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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. 
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 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 
signifi cant amount of methane (CH 4 ) and nitrous oxide (N 2 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 4  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 4  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 specifi cally 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 diversifi ed 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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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 fi eld 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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 1      Introduction to Concepts 
of Climate Change Impact 
on Livestock and Its Adaptation 
and Mitigation 

           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 4 ) and nitrous oxide 
(N 2 O) concentrations in Earth’s atmosphere. Generally there are two-way 
impacts of livestock on climate change. The fi rst 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 4  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 signifi cant changes in production technology 
and farming systems that could affect productivity. Many viable opportu-
nities exist for reducing CH 4  emissions from enteric fermentation in rumi-
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     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 2 ) levels, and water availability in 
ways that will affect the productivity of crop and 
livestock systems (Hatfi eld 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 profi tability by lowering feed effi ciency, 
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 signifi cant 
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 

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 modifi cations of nutritional and environmental manage-
ment, thereby improving animal comfort and performance.  

  Keywords  

  Adaptation   •   Climate change   •   Enteric fermentation   •   Manure   •   Mitigation   
•   Shelter design  
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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 profi tability of the 
livestock enterprise (Gaughan et al.  2002 ). 

 The relationship between the livestock sector 
and climate change is likely to greatly infl uence the 
overall nature of the approach to adaptation within 
the livestock sector (Havlík 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 signifi cantly 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.  

1.1     GHG Emission and Climate 
Change 

 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 signifi cance 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 refl ection), 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 2 , 
CH 4 , N 2 O, H 2 O, etc.) are one such forcing (Rogelj 
et al.  2012 ). Increases in the concentrations of 
GHGs will reduce the effi ciency 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 

1 Introduction to Concepts of Climate Change Impact on Livestock and Its Adaptation and Mitigation



4

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 2 ), ozone, methane (CH 4 ), and nitrous oxide 
(N 2 O). 

 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 2 , 
CH 4 , N 2 O, and fl uorinated gases. The main feed-
back of GHG is water vapor. The GHGs that 
humans do emit directly in signifi cant quantities 
are (1) carbon dioxide – accounts for around 
three-quarters of the warming impact of current 

  Fig. 1.1    Concepts of climate impact on livestock and its adaptation and mitigation       
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human GHG emissions. The key source of CO 2  is 
the burning of fossil fuels such as coal, oil, and 
gas, though deforestation is also a very signifi cant 
contributor. (2) Methane – accounts for around 
14 % of the impact of current human GHG emis-
sions. Key sources of CH 4  include agriculture 
(especially livestock and rice fi elds), fossil fuel 
extraction, and the decay of organic waste in 
landfi ll sites. Methane doesn’t persist in the atmo-
sphere as long as CO 2 , 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 2 O include agriculture 
(especially nitrogen-fertilized soils and livestock 
waste) and industrial processes. N 2 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 signifi cant effects on climate 
change, primarily through the production and 
release of GHGs such as CO 2 , CH 4 , and N 2 O 
(Tubiello et al.  2013 ). Further, alterations in land 
cover can change its ability to absorb or refl ect 
heat and light, thus contributing to radiative forc-
ing. Land use changes such as deforestation and 
desertifi cation together with fossil fuels are the 
major anthropogenic sources of CO 2 . In addition, 
animal agriculture is the major contributor to 
increasing CH 4  and N 2 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 fi gures 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 2  equivalents a year – up to 86 % 
of all food-related anthropogenic GHG emissions. 
The global release of CH 4  from agricultural 
sources accounts for two-thirds of the anthropo-
genic CH 4  sources (Moss et al.  2000 ). These 
sources include rice growing, fermentation of 
feed by ruminants (enteric CH 4 ), biomass burn-
ing, and animal wastes. CH 4  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 4  and N 2 O.   

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 signifi cance 
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. 
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 2007 ; Sejian et al.  2010a ). Apart from feed 
intake, feed conversion also signifi cantly 
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 infl uencing 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 infl u-
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 fl uctuations 
(Johnson  1987 ). Besides the thermal stress, the 
decline in milk yield is also dependent upon 
breed, stage of lactation, and feed availability 

(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 (α- and β-casein). The lower 
content of α- and β-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 infl uenced 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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infl uenced 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 signifi cantly reduces the level 
of primary reproductive hormone estradiol 
(Sejian et al.  2011a ,  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 
et al.  1999 ). Glucocorticoids may also exert direct 
inhibitory effects on gonadal steroid secretion 
and sensitivity of target tissues to sex steroids 
(Magiakou et al.  1997 ). Thermal stress infl uence 
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 fl uctuations 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  2006 ). 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 defi ciency 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 2 , 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 scientifi c 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 benefi t 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 fi elds 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 ).  
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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 signifi cantly 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 
fl ooding. 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 fl ooding. 
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     Impact on Disease 
Occurrences in Livestock 

 Global climate change alters ecological construc-
tion which causes both the geographical and 

 phonological shifts (Slenning  2010 ). These shifts 
affect the effi ciency 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 fl ood and increases atmo-
spheric humidity which results in favorable con-
dition for the proliferation of pathogen, ticks, 
fl ies, 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 specifi c 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 identifi ed 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-specifi c 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. 
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 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 identifi cation 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 diffi cult 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 effi ciency of selection for heat tolerance. 
Epigenetic regulation of gene expression and ther-
mal imprinting of the genome could also be an 
effi cient method to improve thermal tolerance.   

1.3     Role of Livestock in Climate 
Change 

 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 4  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 4  emission, enteric 
CH 4  emission in different feeding systems, differ-
ent methodologies to estimate enteric CH 4  emis-
sion, role of metagenomics in understanding 
rumen microbial diversity, and opportunities and 
challenges for livestock C sequestration. 

1.3.1     Enteric Methane Emission 

 Ruminant animals, particularly cattle, buffalo, 
sheep, goat, and camels, produce signifi cant 
amounts of CH 4  under the anaerobic conditions 
present as part of their normal digestive pro-
cesses. This microbial fermentation process, 
referred to as “enteric fermentation,” produces 
CH 4  as a by-product, which is released mainly 
through eructation and normal respiration, and 
small quantities as fl atus. CH 4  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 4  production 
is greatest in ruminants, as methanogens are able 
to produce CH 4  freely through the normal pro-
cess of feed digestion. Globally, ruminant live-
stock produce ∼ 80 Tg of CH 4  annually, 
accounting for ∼ 33 % of anthropogenic emis-
sions of CH 4  (Beauchemin et al.  2008 ). CH 4  pro-
duced by cattle and other ruminants is actually a 
loss of feed energy from the diet and represents 
ineffi cient utilization of the feed. Enteric CH 4  is 
produced under anaerobic conditions in the 
rumen by methanogenic archaea, using CO 2  and 
H 2  to form CH 4 , thus reducing the metabolic H 2  
produced during microbial metabolism 
(McAllister and Newbold  2008 ). The amount of 
CH 4  produced from enteric fermentation is infl u-
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 4  and released 
via the breath (Eckard et al.  2010 ). Therefore, 
reducing enteric CH 4  production may also lead to 
 production benefi ts. 

 As animal production systems are vulnerable 
to climate change and are large contributors to 
potential global warming through CH 4 , it is very 
vital to understand in detail the enteric CH 4  emis-
sion in different livestock species. Before target-
ing the reduction strategies for enteric CH 4  
emission, it is very important to know the mecha-
nisms of enteric CH 4  emission in livestock, the 
factors infl uencing such emission and prediction 
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models, and estimation methodology for 
 quantifi cation of enteric CH 4  emission. The thor-
ough understanding of these will in turn pave 
way for the formulation of effective mitigation 
strategies for minimizing enteric CH 4  emission in 
livestock.  

1.3.2     Enteric Methane Emission 
Under Different Feeding 
System 

 Since CH 4  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 4  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 
fi brous carbohydrates in diets of low feeding 
value increases the CH 4  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 effi ciency 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 4  and CO 2  as compared to total 
mixed ration in sheep (Sabri et al.  2009 ). CH 4  

 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 4  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 quantifi cation 
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 4  emissions from ruminants. Accurate 
CH 4  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 
hexafl uoride (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 signifi cance 
in quantifying enteric CH 4  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 

1 Introduction to Concepts of Climate Change Impact on Livestock and Its Adaptation and Mitigation



12

and proteins. These relatively complex 
 compounds are broken down naturally by bacte-
ria. In the presence of oxygen (O 2 ), the action of 
aerobic bacteria results in the C being converted 
to CO 2 , and, in the absence of O 2 , anaerobic bac-
teria transform the C skeleton to CH 4 . When live-
stock are in fi elds 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 confi ned 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 4  will be evolved. 
Animal wastes also contain N in the form of vari-
ous complex compounds. The microbial pro-
cesses of nitrifi cation and denitrifi cation of 
animal waste form N 2 O. CH 4  and N 2 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 (NH 3 ), nitric oxide (NO), and non-CH 4  
volatile organic compounds (NMVOC).  

1.3.5     Signifi cance of Metagenomics 

 Genetic and biological diversity of microorgan-
isms is an important area of scientifi c 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 

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 
(UNFCCC), the current level of CH 4  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 4  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 4  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 signifi cance 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 4  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 fi nd industry acceptability (Hascic 
et al.  2012 ). The reduction of enteric CH 4  emis-
sions from livestock by selection for more feed- 
effi cient animals based on their estimated 
breeding value offers a novel way of reducing the 
CH 4  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 4  production by livestock farms. 
Many recommended on-farm practices, such as 
genetic selection for production traits, feed test-
ing, and ration balancing, using CH 4  inhibitors 
can reduce enteric CH 4  emissions and reduce 
feed costs associated with higher animal produc-
tion. Several other CH 4  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 4  emissions by ruminants. An inte-
grated approach that considers the rumen micro-
biota, the animal, and the diet seems the best 
approach to fi nd a long-term solution for reduc-

ing enteric CH 4  production by ruminants. It has 
been reported that enteric CH 4  is the most impor-
tant GHG emitted (50–60 %) at the farm scale in 
ruminant production systems (Ogino et al.  2007 ). 
CH 4  represents also a signifi cant 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 4  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 effi ciency. 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 4  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 4  pro-
duction in dairy animals. There is also a need to 
improve the effi cacy 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 4  emis-
sion animals or low CH 4 -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 4  mitigation in ruminants. 
Both the amount of digestible nutrients ingested 
and the composition of the diet are among major 
factors governing CH 4  production (Blaxter and 
Clapperton  1965 ; Bhatta et al.  2008 ). Increasing 
the level of concentrate in the diet leads to a 
reduction in CH 4  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 modifi ca-
tions of rumen physiochemical conditions and 
microbial populations. This results in a lower 
CH 4  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 4 . In addition, medium-chain FAs and polyun-
saturated FAs also contribute to CH 4  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 

are dried, and when they are fi nely 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 4  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 
et al.  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 effi ciency of animal 
production and are known to decrease CH 4  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 4  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 4  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 identifi ed. 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 specifi c, and therefore 
these are active against a specifi c group of 
microbes (Bhatta et al.  2012 ). This specifi city of 
these plant secondary metabolites against micro-
bial groups can be used for selective manipulation 
of rumen fermentation. The methanogens which 
are classifi ed 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 Signifi cance 

 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-
cifi c purpose such as growth, maintenance, lacta-
tion, or gestation. Ration balancing concept could 
be employed for enteric methane reduction. FAO 
( 2012 ) signifi ed the importance of ration balanc-
ing on enteric methane reduction in ruminants. 

Kannan and Garg ( 2009 ), apart from recording 
signifi cant 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 signifi cantly 
improved milk yield by 2–14 % and milk fat by 
0.2–15 %. Feed conversion effi ciency, milk N 
effi ciency, 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 benefi t 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 effi ciently (Immig 
 1996 ). Several strategies for utilizing hydrogen in 
the rumen as alternatives to methanogenesis have 
been identifi ed. 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 sulfi de 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 fi rst strategy is to 
capture the CH 4  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 2 O and CH 4  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 4  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 infl u-
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 2 O, but the net benefi t is likely to depend on the 
composition of the manure and the ambient con-
ditions. The mitigation potential and fi nancial 
viability of these potentially signifi cant manage-
ment opportunities require further research 
before widespread implementation.  

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 classifi ed 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 4  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 4  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 4  
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 signifi cant reduction of CH 4  emis-
sions from enteric fermentation. Some models 
have been developed specifi cally to predict GHG 
emissions from animals, and others have either 
been modifi ed or adapted to estimate GHG emis-
sion from the entire farm (Sejian et al.  2011c ). 
Computer simulation provides a cost‐effective 
and an effi cient 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, 
profi tability, 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 fi ve 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 
modifi cations 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 benefi cial for livestock challenged by environ-
mental conditions. Additionally, socioeconomi-
cal status, technological tools, and fi nancial 
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 benefi t 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 fl oor 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 defi nitely 
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 artifi cial 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 identifi cation and incorporation 
of these genes into heat-sensitive breeds in a 
manner that does not reduce production and 
reproduction would represent an important 
achievement.  

