R. flavefa-
ciens and S. ruminantium was suggested to
enhance propionate production (Scheifinger and
Wolin 1973). Sawanon and Kobayashi in the
year 2006 reported that fiber digestibility and
propionate production significantly increased in
coculture of R. flavefaciens and S. ruminantium
compared to monoculture of R. flavefaciens.
These findings indicate that non-fibrolytic bacte-
ria may also be important to facilitate plant fiber
degradation in the rumen.
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In milk industry in India, buffalo breeds are
most commonly used for milk production.
Efficiency of fiber digestion in ruminants is
critical for animal productivity. Bacteria play
an important role in fiber digestion and utiliza-
tion. Assessment of bacterial population size
needs to be characterized further. Traditional
methods for enumerating microbial populations
within the buffalo rumen can be time-consum-
ing and cumbersome. Real-time PCR approach
was used to determine the population of major
ruminal microbial species (fibrolytic bacteria
and non-fibrolytic bacteria) present in rumen
fluid of Surti buffalo fed with green fodder, dry
roughage, and compound concentrate mixture.
Among the cellulolytic bacterial species con-
sidered to be the major ones in the rumen,
Ruminococcus albus is the dominant cellulo-
lytic bacterial representative in Indian buffalo,
accounting for 5.66 % of total bacteria. In non-
fibrolytics, Streptococcus bovis was prevalent
accounting for 0.11 % of total bacteria (Singh
et al. 2013b).

A study was conducted to determine the
major bacterial population present in rumen
microbiota with respect to different diet using
gPCR. Animals were acclimatized to a diet of
roughage-to-concentrate ratio in the proportion
of 100:00 (T1), 75:25 (T2), 50:50 (T3), and
25:75 (T4), respectively, for 6 weeks. At the end
of each treatment, rumen fluid was collected at 0
and 2 h after feeding. It was found that among
fibrolytic bacteria, R. flavefaciens (2.22x10?
copies/ml) were highest in T2 group, followed
by 1.11 x 10® copies/ml for F. succinogenes (T2),
2.56x 107 copies/ml for Prevotella ruminicola
(T1), and 1.25 x 107 copies/ml for Ruminococcus
albus (T4). In non-fibrolytic bacteria, the
Selenomonas ruminantium (2.62x107 copies/
ml) was predominant in group T3, followed by
Treponema bryantii  (2.52%x107 copies/ml),
Ruminobacter amylophilus (1.31x107 copies/
ml) in group T1, and Anaerovibrio lipolytica
(2.58 x 10° copies/ml) in group T4, respectively.
It is most notable that R. flavefaciens were the
highest in population in the rumen of Surti buf-
falo fed on wheat straw as roughage source
(Singh et al. 2014a).
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14.4.2 Protozoa

The genetic diversity of protozoa in Surti buffalo
rumen was studied by amplified ribosomal DNA
restriction analysis, 18S rDNA sequence homol-
ogy, and phylogenetic and real-time PCR analy-
sis methods. Three animals were fed on a diet
comprised of green fodder Napier bajra 21
(Pennisetum purpureum), mature pasture grass
(Dichanthium annulatum), and concentrate mix-
ture (20 % crude protein, 65 % total digestible
nutrients). A protozoa-specific primer (P-SSU-
342f) and a eukaryote-specific primer (Medlin B)
were used to amplify a 1,360 bp fragment of
DNA encoding protozoal small subunit (SSU)
ribosomal RNA from rumen fluid. A total of 91
clones were examined, and 14 different 18S RNA
sequences based on PCR-RFLP pattern were
identified. These 14 phylotypes were distributed
into four genera-based 18S rDNA database
sequences and identified as Dasytricha (57
clones), Isotricha (14 clones), Ostracodinium (11
clones), and Polyplastron (9 clones). Phylogenetic
analyses were also used to infer the makeup of
protozoal communities in the rumen of Surti buf-
falo. Out of 14 sequences, 8 sequences (69
clones) were clustered 