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 fi brous 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 benefi t 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 fi ber 
and carbohydrate. Nutritional tools such as anti-
oxidant feeding (Vit-A, selenium, zinc, etc.) and 
ruminant-specifi c 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 specifi c 
genes that could be selected which confer 
increased thermoregulatory ability, including 
those for coat color and the slick gene identifi ed 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. Identifi cation 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 signifi es 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 signifi cance 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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2.1         Introduction to Climate 
Change 

 Human activities are the major factors infl uenc-
ing the atmospheric changes since the beginning 
of industrial era. Climate change refers to long- 

term temperature fl uctuations, 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 refl ected 
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 2 ), methane (CH 4 ), nitrous oxide (NO 2 ), 
hydrofl uorocarbons (HFCs), perfl uorocarbons 
(PFCs) and sulphur hexafl uoride (SF 6 ). 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. 

2.2.1     Global Greenhouse Gas 
Emission 

 GHG emission sources are classifi ed 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 

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 fi ve 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 fi nally the principle 
of accuracy. There are similar principles laid 
down by the fi nancial experts to provide road 
maps for fi nancial 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 
fi nancial 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 quantifi cation meth-
odology, you can arrive at what you want. This 
chapter guides you to deal with climate change 
and also make decisions for improved profi t 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 specifi c focus to organisations. 
There are two types of boundary conditions: 

2.2.4.1     Organisational Boundary 
Conditions 

 This defi nes 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 defi ned 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 refl ects 
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 signifi cantly 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 identifi ed 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 signifi cant portion 
of the companies’ GHG emissions and is cost 
effective in quantifying.   

2.2.5     Understanding Emission 
Quantifi cation 

 It is important to know from the outset that 
quantifi cation of GHG emission is technical and 
very scientifi c in nature. This task calls for 
 quality data (QD), suffi cient 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 benefi ts are many 
including providing GHG emission sources 
contained within the defi ned boundaries. 
Quantifi cation 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     Quantifi cation 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 quantifi cation of emissions:

  Y X K* =    

where  Y  is an activity data,  X  is emission factor 
and  K  is emission. Activity data quantifi es 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 specifi c units like pounds of CO 2  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 fi nancial accountants when 
apportioning electricity consumption bills in shared 
property offi ces. For example,  (area occupied by 
your offi ce) * (total building electricity used)/(total 
building area) = estimated electricity used by your 
offi ce space . This approach enables organisations 
sharing offi ce space to distribute their emission 
accurately and profi le 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 

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     How Important Is 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 quantifi cation 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 effi cient. 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 
quantifi cations for accurate results.  

2.2.10     Tracking GHG Emissions 

 At the organisation or company level, companies 
undergo tremendous changes. Such changes 

S.M. Otenyo



31

include acquisitions, mergers and divestments. 
These changes can signifi cantly alter the compa-
nies’ historical emission profi le making compari-
son of emission diffi cult over a period of time. 
Therefore, in order to make comparisons of fi g-
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 fi nancial records are 
kept. The best point to be identifi ed in the process 
is to fi nd 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.   

2.3     Overview on Carbon 
Sequestration and Climate 
Change 

 Carbon sequestration refers to the uptake of CO 2  
and storage of carbon in biological sink. During 
photosynthesis, plants take in carbon as CO 2  
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 landfi lls. 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 2  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 signifi cant 
aspect of a company’s role in the atmospheric 
CO 2  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 fi nd 
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 profi tability as well as profi les. 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, quantifi cation methods for national 
inventories (IPCC methodologies) or project level 
accounting may be used for corporate level quan-
tifi cation. There are no widely accepted calcula-
tion tools for sequestered carbon (IPCC  2003 ).  

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 defi ned 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 
defi ned as any process or activity that releases a 
greenhouse gas, an aerosol or precursor of a green-
house into the atmosphere. Emission is also 
defi ned as the release of greenhouse gases and/or 
their precursors into the atmosphere over a speci-
fi ed 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 2  is both 
removed and emitted in forests. This is a very 
important point to note. 

 Forests are sinks because they remove CO 2  
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 2  is relevant to the 
net balance of CO 2  emission removals in a forest, 
but it is not the process that makes forests 
uniquely able to be net sink of CO 2 . 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 2 . This is done by estimating the yearly net 
fl ux of CO 2  in forests. Net forest carbon emis-
sions or removals in a given year are determined 
by estimating annual carbon fl ux 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 2  
emissions in a forest. The most conservative 
option for estimating net CO 2  fl ux 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 4  and NO 2  emission in forest 
GHG inventory preparations? Methane and NO 2  
emissions occur from biomass combustion and 
NO 2  emissions can occur from nitrogen addi-
tions. These emission sources are typically small 
when compared to CO 2  emissions and removals 
in forest carbon pools. Forest GHG inventory 
guidelines do not explicitly demand or provide 
specifi c 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 2 , and basic methods including default emis-
sion factors for estimating emission from these 
sources are available in the IPCC 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 fi nancial 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 fi nancial accounting and reporting prin-
ciples. They also refl ect the outcome of a collab-
orative process involving stakeholders from a 
wide range of technical, environmental and 
accounting disciplines. Therefore, the following 
fi ve 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 refl ects 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 specifi c 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 quantifi cation of GHG emission 
is systematic. The actual emissions are judged 
without bias and the uncertainties are reduced as 
far as practicable. Achieve suffi cient 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 

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 fi nally 
causes climate to change.   

2.3.10     Does the Company or 
Organisation Benefi t 
from GHG Inventory Profi les? 

 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 defi ne 
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 AR5 (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 fi fth 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 2 , N 2 O, and CH 4  and sink for atmospheric CO 2 . 
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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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 2  con-
tributes 76 %; CH 4  about 16 %, N 2 O about 6 %, 
and the combined F‐gases about 2 % (IPCC AR5, 
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 2 ), methane (CH 4 ), nitrous 
oxide, hydrofl uorocarbons, perfl uorocarbons, 
and sulfur hexafl uoride 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 2 , CH 4 , 
and N 2 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 2 ), methane (CH 4 ), and nitrous oxide (N 2 O), 
in the atmosphere. The concentrations of CO 2 , 
CH 4 , and N 2 O 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 infl uence 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 2  emissions due to burning 
of crop and animal waste, the world’s livestock 
population and rice fi elds are signifi cant contrib-
utors to CH 4  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 scientifi c 
community there is increasing recognition that 
agriculture in general, and livestock production 
in particular, contribute signifi cantly 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 effi ciency of 
agricultural production if we are to meet global 
food supply demands and decrease agriculture’s 
impact on climate change. Quantifi cation of the 
impacts that agriculture is having on the environ-
ment is thus of major importance. This chapter 

along with identifi cation and quantifi cation 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  
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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.  

3.2     Sources and Sinks of GHG 
from Agriculture 

 Sectoral distribution of GHG emission compar-
ing the emission levels at 2004 (AR4) and 2010 
(AR5) is given in Fig.  3.1 . By sector, the largest 
sources of GHGs were the sectors of energy pro-
duction (mainly CO 2  from fossil fuel combus-
tion) and    agriculture, forestry, and other land use 

(AFOLU) (mainly CH 4  and N 2 O). The contribu-
tion of AFOLU (agriculture, forestry, and other 
land use) to total emission has come down from 
31 % (2004) to 24 % (2010). Identifi cation of 
GHG sources and quantifi cation of GHG emis-
sion from agriculture sector has passed through 
many phases of refi nement. 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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  Fig. 3.1    Comparing AR 4  
and AR 5  the sectoral 
distribution of GHG 
emissions showing the 
percentage of emission 
with respect to the total. 
AR 4  represent emission 
level at 2004 and AR 5  2010       
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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 2  sources (CH 4  and 
N 2 O) are reported as anthropogenic GHG emis-
sions, however. The CO 2  emitted is considered 
neutral, being associated to annual cycles of 
 carbon fi xation 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 2  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 
infl uenced 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 2  
 evolution is higher when any organic material is 
added to soil.    Similarly soils with higher soil 
organic carbon (SOC) content emit more CO 2  
than soil with low SOC, thereby increasing con-
centration of CO 2  in the atmosphere. On the other 
hand, higher concentrations of atmospheric CO 2  
also will stimulate the growth of most plants, 
especially C 3  agricultural crops. Increased pro-
ductivity can supply more plant residues to the 
soil, possibly increasing storage of SOM. But, 
higher level of atmospheric CO 2  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 2  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 quantifi cation 
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 
fl ooding and puddling fi elds. These rice fi elds are 
a major source of emission of GHGs like CH 4  

and N 2 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 2  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 fi elds under varying growing condi-
tions. However, there are uncertainties in the esti-
mation of GHG from rice fi elds due to diverse 
soil and climatic conditions and crop manage-
ment practices. Flooded paddy soils have a high 
potential to produce CH 4 , but part of produced 
CH 4  is consumed by CH 4  oxidizing bacteria, or 
methanotrophs. It is known that microbial-medi-
ated CH 4  oxidation, in particular aerobic CH 4  
oxidation, ubiquitously occurs in soil and aquatic 
environment, where it modulates CH 4  emission. 
   In rice fi elds, it is possible that a part of produced 
CH 4  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 4  which are accumulated in fl ooded paddy 
soils are diffusion into the fl ood water, loss 
through ebullition, and transport through the aer-
enchyma system of rice plants. Some promising 
mitigation options are (1) system of rice intensi-
fi cation (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 4 , 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 2  equivalent) of global GHG 
emissions. Although it accounts for only 9 % of 
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global CO 2 , it generates 65 % of human-related 
nitrous oxide (N 2 O) and 35 % of methane (CH 4 ), 
which has 310 times and 23 times the global- 
warming potential (GWP) of CO 2 , 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 
nitrifi cation and denitrifi cation 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 fi eld, and fermentative 
digestion in ruminant animal (Sejian et al.  2011 ). 
In fact, CH 4  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 4  emissions from ruminant livestock 
is possible and desirable. Not only can the 
enhanced utilization of dietary “C” improve 

energy utilization and feed effi ciency, hence 
 animal productivity, but a decrease in CH 4  
 emissions can also reduce the contribution of 
ruminant livestock to the global CH 4  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 4  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 4  as a by-product. The 
CH 4  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 4  emissions (Sejian 
et al.  2012 ). 

 Among the livestock, cattle population con-
tributes most towards enteric CH 4  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 4  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 coeffi cient 
(Chhabra et al.  2009 ). The emission coeffi cients 
for CH 4  emissions from enteric fermentation are 
country specifi c, and these coeffi cients 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 fi elds 
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 confi ned 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 4  and N 2 O, 
which are formed in decomposing manures as a 
by-product of methanogenesis and nitrifi cation/
denitrifi cation, 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 
signifi cant 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 

decompose aerobically and little or no methane is 
produced. Furthermore, volatilization losses of 
NH 3  and NO x  from manure management systems 
and soils lead to indirect GHG emissions. There 
are three potential sources of N 2 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 4  and N 2 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 2  eq/year. 
Emissions grew by 1.1 %/year on average (IPCC 
AR5). 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 2 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 2 O 
is generated as a by-product of microbial 
 activities that convert ammonium into nitrate 
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(nitrifi cation) or nitrate into nitrogen gas N 2  
(denitrifi cation). Both processes are infl uenced 
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 fi xation 
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 2  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 
N 2 O, 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 2 O. As 
these emissions are the consequences of natural 
processes, they are diffi cult 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 2 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 fi eld to clear the 
remaining straw and stubble after harvest and to 
prepare the fi eld 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 2  during burning of crop resi-

dues are considered neutral, as it is reabsorbed 
during the next growing season. However, bio-
mass burning is one of the signifi cant 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 fi res and crop residue burning are 
considered a major source of carbon dioxide 
(CO 2 ), carbon monoxide (CO), methane (CH 4 ), 
volatile organic compounds (VOC), nitrogen 
oxides, and halogen compounds. Carbon monox-
ide is a chemically active gas in the troposphere 
infl uencing the abundance of O 3  and the oxidiz-
ing capacity (OH) of the troposphere. Thus, an 
increase in concentration of CO, VOC, and NO x  
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 fi res, 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 2  
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 fl ooding 
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 2  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 2  
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 coeffi cients, 
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 2  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 

analysis includes the three primary nutrients and 
agricultural lime (CaCO 3 ) 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 2 O 5 ) 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 fi eld 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 emulsifi able 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 specifi c 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 
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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 2  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 2  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 2  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 2  emissions associated 
with the application of fertilizers and pesticides 
were calculated along with other farm operations, 
they do not occur on all fi elds and in all years, as 
do other farm operations. Therefore, CO 2  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. 

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 effi ciency, restoration of organic 
soils that are drained for crop production, and 
restoration of degraded lands. Lower but still sig-
nifi cant 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 
effi cacy of additional mitigation measures in the 
future. Also the suitability and recommendation 
of mitigation technology is site specifi c and need 
based. There are few constraints and challenges 
in transferring of these mitigation technologies to 
a farmer’s fi eld. 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 2  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 (specifi cally agroforestry), this would 
lead to intensifi cation, 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 intensifi cation 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 infl uence on 
atmospheric GHG concentration. In the agricul-
ture sector, besides the CO 2  emissions due to 
burning of crop and animal waste, the world’s 
livestock population and rice fi elds are signifi cant 
contributors to CH 4  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 scientifi c commu-
nity there is increasing recognition that agricul-
ture in general, and livestock production in 
particular, contributes signifi cantly to GHG 

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 effi ciency of agricultural 
production if we are to meet global food supply 
demands and decrease agriculture’s impact on 
climate change.     
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 4      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 fi nancial security. The impact of cli-
mate change on livestock production systems especially in developing 
countries is not known, and although there may be some benefi ts 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.  

mailto:j.gaughan@uq.edu.au


52

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 fi nancial 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 benefi ts 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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infl uenced 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 

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 
infl uenced 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 effi cient 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 diffi cult. 

 Animal adaptation is a function of a number 
of intertwined factors, i.e. ani-
mal × human × 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)  
•   Low productivity (environment)  
•   Low productivity (G × E)  
•   Availability of land  
•   Availability of feed  
•   Availability of water  
•   Land degradation (natural, cropping, 

livestock)  
•   Capacity to adapt or change  
•   Cultural norms (prestige of owning livestock)  
•   Market access (and a fair price)    

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

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 fi re 
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 diffi cult 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 specifi c genes, is diffi cult 
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:
•    Survivability (to reproductive age)  
•   Productivity (milk, wool, meat, egg production)  
•   Productivity  
•   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 fi nd 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 fi nancial 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 fi nancial resources 
will reduce options for short-term and long-term 
adjustment. Financial setbacks due to droughts, 
fl oods, fi res 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 diffi culty 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 diffi cult. 

 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 scientifi c 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 fi rst 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 

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 

  Fig. 4.2    Effect of environmental temperature on respira-
tion rates and rectal temperatures of lactating dairy cows 
(Staples and Thatcher  2011 )       
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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 effi ciency 
(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-
nifi cant ( P  < 0.05) reductions in rectal tempera-
ture compared with non-treated birds (42.87 vs. 
43.09 °C, respectively) and also for respiration 

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  ×  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 
effi ciency) 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 

   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)  High production cows (>30 kg milk/day) 

 Change in rectal temperature (°C)  38.9–39.9  38.5–39.8 
 Change in DMI (kg/day)  17.4–15.0  21.3–17.5 
 Change in milk yield (kg/day)  19.0–16.3  32.6–27.9 
 Reduction in milk output (kg) 
per 1 °C increase RT 

 2.7  3.6 

  Adapted from Staples and Thatcher ( 2011 )  

  Fig. 4.3    Rectal temperature and respiration rate of chick-
ens before and after thermal conditioning (From Tanizawa 
et al.  2014 )       
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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 
27.7 °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 
(Pörtner 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 infl uenced 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 diffi cult, 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-

  Fig. 4.4    Differences in 
panting score and heat load 
(the higher the value the 
greater the heat stress) for 
Angus, Brahman and 
Brahman × Hereford steers 
(Gaughan et al.  1999 )       
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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, fi nancial 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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5.1         Introduction 

 Thermal stressors (i.e., heat stress, cold stress) 
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 
fertility, morbidity, and mortality (Young  1981 ; 
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    Abstract  

  Climate change, and thermal stress (i.e., heat and cold) in particular, is a 
key limiting factor to effi cient 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 scientifi c 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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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 signifi cant 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 signifi cant 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 

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, effi ciency 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 signifi cant economic, food security, and 
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humanitarian concern (Battisti and Naylor  2009 ). 
Further, because both the population and affl u-
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 effi ciency, and in severe cases 
may cause mortality in agriculturally important 

livestock species (Baumgard and Rhoads  2013 ; 
Table  5.1 ). Due to the aforementioned conse-
quences, the effi ciency 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 fl ow is diverted to the skin in an 
attempt to increase heat dissipation, which results 
in decreased intestinal blood fl ow (   Lambert 
 2009 ). Reduced blood fl ow 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 infl am-
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 

( 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 effi ciency 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 fi nishing 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 effi ciency 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 fi rst 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 effi ciency will 
remain compromised (Table  5.1 ) due to a repri-
oritization of nutrient partitioning as maximizing 
heat production becomes essential for survival 
(Young  1981 ).   

5.5     Thermal Stress 
and Postabsorptive 
Metabolism 

 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 ). Defi ning 
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 fi rst 
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 confi rmed 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-

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 
in vitro pancreatic β-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 fl ow 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 infl ammatory response, and if the 
liver’s LPS detoxifi cation 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  Species  HS  Reference (HS)  CS  Reference (CS) 

 Glucose  Humans  Increase  1, 8, 9  Increase  22 
 Rats  Increase  43  Increase  16 
 Rats  Decrease  30, 31  –  – 
 Pigs  Decrease  34  None  23 
 Poultry  Decrease  14, 45  Decrease  6 
 Cattle  Decrease  37, 41, 42  Increase  46 
 Cats  Decrease  28  –  – 

 Insulin  Cattle  Increase  32, 44  Decrease  33 
 Pigs  Increase  34  Decrease  4 
 Rats  Increase  43  Decrease  16 
 Humans  None  26  Decrease  22 
 Buffalo  Decrease  21  –  – 

 Lactate  Pigs  Increase  19  Increase  5 
 Cattle  Increase  7  Increase  33 
 Humans  Increase  9, 29, 35  –  – 
 Dogs  Increase  27  –  – 

 Nonesterifi ed fatty 
acids 

 Cattle  Decrease  37, 38, 42, 44  Increase  17 
 Rats  Decrease  3, 13, 14  Increase  16 
 Poultry  Decrease  2  None  24 
 Sheep  Decrease  39  –  – 
 Pigs  Decrease  31  –  – 

 Cholesterol  Cattle  Decrease  15  Increase  33 
 Humans  None  11  –  – 
 Pigs  None  10  –  – 

 Plasma urea nitrogen  Cattle  Increase  25, 38, 40, 42, 44  Increase  33 
 Humans  Increase  20  Increase  18 
 Pigs  Increase  34  –  – 
 Rats  Increase  12  –  – 

 1. Angus et al. ( 2001 )  17. Godfrey et al. ( 1991 )  33. Olson et al. ( 1983 ) 
 2. Bobek et al. ( 1997 )  18. Goodenough et al. ( 1982 )  34. Pearce et al. ( 2013a ) 
 3. Burger et al. ( 1972 )  19. Hall et al. ( 1980 )  35. Pettigrew et al. ( 1974 ) 
 4. Close et al. ( 1985 )  20. Hart et al. ( 1980 )  36. Rhoads et al. ( 2009 ) 
 5. Curtis  1983   21. Haque et al. ( 2012 )  37. Ronchi et al. ( 1999 ) 
 6. Davison ( 1973 )  22. Hermanussen et al. ( 1995 )  38. Sano et al. ( 1983 ) 
 7. Elsasser et al. ( 2009 )  23. Hicks et al. ( 1998 )  39. Settivari et al. ( 2007 ) 
 8. Febbraio et al. ( 1994 )  24. Hunter et al. ( 1999 )  40. Shehab-El-Deen et al. ( 2010 ) 
 9. Fink et al. ( 1975 )  25. Kamiya et al. ( 2006 )  41. Shwartz et al. ( 2009 ) 
 10. Fletcher et al. ( 1988 )  26. Kappel et al. ( 1997 )  42. Simon ( 1953 ) 
 11. Francesconi et al. ( 1976 )  27. Kozlowski et al. ( 1985 )  43. Torlinska et al. ( 1987 ) 
 12. Francesconi and Hubbard ( 1986 )  28. Lee and Scott ( 1916 )  44. Wheelock et al. ( 2010 ) 
 13. Frankel ( 1968 )  29. Lorenzo et al. ( 2010 )  45. Yalcin et al. ( 2009 ) 
 14. Frascella et al. ( 1977 )  30. Miova et al. ( 2013 )  46. Young ( 1975 ) 
 15. Fuquay ( 1981 )  31. Mitev et al. ( 2005 ) 
 16. Gasparetti et al. ( 2003 )  32. O’Brien et al. ( 2010 ) 
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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 ).  

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 
diffi cult 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 

  Fig. 5.1    Heat stress- 
induced LPS and 
subsequent metabolic and 
physiological changes       
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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 

  Fig. 5.2    Effects of heat stress and cold stress on metabolite and endocrine profi les in pigs       
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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 effi ciency 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 

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 ineffi ciency 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 nonesterifi ed 
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 β-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 ) fi rst intro-
duced the idea of a “thrifty phenotype” in 
response to fetal nutrient insuffi ciency, 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 benefi t 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 
infl uenced 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 signifi cantly impact life-
time production (Foxcroft et al.  2009 ). These epi-
genetic modifi cations in chromatin structure 
(which can last for short periods or be lifelong) 
infl uence 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 modifi cations via 
DNA methylation can also occur in temporal and 
tissue-specifi c 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 
fl ow, 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 specifi c 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-

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 ). Specifi cally, 
pigs that experience in utero HS (especially dur-
ing the fi rst half of gestation) maintain a greater 
core body temperature (Table  5.4 ), regardless of 
the postnatal ambient temperature, and this 
increase is not infl uenced 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 fi nishing phase by 
reducing protein and increasing adipose tissue 
deposition (Johnson et al.  2015a ). While the spe-
cifi c 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   

 Postnatal phenotype  Species  Response  Reference 

 Growth performance  Cattle  Decrease  13 
 Rodent  Decrease  11 

 Teratogenicity  Pig  Increase  2 
 Guinea pig  Increase  1, 6 
 Rodent  Increase  4, 7, 11 
 Monkey  Increase  5 
 Human  Increase  8, 9 

 Thermal tolerance  Yeast  Increase  3 
 Insects  Increase  12 
 Poultry  Increase  10, 15 
 Rodents  Increase  14 

 1. Edwards ( 1969 )  9. Miller et al. ( 1978 ) 
 2. Edwards et al. ( 2003 )  10. Piestun et al. ( 2008 ) 
 3. Estruch ( 2006 )  11. Shiota and Kayamura ( 1989 ) 
 4. Germain et al. ( 1985 )  12. Sorensen et al. ( 2001 ) 
 5. Hendrickx et al. ( 1979 )  13. Tao et al. ( 2012 ) 
 6. Jonson et al. ( 1976 )  14. Tetievsky and Horowitz ( 2010 ) 
 7. Lary et al. ( 1983 )  15. Tzschentke ( 2007 ) 
 8. McDonald ( 1961 ) 
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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 infl uence 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 effi cient animal production 
and negatively impacts health and development 
during all life cycle stages. The impact of thermal 
stress will likely become more signifi cant 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 signifi cantly and as such different mitigation 
strategies need consideration. During HS expo-
sure, animal productivity is compromised due to 
reduced FI, an altered metabolic profi le, 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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 6      Climate Change and Water 
Availability for Livestock: Impact 
on Both Quality and Quantity 

           S.    M.    K.     Naqvi     ,     D.     Kumar    ,     Kalyan     De    , 
and     Veerasamy     Sejian   

    Abstract  

  Water is an essential production factor in agriculture, both for crops and 
for livestock. Climate change will have a signifi cant 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 3 , T 4  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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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 infl u-
ences the water demand, availability and quality. 
Changes in temperature and weather may affect 
the quality, quantity and distribution of rainfall, 
snowmelt, river fl ow 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 signifi cant 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-fi rst 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 diffi cult. 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 

water scarcity predicted in the future, strategies have to be developed to 
improve water-use effi ciency and conservation for diversifi ed 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  
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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 Effi ciency 

 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 

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 fi nal water content in a fi n-
ished product is signifi cantly 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 fl ow 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 6.1    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 l/day  l/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  82.7 
 2050  1,151  822  219  2,192  155.4 
  USA  
 2000  542  605  166  1,313  582.7 
 2050  315  665  187  1,167  484.6 

  Source: CITAAI ( 2005 )  

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

 Product  World average virtual water content (l/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 infl ow 

into the reservoirs due to increase in the 
number of heavy rain days   

   (b)    Stagnation of circulation in reservoir due to 
global warming   

   (c)    Increased risk of toxic chemicals in raw 
water due to increase in vermin   

   (d)    Increased production of trihalomethane due 
to water temperature rise   

   (e)    Increased risk of pathogenic microorganisms 
in tap water due to water temperature rise      

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 .

  Fig. 6.1    Impact of climate change on water sources for livestock in arid and semiarid regions of Rajasthan, India       
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   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 2 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 2 O) 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 

   Table 6.4    Drinking water requirements (l/animal/day)   

 Species  Physiological condition 
 Average 
weight (kg) 

 Air temperature °C 

 15  25  35 

 Water requirements 

 Cattle  African pastoral system, lactating – 2 l 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 l milk/day  680  102.8  114.8  126.8 

 Goat  Lactating − 0.2 l milk/day  27  7.6  9.6  11.9 
 Sheep  Lactating − 0.4 l milk/day  36  8.7  12.9  20.1 
 Camel  Mid lactation − 4.5 l milk/day  350  31.5  41.8  52.2 
 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 )  
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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 signifi cant. 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 fl uid 
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 microfl ora 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-II 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 .  

    Table 6.5    Effect of water restriction on reproductive performance of Malpura ewes   

 Parameters  G-I  G-II  G-III  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  17.3 ± 0.45 
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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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  Fig. 6.2    Effect of intermittent water supply on production performance of Chokla ewes       
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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 
fi rm 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 
(El-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 microfl ora (Jaber et al. 
 2013 ). Water stress reduces the urine output and 
produces dry faeces. This occurs under the infl u-
ence of vasopressin, which increases water reab-

sorption (Olsson et al.  1997 ). Through the course 
of water deprivation, glomerular fi ltration slows 
down and reabsorption of urea is higher in kid-
neys (Jaber et al.  2013 ). It is refl ected 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 infl uence the creatinine 
levels (Caldeira et al.  2007 ; Kataria and Kataria 
 2007 ). Another infl uencing factor is higher kid-
ney retention because of reduced glomerular 
 fi ltration. Actually, these factors are related to 
protein N intake defi ciency 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 (Cl − ) 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 fl ow 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 
et al.  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 fl uid, Cl −  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 ). Cl −  
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 2  (Srikandakumar et al. 
 2003 ).  

6.7.9     Endocrine Profi le 

 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 (T 3 ) 
and thyronine (T 4 ), 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 3  
and T 4  level decreases in water-restricted 
 animals (Jaber et al.  2011 ). The reason of 
reduced T 3  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 fl uid were observed in 
pregnant Chokla sheep with intermittent 
 watering (72 and 96 h) (More and Sahni  1980 ). 
Decreased glomerular fi ltration and increased 
plasma osmolarity and Na +  concentration were 
found in pregnant 30 h dehydrated goats (Olsson 
et al.  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-
nifi cant 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 defi cit (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 Cl −  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 β-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-

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 

   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 
 Buffalo  108–203 

  Source: Macfarlane et al. ( 1963 )  
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and fl uorides. 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 2 ) is ten times 
more toxic than nitrate (NO 3 ). 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.  

  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  Fair  Poor  Limit 

 Humans  0–800  800–1,600  1,600–2,500  2,500–4,000  5,000 
 Horses – working  0–1,000  1,000–2,000  2,000–3,000  3,000–5,000  6,000 
 Horses – others  0–1,000  1,000–2,000  2,000–4,000  4,000–6,000  10,000 
 Cattle  0–1,000  1,000–2,000  2,000–4,000  4,000–6,000  10,000 
 Sheep  0–1,000  1,000–3,000  3,000–6,000  6,000–10,000  15,000 
 Chickens and poultry  0–1,000  1,000–2,000  2,000–3,000  3,000–5,000  6,000 

  Source: Boyles et al. ( 1988 )  
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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 effi ciency 
and conservation for a diversifi ed 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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 7      Impact of Climate Change 
on Forage Availability 
for Livestock 

           Kandalam     Giridhar      and     Anandan     Samireddypalle   

    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 fl uctuating water 
availability due to changing precipitation patterns. The interplay among 
these factors will decide the actual impact on plant growth and yield. 
Elevated CO 2  levels are likely to promote dry matter production in C 3  
plants more as compared to C 4  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 fl uctuations 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.  

  Keywords  

  Climate change   •   Forage yield   •   Forage quality   •   Livestock  
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7.1         Introduction 

 The recently released fi fth 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:

•    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  

•   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  

•   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 suffi cient 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 infl uences 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, desertifi cation, droughts, widespread 
degradation, climate change, etc. As a result of 
overgrazing, salinization, alkalization, acidifi ca-
tion, and other processes (FAO LEAD  2006 ), the 
grasslands are reported to be degraded to a great 
extent and this fi gure 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 2  enrichment is least questioned and has little 
spatial variation. For the fi rst time in the 
Holocene, the atmospheric CO 2  concentration 
exceeded 400 parts per million in the year 2013. 
Rising CO 2  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 2  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 (Rötter and van de Geijn  1999 ) leading to 
improved crop yield, even in conditions of mild 
water stress. The effect is much larger for C 3  
plants, but there is also a small effect for C 4  
plants. Numerous studies conducted in the past 
four decades have clearly shown that plant bio-
mass and yield tend to improve signifi cantly 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 2  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 2  brought about by the climate 
change and the changes in herbage quality, with 
changing concentrations of water-soluble carbo-
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hydrates and N at given dry matter yields 
(Thornton et al.  2007 ). Between C 3  and C 4  spe-
cies, in most cases C 3  have higher forage quality 
and it is predicted that the global warming due to 
climate change will favor C 4  species over temper-
ate C 3  species (Howden et al.  2008 ), thereby 
leading to loss of forage quality and lowering of 
livestock productivity. Hatfi eld et al. ( 2011 ) car-
ried out a meta-analysis of numerous greenhouse, 
growth chamber, and fi eld studies to confi rm 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 3  species and by 
10 % in C 4  species. 

 The plant responses to future CO 2  concentra-
tions are obtained from the studies that have 
experimentally increased CO 2  and then compared 
with the performance of the plants grown under 
current ambient CO 2  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 2  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 2  in the fi eld 
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 2  enrichment. Long et al. ( 2006 ) sug-
gested that results from FACE studies, carried out 
under more realistic conditions, indicate that the 
CO 2  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 2  
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 2  enrichment induces signifi -
cant increase in the light-saturated CO 2  uptake, 
the diurnal photosynthetic rate, and the instanta-

neous transpiration effi ciency. 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 4  plants are much lower 
than in C 3  plants and the dry matter increase was 
20 % for C 3  plants and nonsignifi cant for C 4  
plants. The differential response of C 3  plants is 
due to the unsaturated photosynthesis at the cur-
rent CO 2  concentration. C 4  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 2  at the locations 
within the leaf where the rubisco enzyme medi-
ates incorporation of CO 2  by the Calvin-Benson 
photosynthetic cycle. As CO 2  concentrations are 
already high within the bundle sheath cells of C 4  
plants, elevated atmospheric CO 2  concentrations 
have limited benefi t on the photosynthetic rates 
for C 4  species. The dry matter production of 
legumes improved by 24 % and that of C 3  grasses 
by 10 % under elevated concentrations of CO 2  
(Ainsworth and Long  2005 ). Legume crops, 
belonging to the botanical family Fabaceae, may 
respond well to elevated CO 2  with increased pho-
tosynthesis and growth (Rogers et al.  2009 ). 
Under elevated CO 2  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 benefi ts. In FACE 
experiments, soybean, a legume crop, has shown 
a greater response to elevated CO 2  than wheat 
and rice for photosynthesis and overall growth 
(Long et al.  2006 ). The effects of elevated CO 2  on 
plants can vary depending on other environmen-
tal factors like nutrient supply from the soil. 
Across studies using all types of CO 2  fumigation 
technologies, there is a lower enhancement of 
biomass production by elevated CO 2  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 2  to a lesser extent under 
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low nitrogen than under high nitrogen (Ainsworth 
 2008 ). Since elevated CO 2  levels improve the 
water-use effi ciency 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 2  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 benefi cial effect of elevated carbon 
dioxide on water-use effi ciency 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 
effi ciencies. 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 fi nal 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 2  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 2  when nitrogen is scarce. At elevated CO 2  
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 (Hatfi eld et al.  2011 ). The review of 
model projections by IPCC indicated that moder-
ate warming in the fi rst half of this century is 
likely to benefi t 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 benefi cial 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-fi rst 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 profi tability 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 fi lling 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 suffi cient 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 defi cit of at 
least 25 % (Coret et al.  2005 ). They also reported 
the shortening of the maturity period of spring 
wheat resulting in a signifi cant 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 benefi cial effects on crop 
yields in temperate regions corresponding to 
local mean temperature increases of 1–3 °C and 
associated CO 2  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) 
modifi cation of weed, insect, and disease inci-
dence; (3) fi eld response of crops to elevated CO 2  
concentration; and (4) interactions of climate and 
management variables with elevated CO 2.  

 Increased temperatures increase lignifi cation 
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 

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 signifi cantly 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 amplifi cation 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 fl uctuations 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 infl uence 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 diffi cult 
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. 

K. Giridhar and A. Samireddypalle



103

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 
signifi cant 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 defi cits 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 fl oods 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 signifi cant decrease in the forage 
yield (Seligman and Sinclair  1995 ). Similarly, 
fi eld fl ooding 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 fl ooding. 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 fl atten the crops, causing signifi -
cant damage to the yield.  

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 unmodifi ed 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 3  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 
signifi cant 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 2 , 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, 

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 2  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 signifi cantly for cocklebur 
and decreased signifi cantly for sorghum. He con-
cluded that vegetative growth, competition, and 
potential yield of economically important C 4  
crops could be reduced by co-occurring C 3  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 signifi cantly in the crops but only mar-
ginally in the weed due to water defi cit. 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, fl oods, 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 
fl oods, 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 specifi c developmental stages, such as 
temperature thresholds during fl owering, or by 
making the timing of fi eld applications more dif-
fi cult, thus reducing the effi ciency 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 defi cits 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-
nifi cant reduction in phenological cycle of grass 
meadows as well as crops signifi cantly 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 signifi cant 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 

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 intensifi ca-
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 signifi cant 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 diffi cult 
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 signifi cant 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 4  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-

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 2  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. IPCC 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 defi cits 
ranging from 30 to 60 % in France (COPA 
COGECA  2003 ). As per the projections of the 
IPCC AR5, 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 

concentration as the woody plants have a photo-
synthetic metabolism and carbon allocation pat-
terns that are responsive to CO 2 , 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 
classifi ed 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 fl uctuating precipitation, 
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crop production will decrease in the future due to 
diminished water availability from reduced 
stream fl ows, 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 effi ciency 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-
fi ts 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 2  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, fi re 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 benefi ts in terms of produc-
tion and profi t when compared with single 

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 effi cient 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 defi cits and recurring droughts. 
Diversifi cation 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, diversifi cation 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 confl icts 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 diversifi cation, 
building confl ict management institutions and 
drought mitigation systems with early forecast 
and safety nets, capacity strengthening of pasto-
ralist group to engage on policy issues, and fi nan-
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 
diffi cult 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 diversifi ed 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 intensifi cation 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-

tion systems are oriented not only to achieve the 
desired resilience but remain sustainable and sig-
nifi cantly contribute to the food security.     
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 8      Impact of Climate Change 
on Livestock Disease Occurrences 

           Serge     Morand    

    Abstract  

  The fi rst 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 specifi c 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 0  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.  

  Keywords  

  Climate variability   •   El Niño Southern Oscillation   •   Environmental niche 
modelling   •   Zoonotic diseases   •   Teleconnection epidemiology  

mailto:serge.morand@univ-montp2.fr


114

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-
nifi cant 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 ; 
McIntyre et al.  2010 ; Guis et al.  2011 ). Moreover, 
most of these studies concern zoonotic diseases, 
while few have specifi cally focused on livestock 
diseases (Guis et al.  2011 ). 

 The fi rst 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 briefl y introduce the new modelling tools that 
can help predict diseases’ occurrences in space 
and in time in relation to climate variability and 
change.  

8.2     Why Climate Change Should 
Affect Disease Occurrences 

 Obviously, the attribution of disease occurrences 
to climate change needs to be confi rmed 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 diffi culty 
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 quantifi cation diffi cult, 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 diffi culty of 
fi nding a simple causal link between disease 
spread and climate change. The fi rst 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 diffi cult 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 confi rmed 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 
infl uence 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-
fi ned 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 infl uenza, 
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 Niño Southern Oscillation) 
(Baylis et al.  1999 ; Kovats  2000 ; Gagnon et al. 
 2001 ,  2002 ; Anyamba et al.  2002 ) or to the NAO 
(Hubálek  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 (El Niño) phase of the El Niño 
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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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 Niña 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 

  Fig. 8.1    Climate disease teleconnection: a working example using cattle trypanosomiasis in China       

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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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 

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 stratifi cation 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 fi lovirus 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 
specifi cally 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 fi nding 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. 

Administration) (  http://www.esrl.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.

Box 8.1 (continued)

S. Morand

http://www.esrl.noaa.gov/psd/data/climateindices/list/#mei
http://www.esrl.noaa.gov/psd/data/climateindices/list/#mei
http://www.r-project.org/
http://www.r-project.org/


119

 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 0  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 0 , 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 infl uencing 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.   

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. 

8.5.1     Scenarios of Livestock 
Diseases Linked to Climate 
Change 

 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 fi ll 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 
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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 
signifi cance of studying the impact of multiple stresses impacting live-
stock production simultaneously. The different adaptive means by which 
livestock respond to fl uctuation 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 effi ciency, and metabolic and immune 
response of animals which fi nally 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 

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 profi tability by lowering feed effi ciency, 
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 milieu  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 res ponses, 
the adaptability of a particular livestock may be 
studied, and environmental modifi cation 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 fi rst 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 signifi cant 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 signifi cant rela-
tion with the fl uctuation 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 ).  

9 Adaptive Mechanisms of Livestock to Changing Climate



126

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 suffi cient 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 effi ciency 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 

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 signifi cantly 
(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 10–40 % 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.  

9.5     Metabolic and Hormonal 
Response to Adaptability 

 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 4 , T 3 , 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 
nonesterifi ed free fatty acid (NEFA) levels and 
reduce insulin sensitivity and thus decrease mus-
cle glucose uptake. 

 The T 3  and T 4  are the calorigenic hormones 
which fl uctuate different cellular processes in the 
body. The animals exposed to thermal stress have 
reduced level of T 3  and T 4 , and this reduced level 
of T 3  and T 4  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 
effi ciency 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 infl uenced by 
stress, and it is frequently used to assess the 
energy status of animals (Macrae et al.  2006 ). 
During stress, animals fulfi l 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-
fi ed 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 refl ected 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 β-carotene as they act 
as vital antioxidant. Besides these, different 
metalloenzymes, viz. glutathione peroxidase 

(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 detoxifi cation 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 2 O 2 ) due to increased activity of SOD 
and GPX. GPX is a selenium-dependent antioxi-
dant enzyme. It converts H 2 O 2  to water. The 
increased production of H 2 O 2  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 2 O 2 . 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 2 O 2 . Kumar ( 2005 ) observed 
a signifi cant 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 signifi cant 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 fi nding, Verma et al. 
( 2000 ) observed a signifi cant 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 
identifi cation 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 ). 
Identifi cation 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 fl ow 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 ).  

9.7     Female Reproduction, Heat 
Stress and Adaptability 

 The heat stress drastically affects animals’ repro-
ductive effi ciency 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 fl uctuating the 
oestrogen and progesterone ratios which in turn 
affect the intensity of sexual behaviour, oviduct 
and uterus microenvironment and fi nally develop-
ment of embryo. Several research fi ndings 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 
infl uenced 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 infl u-
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 
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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.  

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 fl uid, 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 effi ciency. 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 refl ects 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 defi nes 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.  

9.9     Milk Production, Heat Stress 
and Adaptability 

 Heat stress can impact animal production and 
profi tability 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 fl ow, 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 

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-
nifi cance as they infl uence the quality of the milk 
for cheesemaking. 

 High ambient temperature appears to have a 
more marked infl uence 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 
ribofl avin. 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 
fl uctuations (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 

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 (α- and β-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 α- and β-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 modifi cation 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 
fi bre 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 fi ltration 
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 fi ne 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 infl uencing the humidity 
and temperature level in different geographical 
areas, and during the twenty-fi rst 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 
fl uctuation 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 
profi tability of animals by changing the physico- 
biochemical and hormonal profi le of animals. 
In addition to this, adverse climatic condition 

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 refi ned 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 (CO2), methane (CH4), nitrous
oxide (N2O), and halogenated compounds on the environment. These
GHGs are generated by humans and human-related activities. Carbon
dioxide, CH4, and N2O are the principal sources of radiative forcing (Fifth
IPCC Report of 2013). Interestingly, livestock contributes to climate
change through emissions of CO2, CH4, and N2O into the atmosphere.
Globally, the livestock sector directly and indirectly contributes 18 % (7.1
billion tonnes CO2 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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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-à-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 Fröhlich
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

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 CO2-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
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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, itwill bringaboutnumerous 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

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

10  Global Warming: Role of Livestock
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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 (CH4) 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 σ × T4,
where σ is the Stefan–Boltzmann constant
(5.67×10−8 J m−2 K−4 s−1) 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

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, CH4, and nitrous oxide. In addition
halogenated organic compounds (of which CFCs
are a subset), SF6, 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 CO2. Table 10.1 describes the GWP and
lifetime of GHGs.

Table 10.1 Global warming potential and lifetime of
GHGs

GWP values and
lifetimes of GHGs

Lifetime
(years)

GWP time horizon

20 years 100 years

CH4 12.4 86 34
HFC-134a 13.4 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: IPCCAR5 (2013)
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10.3.1	 �Carbon Dioxide (CO2)

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 CO2 associated
with human activities are small when compared
to natural fluxes of CO2 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

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 (CH4)

Methane (CH4) is the most abundant well-mixed
greenhouse gas after carbon dioxide. The pres-
ence of CH4 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 CH4. The current global
average atmospheric concentration of CH4 is
1,720 ppbv, more than double its preindustrial
value of 700 ppbv (Bolle et al. 1986). In contrast
to carbon dioxide, CH4 is removed from the
atmosphere via chemical reaction with hydroxyl
(OH) radicals. CH4 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 CH4 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 CH4 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 CH4 flux, while
anthropogenic sources account for the remaining
70 %. Natural sources are estimated to contribute
a total of approximately 160 teragrams (Tg)
(CH4) year−1 (1 Tg=1012 g, 1,000 Tg=1Gt). The
largest natural sources are wetlands, termites,
and oceans which emit 115, 20, and 10 Tg(CH4) 
year−1, 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(CH4) year−1, respectively, for a total anthropo-
genic contribution of 375 Tg(CH4) year−1. The
identified sources total approximately 535
Tg(CH4) year−1. Environment (natural and man-
made wetlands, enteric fermentation, and anaero-
bic waste processing) is the major source of CH4,
although emissions associated with coal and nat-
ural gas industries are also significant. The pri-
mary sink for CH4 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 (N2O)

Nitrous oxide (N2O) is the third most abundant
greenhouse gas in the atmosphere after CO2 and
CH4. The N2O 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 N2O 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 N2O, but extrapolating
measurements of N2O emissions from automo-
biles in roadway tunnels in Stockholm and

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 N2O in
the atmosphere has increased by approximately
16 % since preindustrial times. In addition to its
significance as a greenhouse gas, N2O is trans-
ported through the troposphere into the strato-
sphere where it reacts with O (1D) atoms to
generate NOx, becoming the source of strato-
spheric NOx. Notably, O (1D) atoms are electroni-
cally excited oxygen atoms. Natural sources of
N2O associated with emissions from soils and the
oceans are estimated to release 10.2 TgN year−1 
to the atmosphere. Anthropogenic emissions of
N2O 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−1. 
Photodissociation in the stratosphere is the major
(90 %) mechanism with which N2O is degraded
in the atmosphere. The remaining 10 % of N2O is
degraded through reaction with O (1D) atoms to
produce NOx. Enhanced N2O emissions from
agricultural and natural ecosystems are believed
to be caused by increasing soil N availability
driven by increased fertilizer use, agricultural
nitrogen (N2) fixation, and N deposition; and this
scenario may rationalize the steady increase in
atmospheric N2O over the last 150 years (Nevison
and Holland 1997). In addition to N availability,
soil N2O 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 (CHF3), HFC-134a (CF3CH2F),
and HFC-152a (CH3CHF2). 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 (CF4), sulfur hexafluoride (SF6), and
hexafluoroethane (C2F6), 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

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 C2F6 and SF6 are clearly

anthropogenic, and this is evident from their
higher concentration in the atmosphere. Analysis
of SF6 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 PFCs
and SF6 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 (SF6) is one of the most potent
greenhouse gases known. Its potency stems from
its intense absorption at 10.3 μm (969 cm−1) in 
the atmospheric window region and its extremely
long atmospheric lifetime of 3,200 years. SF6 is
present in small amounts in fluorites, and degas-
sing of these minerals provides a small natural
source of SF6 which results in a natural back-
ground concentration of 0.01 ppt. SF6 is a useful
industrial chemical used as an insulating gas in
electrical switching equipment. As a result of
anthropogenic emissions, the current level of SF6 
in the atmosphere is approximately 400 times
that of the natural background and increasing at a
rate of approximately 0.2 ppt year−1 (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 SF6 
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 (O3)

Currently, tropospheric ozone (O3) is the fourth
most important greenhouse gas after CO2, CH4,
and N2O. It is a product of photochemistry, and
its future abundance is controlled primarily by
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emissions of CH4, carbon monoxide (CO), nitro-
gen oxides (NOx), and volatile organic com-
pounds (VOC). The model assessment of the
increase in tropospheric O3 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 CH4 
abundance doubles and anthropogenic CO and
NOx emissions triple, the tropospheric O3 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 O3 has increased from a global mean
value of 25 DU (where 1 DU=2.7×1016 O3 mol-
ecules/cm2) 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 bymodifying 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

amount of sulfates in the atmosphere have pro-
duced a negative forcing of −0.5 W m−2 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 dioxideUNEP andWMO2011.
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 CO2 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,
CH4 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−2. 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

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 – 4Wm−2,
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

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, CH4, and
nitrous oxide. Globally, the sector contributes
18 % (7.1 billion tonnes CO2 equivalent) of
global greenhouse gas emissions. Although it
accounts for only 9 % of global CO2, it generates
65 % of human-related nitrous oxide (N2O) and
35 % of CH4, which have 296 times and 23 times
the global warming potential (GWP) of CO2,
respectively. CH4 emissions mostly occur as part
of the natural digestive process of animals
(enteric fermentation) and manure management
in livestock operations. CH4 emissions from live-
stock are estimated at about 2.2 billion tonnes of
CO2 equivalent, accounting for about 80 % of
agricultural CH4 and 35 % of the total anthropo-
genic CH4 emissions. Nitrous oxide emissions
are associated with manure management and the
application and deposition of manure. Indirect
N2O 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 N2O emissions
(2.2 billion tonnes of CO2 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-
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bution of CO2 emissions from the livestock sector
is estimated at 2.7 billion tonnes of CO2. 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
2006a, 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 CH4 that represents
about >25 % of the annual anthropogenic (man-
made sources) CH4 emitted into the atmosphere
with global dairy sector contributing 2.7–4 % of
the total anthropogenic GHG emissions (FAO
2010). However, ruminants release CO2 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). 
CO2 emissions from livestock are considered 
as part of the continuous cycling biological 
system where plant matter that had once seques-
tered CO2 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 CO2 quantities are considered
equivalent, thus making livestock a net zero
source of CO2.
FAO (2006a) developed the concept of

Livestock’s Long Shadow (LLS) which is a life

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 CH4 directly as a
by-product of digestion via enteric fermentation
(i.e., fermenting organic matter via methanogenic
microbes producing CH4 as an end product)
(Jungbluth et al. 2001). CH4 and N2O 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, CO2 emis-
sions during production of fertilizer for feed pro-
duction, and CO2 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” LCAof 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.

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
CO2, CH4, and N2O, respectively (Steinfeld et al.
2006).

10.6.1	 �Enteric Fermentation and Its 
Significance to Global 
Warming

The rising concentration of CH4 is correlated
with increasing populations, and currently about
70 % of CH4 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 CH4, a
potent greenhouse gas that can contribute to
global climate change. Globally, ruminant live-
stock produce about 86 million metric tons of
CH4 annually, accounting for about 28 % of
global CH4 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 CH4 produc-

tion occurs in the reticulorumen. Rectal emissions
account for about 2–3 % of the total CH4 emis-
sions in sheep or dairy cows (Murray et al. 1976; 
Muñoz et al. 2012).
The CH4 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, CH4 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
CH4 is produced in the rumen and hindgut of ani-
mals by methanogenic archaea. In animal pro-
duction sector, as much as 95–97 % of CH4 
comes from ruminants (Johnson andWard 1996). 
CH4 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 H2 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 H2-utilizing bacteria
(e.g., methanogens) is called “interspecies

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

Categories of emission
Contribution (Tg
CO2-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
cultivated soils

230

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

Source: Steinfeld et al. (2006)
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hydrogen transfer” (Ianotti et al. 1973). Some
physical associations between fermentative spe-
cies (H2 producers) and H2 users may facilitate
interspecies transfer in the rumen. Attachment of
methanogens to the external pellicle of protozoa
has been reported by Krumholz et al. (1983) and
Stumm et al. (1982). In the rumen, formation of
CH4 is the major way of hydrogen sink through
the following reaction:

	 CO H CH H O2 2 4 24 2+ → + 	

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 H2 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 CH4 
(Hegarty et al. 2007). In the absence of protozoa,
rumen CH4 emissions are reduced by an average
of 13 %, but this varies with diet. Decreased CH4 
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 CH4 for-
mation in ruminants (Poulsen et al. 2013).
Domestic nonruminant herbivore animals

(horses, donkeys, mules, and hinnies) also pro-
duce CH4 as a result of fermentation processes in
their hindgut. Hindgut fermenters, however, do
not produce comparable CH4 per unit of

fermented feed as ruminants, perhaps due to
availability of hydrogen sinks other than CH4 
(Jensen 1996) and lower absolute amounts of H2 
produced due to digestion of feed in the small
intestine before entering the hindgut. The
Intergovernmental Panel on Climate Change
(IPCC 2006) assumed CH4 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

CH4 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 CH4 emissions
from wild ruminants (bison, elk, and deer) for the
contiguous United States were estimated at about
6 Tg CO2- equivalents (CO2e)/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 CO2e/
year, depending on the assumed size of the bison
population, which is about 86 % of the present-
day CH4 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 noCH4 (Kempton
et al. 1976). Recent data byMadsen and Bertelsen
(2012), however, reported wallabies produce CH4 
at a rate of about 1.6–2.5 % of their GE intake
(GEI), which is about one-third of the expected
CH4 emission from ruminants consuming a simi-
lar diet. The composition of the animal feed is a
crucial factor in controlling CH4 emissions (Van
Caeseele 2002). Hence, poor diets of ruminant
farm animals in developing countries lead to rela-
tively large emissions of CH4.

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 CH4 via anaerobic decomposition
of manure and N2O 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 CH4 and solid
systems producing both CH4 and N2O. In rumi-
nant production systems, enteric CH4 production
is the largest contributor to GHG emissions fol-
lowed by CH4 from manure and in beef feedlot
systems, N2O from pen surface, and N2O emis-
sions from soils. Emissions from nonruminant
livestock systems are less than that of ruminants
and are mostly CH4 and N2O 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 CO2-eq./year.
Methane emissions from manure storage were

estimated to be 470 million tons (Mt) CO2e/year
in 2010 with an expected 11 % increase by 2020,
while N2O emissions from fertilizer use, manure
application, and deposition by grazing livestock
were estimated at 2,482 Mt CO2e/year with an
expected 18 % increase by 2020 (USEPA 2006). 
Whereas N2O emissions from manure applica-
tion on the soil are a major contributor to total
GHG emissions from agriculture (Davidson
2009), N2O from animal waste represents
30–50 % of the global agricultural emissions

(Oenema et al. 2005). Both CH4 and N2O are
potent GHG with global warming potentials
(GWP) of 25 and 298 kg CO2e/kg, respectively
(Solomon et al. 2007).
Majority of the CH4 emission from manure is

produced under anaerobic conditions during stor-
age, while very little is produced following land
application. Manure produces less CH4 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 CH4 emission are centered on preventing
anaerobic conditions during storage or capturing
and transforming the CH4 that is produced, if
anaerobic conditions are present, into useful
products such as cook gas. Data summarized by
Chianese et al. (2009) indicate average CH4 emis-
sions from covered slurry, uncovered slurry, and
stacked manure to be 6.5, 5.4, and 2.3 kg/m2 per
year although rates vary with temperature and
time in storage.
A major factor influencing N2O 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
N2O 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 N2O. These
processes are transient, depending on the amount
and form of available N (NH4+ or NO3−), soil oxi-
dation–reduction potential, degradable C sources,
soil temperature, water content, and microbial
population (Cavigelli and Parkin 2012). 
Denitrifying organisms can further reduce N2O to
N2 at rates dependent on soil conditions, with
multiple factors controlling the ratio of N2O to N2 
produced. The fraction of N completely reduced
to N2 also increases as soil water content
approaches saturation. Nitrous oxide can also be
produced indirectly when manure N is lost
through volatilization as NH3, NO, and nitrogen
dioxide (NO2) 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 andHuschka 2001;Hoekstra
et al. 2007). This N can reenter the crop-produc-
tion cycle or be emitted as N2O or NH3 (Mosier
et al. 1998b). Direct N2O 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 N2O have been previously calculated between
0 and 5 % of N applied for manure (Jarecki et al.
2008). Indirect N2O 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, CH4 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 CH4 emissions from
rice farms account for approximately 60 Tg
CO2-eq./year (Verburg andVan 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 N2O from manure storage

are small when compared with CH4 emissions.
For N2O emissions to occur, manure must first be
handled aerobically where ammonium (NH4+) or
organic N is converted to NO3− and nitrite (NO2−) 
during nitrification and then handled anaerobi-
cally where the NO3− and NO2− are reduced to

elemental N (N2), with intermediate production
of N2O and nitric oxide (NO) through denitrifica-
tion (USEPA 2010). Most of the N2O 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 N2O (Tisdale
et al. 1993; USEPA 2010).
Although not a GHG, NH3 (and its ionized

form, NH4+) 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 NH4+ when the environ-
mental conditions (temperature, pH) are favor-
able. Ammonium N can be converted under
aerobic conditions to NO3−, 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 N2O 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 NH4+ content of cattle manure
(Thompson and Meisinger 2002).
The relationship between manure NH3 volatil-

ization andN2O 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 NH3 losses, the
preserved NH4+may later increase soil N2O 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, N2O formation
(USEPA 2010). Therefore, NH3 emission is con-
sidered an important component of the N2O 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), CH4 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 N2O 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

documented for various geographic locations
(Loh et al. 2008; Cole and Todd 2009). Most of
these losses are as ammonia (NH3), but N2O
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 CH4) in dairy
and pig operations has resulted in a relative
increase in CH4 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.

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 CO2-eq.year−1 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−2 per
year for the 2007 period, were approximately 191
million tonnes of CO2-equivalent carbon, or 700
million tonnes CO2e (McAlpine et al. 2009). This
represents more than 2 % of global GHG

emissions. The main cause is cattle ranching, and
in this case the link between land-use-change-
derived CO2 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 CO2-equivalent carbon, or
700 million tonnes CO2e (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 CO2 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
CO2-eq.year−1. 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
km2), Asia (2.0 million km2), and Latin America
(1.1 million km2) (FAO 2006a). The United
Nations Environmental Programme (UNEP)

V. Sejian et al.



159

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
CO2 (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
CO2-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-

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 CO2-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
CO2-eq.kg. The primary use of fertilizer in the
animal food chain is for the production of corn
(FAO 2006a). While N2O emissions occur natu-
rally via nitrification and denitrification, the
application of excess N increases the rate of N2O
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 CH4 emissions
(ammonium nitrate and ammonium sulfate
appear to inhibit CH4 formation) relative to
manure, while synthetic fertilizers have relatively
higher N2O emissions. Therefore, attempts to
reduce CH4 from manure sources may well
increase other emissions including N2O (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 CO2-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

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 CO2-eq./year equiva-
lent. Estimates from the United States do not
exist currently for CO2 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 CO2-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 CO2 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

FAOdevelopedaGlobalLivestockEnvironmental
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 CO2-eq. per annum. This quantity

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 twomain 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 CH4 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
manure

N2O 16.4

Fertilizer and crop
residues

N2O 7.7

Feed: rice CH4 0.4
Feed CO2 13.0
LUC: soybean CO2 3.2
LUC: pasture expansion CO2 6.0
Enteric fermentation CH4 39.1
Manure management CH4 4.3
Manure management N2O 5.2
Indirect energy CO2 0.3
Direct energy CO2 1.5
Post farm CO2 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.
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11.1	 �Introduction

In ruminant diet, carbohydrates represent the 
major source of energy needs for animal and 
rumen microorganisms. They account for 
70–80 % of the diet ingredients and are contained 
mainly in forages and cereal grains supplied with 
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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 
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energy and reductive equivalent. Then, the relationship between hydrogen, 
VFA and methane production has been reviewed, considering the role of
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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 

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 β-1,4-D-glucose 
linked through β-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 (20–40 % 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 β 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 (20–40 %), 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 

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−1 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, β-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 

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 α-D-glucose and 1  mol of 
β-D-fructose, which are the two constitutive 
monosaccharides bonded together by a 1, 
2-O-glycoside linkage. Similarly, fructans are
degraded to β-D-fructose and, to a lesser extent, 
to α-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 β-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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Structural carbohydrates

Starch

Glucose 1-P GlucoseGlucose 6-P

Fructose 6-P

Glycolysis

Pectins,
Hemicellulose

Pentoses Fructose

Cellulose

Saccarose,
fructans,

oligosaccharides

Non structural carbohydrates

Fig. 11.1  Scheme of the degradation of structural and nonstructural carbohydrates

Fig. 11.2  Scheme of the first phase of glycolysis: the energy investment
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Fig. 11.3  Scheme of the second phase of glycolysis: the energy gain

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 (ΔG), but the enzyme activ-
ity allows overcoming the initial energy barrier. 
Considering the whole reaction, the negative 
value of the free energy (ΔG=−16.7 kJ/mol)
makes this step irreversible. Hexokinase belongs 
to the family of transferase enzymes, and its 
activity depends on the presence of Mg2+ 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 ΔG 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 ΔG=−14.2 kJ/mol. This
step is not reversible and represents a crucial point 
of the glycolysis process, because both glucose 

	C H O NAD ADP P NADH pyruvate ATP H O Hi6 12 6 22 2 2 2 2 2 2 2+ + + → + + + ++ +

	 (11.1)
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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 (ΔG=+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)
(ΔG=+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 ΔG (−43 kJ/mol) of the oxi-
dation. The balance of the whole reaction allows to 
store energy as NADH and the final ΔG 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 Mg2+-
dependent transferase enzyme. The energy balance 
of the step is negative (ΔG=−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 DG kJ mol= +( )4 4. /  is a rear-
rangement of the 3-phosphoglycerate structure 

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 DG kJ mol= +( )1 8. /  that 
is transformed in pyruvate by the action of the 
pyruvate kinase enzyme (EC 2.7.1.40) (Mg2+ 
dependent). Since this reaction is strongly exer-
gonic DG kJ mol= −( )31 4. / , 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 
(CO2 and CH4) 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 CO2 and 
1 mol of H2, and this metabolic step is character-
ised by DG kJ mol= −( )130 / (Russell and
Wallace 1997). CO2 and H2 are the precursors of 
CH4 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). CO2 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 F420 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

enzyme (EC 2.8.4.1), which contains factor F430 
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 CO2 and 
4 mol of H2:

    C H O C H O CO H6 12 6 2 4 2 2 22 2 4→ + + 	 (11.2)

CO2 and hydrogen are further metabolised as 
methane by Archaea bacteria according to the 
following equation:

	 CO H CH H O2 2 4 24 2+ = + 	 (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 
β-hydroxybutyryl-CoA, catalysed by the enzyme 

Fig. 11.4  Scheme of acetate pathway via acetylphosphate
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β-hydroxybutyryl-CoA dehydrogenase (EC
1.1.1.157), which uses two hydrogen atoms by 
the oxidation of NADH. The next step is from
β-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).

In synthesis, the net balance for the complete 
fermentation of 1 mol of glucose to butyrate is

	 C H O C H O CO H6 12 6 4 8 2 2 22 2→ + + 	(11.4)

Considering the production of H2, 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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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).

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 
CO2 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

Fig. 11.6  Scheme of acetate and butyrate pathway
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Fig. 11.7  Scheme of propionate pathway via lactate and acrylate

Fig. 11.8  Scheme of propionate pathway via oxalacetate

11  Methane Emission from Enteric Fermentation: Methanogenesis and Fermentation



182

methylmalonyl-CoA mutase enzyme (EC
5.4.99.2) and methylmalonyl-CoA racemase (EC
5.1.99.1) with vitamin B12 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 CO2 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 O C H O O6 12 6 3 6 22 2→ + [ ] 	

(11.5)

Considering the stoichiometry of VFA pro-
duction, the acetate synthesis contributes to the 
formation of 2 mol of CO2 and 4 mol of H2 per 
mole of glucose fermented; since methanogens 
use 1 mol of CO2 and 4  mol of H2 to produce 
CH4, the acetate pathway releases 1 mol of CO2 
and 1 mol of CH4 per mole of fermented glucose. 
The butyrate results in 1.5 mol of CO2 and 
0.5 mol of CH4 per mole of fermented glucose, 
while propionate does not contribute to CH4 pro-
duction because it does not result in a net produc-
tion of H2 and CO2. 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, H2 and 
CO2 are the main gas produced during rumen fer-
mentation of structural carbohydrates, and they 
are readily used by methanogens bacteria to pro-
duce CH4 and H2O, 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 H2 sink. 
As regards the first aspect, methanogens bacteria 
may use formate, acetate, methanol, 

methylamines, methylated sulphides and 
short-chain alcohols as electron donor in CO2 
reduction as an alternative to H2 (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 CH4 emission by 
ruminants under different feeding conditions. 
However, from a thermodynamic standpoint, the 
methanogenic processes based on the use of H2 
coupled with formate or CO2 as substrates are the 
most favourable, accounting for a ΔG=−145 kJ
and −135 kJ, respectively. The other substrates
reported above are characterised by a less favour-
able ΔG 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 H2 sink, some rumen microorganism may 
compete with methanogens bacteria for the use 
of H2 (Jeyanathan et al. 2013). Reductive aceto-
genic bacteria compete with methanogens in the 
rumen for the use of H2, in the reduction of CO2 
to acetate. This pathway has been observed in 
several herbivores species, and it is considered as 
the main H2 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 ΔG is nearly
double of that estimated for reductive acetogen-
esis (−135 kJ vs. −72 kJ, Ungerfeld and Kohn
2006). Moreover, the H2 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 H2 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 CO2 and, therefore, 
may be considered as competitors of methano-
gens for H2 sink (Gibson et al. 1993). Taking into 
consideration the thermodynamic aspects and the 
substrate affinity, sulphate-reducing bacteria 
have a competitive advantage for H2 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 H2 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 H2 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 H2 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 CH4 production, and the degree of sat-
uration of fatty acids contained in the lipid sup-
plement is inversely proportional to the reductive 
effect on CH4 production (Giger-Reverdin et al.
2003).

11.5	 �Role of H2 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 H2, 
whereas amylolytic bacteria produce more pro-
pionate and less H2. 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 
CO2 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 H2 
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 H2 partial pressure in the rumen environ-
ment may actively regulate the fermentation 
pathways that use or produce H2. In general, there 
is equilibrium between H2 concentration in rumen 
liquor and CH4 and propionate production. When 
H2 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 
H2 formation becomes thermodynamically unfa-
vourable, and CH4 production per unit of fer-
mented feed decreases. Conversely, when H2 
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 CH4 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
et al. 2010). In general, when rumen pH decreases, 
rumen fermentation shifts toward propionate pro-
duction leading to increased utilisation of H2 and 
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thereby decreases the production of CH4 
(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 CH4 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
H2 concentration in the rumen increases resulting 
in a decrease of net H2 production by fermenta-
tive pathways and, thus, in a decrease of CH4 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 H2 sink toward propionate production 
instead of CH4. As described in the previous 
paragraph, in fact, propionate synthesis involves 
the use of H2 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 CH4 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 H2 to CH4 
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.

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 H2, whereas propionate path-
way uses H2, 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 CH4 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 CH4 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 Nozière
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 CH4 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 CH4 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 IPCC method overestimated the 
CH4 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 CH4 emissions.

11.7	 �Conclusions

Rumen fermentation of carbohydrates is strictly 
linked to methane emission, because H2 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 H2 available for CH4 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.

References

Alemu AW, Dijkstra J, Bannink A, France J, Kebreab E
(2011) Rumen stoichiometric models and their contri-
bution and challenges in predicting enteric methane 
production. Anim Feed Sci Technol 
166–167:761–778

Ankel-Fuchs D, Hüster R, Mörschel E, Albracht SPJ,
Thauer RK (1986) Structure and function of methyl-
coenzyme M reductase and of factor F430 in methano-
genic bacteria. Syst Appl Microbiol 7:383–387

Baldwin RL (1970) Energy metabolism in anaerobes. Am
J Clin Nutr 23:1508–1518

Baldwin RL, Allison MJ (1983) Rumen metabolism. J
Anim Sci 57:461–477

Bannink A, Kogut J, Dijkstra J, France J, Tamminga S,
Van Vuuren AM (2000) Modelling production and
portal appearance of volatile fatty acids in dairy cows. 
In: McNamara JP, France J, Beever D (eds) Modelling
nutrient utilization in farm animals. CABI Publishing, 
New York

Bannink A, Kogut J, Dijkstra J, France J, Kebreab E, Van
Vuuren AM, Tamminga S (2006) Estimation of the
stoichiometry of volatile fatty acid production in the 
rumen of lactating cows. J Theor Biol 238:36–51

Bannink A, France J, Lopez S, Gerrits WJJ, Kebreab E,
Tamminga S, Dijkstra J (2008) Modelling the implica-
tions of feeding strategy on rumen fermentation and 
functioning of the rumen wall. Anim Feed Sci Technol 
143:3–26

Boadi D, Benchaar C, Chiquette J, Masse D (2004)
Mitigation strategies to reduce enteric methane emis-
sions from dairy cows: update review. Can J Anim Sci
84:319–335

Chesson A, Forsberg CW (1997) Polysaccharide degrada-
tion by rumen microorganism. In: Hobson PN, Stewart
CS (eds) The rumen microbial ecosystem. Blackie,
London

Christophersen CT, Wright ADG, Vercoe PE (2008) In
vitro methane emission and acetate:propionate ratio 
are decreased when artificial stimulation of the rumen 
wall is combined with increasing grain diets in sheep. 
J Anim Sci 86:384–389

Demeyer DI (1991) Quantitative aspects of microbial
metabolism in the rumen and hindgut. In: Jouany P
(ed) Rumen microbial metabolism and ruminant
digestion. INRA Editions, Paris

Ellis JL, Dijkstra J, Kebreab E, Bannink A, Odongo NE,
Mcbride BW, France J (2008) Aspects of rumen
microbiology central to mechanistic modelling of 
methane production in cattle. J Agric Sci
146:213–233

Ellis JL, Bannink A, France J, Kebreab E, Dijkstra J
(2010) Evaluation of enteric methane prediction equa-
tions for dairy cows used in whole farm models. Glob
Change Biol 16:3246–3256

Fonty G, Joblin K, Chavarot M, Roux R, Naylor G,
Michallon F (2007) Establishment and development

11  Methane Emission from Enteric Fermentation: Methanogenesis and Fermentation



186

of ruminal hydrogenotrophs in methanogen- free 
lambs. Appl Environ Microbiol 73:6391–6403

France J, Dijkstra J (2005) Volatile fatty acid production.
In: Dijkstra J, Forbes JM, France J (eds) Quantitative
aspects of ruminant digestion and metabolism. CAB 
International, Wallingford

Gibson GR, Macfariane GT, Cummings JH (1993)
Sulphate reducing bacteria and hydrogen metabolism 
in the human large intestine. Gut 34:437–439

Giger-Reverdin S, Morand-Fehr P, Tran G (2003)
Literature survey of the influence of dietary fat com-
position on methane production in dairy cattle. Livest
Prod Sci 82:73–79

Hackmann TJ, Spain JN (2010) Invited review: ruminant
ecology and evolution: perspectives useful to ruminant 
livestock research and production. J Dairy Sci
93:1320–1334

Hespell RB (1988) Microbial digestion of hemicelluloses
in the rumen. Microbiol Sci 5:362–365

Janssen PH (2010) Influence of hydrogen on rumen meth-
ane formation and fermentation balances through 
microbial growth kinetics and fermentation thermody-
namics. Anim Feed Sci Technol 160:1–22

Jenkins TC, Wallace RJ, Moate PJ, Mosley EE (2008)
Board-invited review: recent advances in biohydroge-
nation of unsaturated fatty acids within the rumen 
microbial ecosystem. J Anim Sci 86:397–412

Jeyanathan J, Martin C, Morgavi DP (2013) The use of
direct-fed microbials for mitigation of ruminant meth-
ane emissions: a review. Animal 8:250–261

Johnson KA, Johnson DE (1995) Methane emissions
from cattle. J Anim Sci 73:2483–2492

Klieve AV, Ouwerkerk D (2007) Comparative greenhouse
gas emissions from herbivores. In: Proceedings of the 
7th international symposium on the nutrition of herbi-
vores, Beijing, China pp 487–500

Kolver ES, de Veth MJ (2002) Prediction of ruminal pH
from pasture-based diets. J Dairy Sci 85:1255–1266

Kotarski SF, Waniska RD, Thurn KK (1992) Starch
hydrolysis by the ruminal microflora. J Nutr
122:178–190

Le Van TD, Robinson JA, Ralph J, Greening RC,
Smolenski WJ, Leedle JAZ, Schaefer DM (1998)
Assessment of reductive acetogenesis with indigenous 
ruminal bacterium populations and Acetitomaculum 
ruminis. Appl Environ Microbiol 64:3429–3436

Lynd LR, Weimer PJ, van Zyl WH, Pretorius IS (2002)
Microbial cellulose utilization: fundamentals and bio-
technology. Microbiol Mol Biol Rev 66:506–577

Martin SA (1998) Manipulation of ruminal fermentation
with organic acids: a review. J Anim Sci
76:3123–3132

McDonald P, Edwards RA, Greenhalgh JFD, Morgan CA
(1995) Animal nutrition, 5th edn. Longman, Harlow

Mertens DR (1992) Nonstructural and structural carbohy-
drates. In: Van Horn HH, Wilcox CJ (eds) Large dairy

herd management. American Dairy Science 
Association, Champaign

Mills JAN, Kebreab E,Yates CM, Crompton LA, Cammell
SB, Dhanoa MS, Agnew RE, France J (2003)
Alternative approaches to predicting methane emis-
sions from dairy cows. J Anim Sci 81:3141–3150

Morgavi DP, Forano E, Martin C, Newbold CJ (2010)
Microbial ecosystem and methanogenesis in rumi-
nants. Animal 4:1024–1036

Morrison M, Miron J (2000) Adhesion to cellulose by
Ruminococcus albus: a combination of cellulosomes 
and Pil-proteins? FEMS Microbiol Lett 185:109–115

Moss AR, Jouany JP, Newbold J (2000) Methane produc-
tion by ruminants: its contribution to global warming. 
Ann Zootech 49:231–254

Nozière P, Ortigues-Marty I, Loncke C, Sauvant D (2010)
Carbohydrate quantitative digestion and absorption in 
ruminants: from feed starch and fibre to nutrients 
available for tissues. Animal 4:1057–1074

Offner A, Bach A, Sauvant D (2003) Quantitative review
of in situ starch degradation in the rumen. Anim Feed 
Sci Technol 106:81–93

Romano AH, Conway T (1996) Evolution of carbohydrate
metabolic pathways. Res Microbiol 147:448–455

Russell JB (2002) Rumen microbiology and its role in
ruminant nutrition, 1st edn. Cornell University, Ithaca, 
NY, US

Russell JB, Wallace RJ (1997) Energy-yielding and
energy-consuming reactions. In: Hobson PN, Stewart
CS (eds) The rumen microbial ecosystem. Blackie
Academic and Professional, London

Thauer RK (1998) Biochemistry of methanogenesis: a
tribute to Marjory Stephenson. Marjory Stephenson
Prize Lecture. Microbiology 144:2377–2406

Ungerfeld EM, Kohn RA (2006) The role of thermody-
namics in the control of ruminal fermentation. In: 
Sejrsen K, Hvelplund T, Nielsen MO (eds) Ruminant
physiology: digestion, metabolism and impact of 
nutrition on gene expression, immunology and stress. 
Wageningen Academic Publishers, Wageningen

Van Kessel JAS, Russell JB (1996) The effect of pH on
ruminal methanogenesis. FEMS Microbiol Ecol
20:205–210

Van Soest PJ (1994) Nutritional ecology of the ruminant,
2nd edn. Cornell University Press, Ithaca

Weimer PJ (1992) Cellulose degradation by ruminal
microorganisms. Crit Rev Biotechnol 12:189–223

Zebeli Q, Mansmann D, Steingass H, Ametaj BN (2010)
Balancing diets for physically effective fibre and rumi-
nally degradable starch: a key to lower the risk of sub-
acute rumen acidosis and improve productivity of 
dairy cattle. Livest Sci 127:1–10

Zinder SH (1993) Physiological ecology of methanogens.
In: Ferry JG (ed) Methanogens, ecology, physiology,
biochemistry and genetics. Chapman and Hall, 
New York

A. Buccioni et al.



187V. Sejian et al. (eds.), Climate Change Impact on Livestock: Adaptation and Mitigation,
DOI 10.1007/978-81-322-2265-1_12, © Springer India 2015

    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 signifi cant level. The livestock population, especially ruminants in 
particular, is responsible for emitting 16–20 % of the CH 4  to the atmo-
sphere. The enteric fermentation in ruminants is unique, carried out by the 
anaerobic microorganism, and culminates in the formation of CH 4 , 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 identifi ed livestock rearing systems are 
intensive, extensive and semi-intensive. In intensive system of rearing, the 
animals are confi ned 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 4  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 effi ciency, 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 4  production. A 
concerted effort has been put in this chapter to get an insight into the differ-
ent livestock rearing and feeding systems, CH 4  contribution from livestock 
and global warming, CH 4  production from different feeding systems and 
means to augment livestock production by reducing enteric CH 4  under dif-
ferent feeding regimens.  

  Keywords  

  Enteric methane   •   Extensive system   •   Feeding system   •   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 2 , CH 4 , N 2 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 4  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 fi brous 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 2 , H 2 , 
N 2 O and CH 4 . 

 The CH 4  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 4  emissions from ruminants as doing 
so would allow the animals to retain more energy 
and produce meat and milk more effi ciently. 
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 4  production; therefore, the 
feeding system plays an important role on enteric 
CH 4  production and, subsequently, its release to 
the atmosphere. Among the diverse factors asso-
ciated with enteric CH 4  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-
nifi cant portion of the nutrients are diverted 
towards production and less towards wastage and 
CH 4  emissions (Grainger and Beauchemin  2011 ). 
For instance, in concentrate-based feeding sys-
tem, a high-grain diet will result in less CH 4  per 

N.M. Soren et al.



189

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 signifi cant portion of CH 4  is pro-
duced by the animal from enteric fermentation if 
the grazing pasture is not managed scientifi cally 
(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 4  production. The impor-
tance of soil health and plant composition in the 
grazing pasture is paramount in ensuring lower 
CH 4  and better production effi ciency 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 4  production 
and ways of lowering enteric CH 4  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 
benefi t 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 fi rst 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 

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 Pacifi c 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 
signifi cant 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 confi nement 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-

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 signifi cant 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 confi nement; 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 
fi nished’ (Mathews and Johnson  2013 ). 

 Under intensive or specialised system of feed-
ing, the meat animals are raised in organised 
farms, and the fi nishing 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 signifi cant 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 fi nishing 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 affi nity 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 
effi ciently 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 confi ned 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/fi nishing involves intensive feeding of 
sheep and goats to slaughter weight with ade-
quate fi nish (fat deposit) in feedlots. Fattening/
fi nishing 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 fi nished. 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, sunfl ower cake, 
brewer’s grains, distillers’ grains and other simi-
lar feeds.   

12.4     Methane Production 
from Livestock vis-à-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 fi brous 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 2  and hydrogen. The quality of feeds, mainly 
the roughage which constitutes the major bulk 
of the ruminant’s diet, is responsible for CH 4  
emissions per unit of feed energy consumed by 
the animal. Accordingly, when poor quality of 

feed is fed to the ruminants, there will be higher 
CH 4  production per unit of product than better 
fed animals. 

 Ruminant animals contribute signifi cantly 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 4  as a by-product of fermentative 
digestion of feedstuffs in the rumen. Domestic 
ruminants are one of the important anthropogenic 
sources of CH 4 , contributing approximately 29 % 
of the total anthropogenic annual CH 4  production 
(Ripple et al.  2014 ). Approximately two-thirds of 
the total CH 4  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 signifi cant 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 2  
and hydrogen which are further reduced to CH 4 . 
As far as pseudo-ruminants (like horses, mule 
and donkeys) and monogastric animals (pigs) are 
concerned, the emissions of CH 4  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 4  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 effi ciency, the maintenance emissions 
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are spread out over a larger amount of production; 
therefore, the CH 4  emissions are lower per unit 
product. 

 In ruminants and pseudo-ruminants like 
camel, the major part of CH 4  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 fi brous plant material 
are broken down and fermented primarily to 
short-chain volatile fatty acids (VFA), CO 2 , 
hydrogen (H 2 ) and CH 4  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 2  with H 2 , 
and some methanogens use acetate and methyl 
group-containing compounds to produce CH 4 . 
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 effi ciently (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 fi brolytic fungi 
and bacteria, their co-association with methano-
gens allows effi cient removal of hydrogen, which 
facilitates continuous fi bre 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 purifi ed. These are 

 Methanobacterium formicicum ,  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 
infl uenced by diet and in particular by the fi bre 
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 classifi ed 
according to the amount of specifi c 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 fi bre (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 fi bre 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-
sifi ed 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, fl our, 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). 

12 Enteric Methane Emission Under Different Feeding Systems



194

 Protein-rich concentrates on the other hand 
can be classifi ed 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 fi sh processing 
plants. They may include meat meal, meat and 
bone meal, blood meal, feather meal, hatchery 
by-product meal, fi sh 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-
cifi c 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 fi bre content with lower digestibility 
of nutrients. Most roughages have high content of 

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 classifi ed 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 4  production in ruminants is a nor-
mal process, and major factors infl uencing 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 4  
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 fi bre 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 4  production, and diet has a prime role not only 
on methanogen numbers but also on CH 4  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 fi nely 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 4  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 infl uences the ratio of acetate to 
propionate in the rumen, and CH 4  emission 
decreases drastically from 6–12 % (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 4  vis-à-vis 
low concentrate to high roughage diet (Whitelaw 
et al.  1984 ). This lower CH 4  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 infl uence CH 4  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 4  production is also infl uenced 
by species of livestock; in general crossbred 
 cattle produce higher CH 4  than exotic breeds.  

12.4.3     Contribution of Methane 
from Livestock 

 In ruminants, CH 4  is produced normally during 
the course of digestion process, and these species 
are the major source of anthropogenic CH 4 , con-
tributing approximately 23 % (81 Tg of CH 4 ) of 
the total anthropogenic annual CH 4  production, 
which is the second largest source of anthropo-
genic CH 4 . The process of CH 4  production in 
ruminants is a complex microbiological anaero-
bic fermentation that breaks down cellulose and 
other macromolecules in the rumen, generating 
CH 4  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 4  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 4  than 
ruminants (Dittmann et al.  2014 ). 

 Several factors infl uence the enteric CH 4  
 emissions from ruminants, and they include daily 
dry matter intake, digestibility of feed, amount of 
fi bres 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 4  production. 
Similarly, animal species, breed and composition 
of the ruminal microbial population and rumen 
pH also affect CH 4  production. Therefore, rumi-
nants, when fed low-quality feed, have higher 
CH 4  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 4  per unit of 
product. In addition to the above, feed quality has 
an important impact on the level of CH 4  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 4  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 4  emission. Manures origi-
nating from the livestock are a major source of 
anthropogenic CH 4 . 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 liq-
uid manure) will contribute signifi cantly to 
higher CH 4 . 
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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 4  emission is 
likely to increase. The projected global enteric 
CH 4  emission from different livestock species 
will increase from 94.9 × 10 9  kg in 2010 to 
105 × 10 9  and 120 × 10 9  kg in 2025 and 2050, 
respectively (Patra  2014 ). The increase in the 
concentration of CH 4  will affect the environment 
in the long run. With this trend, GHG emission 
could reach 3,528 million tonnes CO 2  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 4  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 4  pro-
duction, and for this reason a sound understand-
ing of the fundamentals of feeding systems 
vis-à-vis enteric CH 4  production in ruminants is 
desired. The enteric CH 4  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 

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 4  production (Basarab et al.  2013 ), 
and the association between CH 4  emissions and 
the ratio of the various volatile fatty acids have 
been demonstrated in many of the studies aimed 
at lowering CH 4  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 4  is a characteristic of methanogenic 
archaea. The positive interaction of methanogens 
with other rumen microorganisms helps in 
enhancing the energy effi ciency 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. fl avefaciens ) and non-cellulolytic 
bacteria ( Selenomonas ruminantium ), protozoa 
and fungi (O’Mara  2004 ; Mirzaei-Aghsaghali 
et al.  2008 ). 

 When we deliberate on enteric CH 4  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 4  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 confi nement (Belfl ower 
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-
fi nement systems has potential implications on 
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both enteric CH 4  and total GHG emissions 
(Fredeen et al.  2013 ). 

12.5.1     Enteric Methane Production 
from Intensive Feeding 
System 

 The amount of enteric CH 4  emitted by farm ani-
mals depends on the feeding system on which the 
animals are being raised. The enteric CH 4  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 4  than their counterpart 
reared on extensive system or on pasture because 
the more fi brous the feed available to the animal, 
the greater the CH 4  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 4  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 4  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 fi brous forages, 
requiring less fermentation and thus resulting in 
less CH 4  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 4  
 production as many of the methanogenic 

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

 Feed ingredients  Scientifi c name  CH 4  (ml/g)  References 

 Grains 
   Maize   Zea mays   12.5  Personal communication 
   Bajra   Pennisetum typhoides   13.7  Personal communication 
   Jowar   Sorghum bicolour   13.1  Personal communication 
   Guar   Cyamopsis tetragonoloba   16.1  Personal communication 
   Barley   Hordeum vulgare   12.4  Personal communication 
   Oat   Avena sativa   6.87  Lee et al. ( 2003 ) 
 Cakes/meals 
   Soybean   Glycine max   7.14  Personal communication 
   Peanut   Arachis hypogaea   3.7  Personal communication 
   Sunfl ower   Helianthus annuus   8.22  Personal communication 
   Sesame   Sesamum indicum   9.4  Personal communication 
   Mustard   Brassica  spp.  4.5  Personal communication 
   Cottonseed   Gossypium  spp.  4.48  Personal communication 
   Palm kernel meal   Elaeis  spp.  3.93  Lee et al. ( 2003 ) 
   Coconut oilseed meal   Cocos nucifera   6.63  Lee et al. ( 2003 ) 
 Agro-industrial by-products brans/hulls 
   Rice bran   Oryza sativa   5.41  Personal communication 
   Wheat bran   Triticum aestivum   15.09  Personal communication 
   Soybean hull   Glycine max   11.12  Lee et al. ( 2003 ) 
   Cottonseed hull   Gossypium  spp.  0.86  Lee et al. ( 2003 ) 
   Lupin hull   Lupinus  spp.  8.66  Lee et al. ( 2003 ) 
   Corn gluten meal   Zea mays   6.56  Lee et al. ( 2003 ) 

  MPP values of common feedstuffs listed above are based on in vitro incubation of feedstuffs  
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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 Cieślak  2010 ). Feeding of high-grain diets to 
rapidly growing ruminants will yield less CH 4  
emission because of higher production of propi-
onic acid, and CH 4  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 4  production. Lowering of 
enteric CH 4  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 4  
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 4  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 4  emission 
(Johnson and Johnson  1995 ). Protein supplemen-
tation in the diets increased the nutrient digest-
ibility and signifi cantly decreased CH 4  production 
in rumen (Mehra et al.  2006 ). The higher effi -
ciency of energy utilisation is the most effi cient 
strategy to reduce CH 4  emission per kilogram of 
milk or meat in ruminants (Herrero et al.  2013 ). 

 If enteric CH 4  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 4  
than extensively raised animals for the same 
purpose. Grain-fi nished beef in Australia produced 
38 % less CH 4  than grass-fi nished beef (Peters 
et al.  2010 ), and although the total CH 4  emissions 
were higher from the area of the feedlot, the ani-

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 4  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 confi ned, inten-
sifi cation of pastures is technically unfeasible or 
unprofi table (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 4 . 
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 4  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 4  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 4  production. However, 
at high intake levels, the proportion of energy lost 
as CH 4  decreases as the digestibility of the diet 
increases (Johnson and Johnson  1995 ). Water- 
soluble carbohydrates (WSC) present in forage 
material affect the enteric CH 4  production in 
ruminants. There is also evidence that using clo-
vers and grasses with high WSC in animal diets 

can directly reduce CH 4  emissions (Lovett et al. 
 2004 ). It has been demonstrated that increasing 
the WSC content in perennial ryegrass by 33 g 
per kg reduces CH 4  production by 9 % in vitro 
(Rowlinson et al.  2008 ). Kurihara et al. ( 1997 ) 
reported a CH 4  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-fi bre carbohydrates could 
reduce CH 4  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 4  
produced under rumen-like conditions in the labo-
ratory. The gas production technique uses rumen 
fl uid as an inoculum, and the CH 4   produced 

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

 Feed ingredients  Scientifi c name  CH 4  (ml/g)  References 

 Straws 
   Jowar   Sorghum bicolour   9.79  Personal communication 
   Wheat   Triticum aestivum   7.86  Personal communication 
   Guar   Cyamopsis tetragonoloba   6.55  Personal communication 
   Barley   Hordeum vulgare   7.79  Personal communication 
   Groundnut   Arachis hypogaea   5.38  Personal communication 
   Paddy   Oryza sativa   2.42  Lee et al. ( 2003 ) 
 Fodder 
   Guar   Cyamopsis tetragonoloba   9.67  Personal communication 
   Groundnut   Arachis hypogaea   7.08  Personal communication 
   Jowar   Sorghum bicolour   4.39  Personal communication 
    Vigna    Vigna  sp.  3.89  Personal communication 
   Black gram   Vigna mungo   3.28  Personal communication 
   Bajra   Pennisetum typhoides   15.22  Personal communication 
 Tree fodders 
   Khejri   Prosopis cineraria   2.27  Personal communication 
   Ardu   Ailanthus excelsa   9.48  Personal communication 
   Neem   Azadirachta indica   6.07  Personal communication 
   Babool   Acacia nilotica   7.01  Personal communication 
   Siris   Albizia lebbeck   9.70  Personal communication 
   Mango   Mangifera indica   3.58  Personal communication 
   Indian rosewood   Dalbergia sissoo   10.44  Personal communication 
   Pala   Ziziphus racemosa   5.56  Personal communication 
 Pasture grass 
   Cenchrus   Cenchrus ciliaris   13.16  Personal communication 
   Sewan   Lasiurus sindicus   9.19  Personal communication 
   Mixed pasture grass  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 quantifi ed. Any method that 
can predict CH 4  output from specifi c feeds can be 
incorporated into a ration formulation system to 
enable the CH 4  output to be minimised (Tamminga 
et al.  2007 ). An adequate characterisation of feed-
stuffs is required for an effi cient ration formula-
tion in any livestock system. The addition of some 
measure of CH 4  potential for any basic feedstuff 
would be very valuable to enable other methods to 
be imposed to reduce CH 4  output, i.e. mixed diets 
could be formulated to minimise CH 4  production 
using a range of ingredients.

   Another important factor that can infl uence 
enteric CH 4  production in ruminants raised on 
pasture is the stage of maturity of forage. 
Improving the forage quality, either through 
feeding forages with lower fi bre and higher solu-
ble carbohydrates (changing from C 4  to C 3  
grasses) or even grazing less mature pastures, can 
lower CH 4  production (Beauchemin et al.  2008 ; 
Ulyatt et al.  2002 ) to a signifi cant level. Celluloses 
present in feedstuffs are more methanogenic than 
hemicelluloses, and it is reported to produce CH 4  
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 4  per unit 
of substrate digested (McAllister et al.  1996 ). 
Supplementation of leguminous forage in the diet 
of ruminants lowers CH 4  emissions partly due to 
lower fi bre 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 4  emissions (FAO 
 2010 ) in ruminants that are raised on pasture. 

 Forage species of grazing pasture also have a 
role in infl uencing enteric CH 4  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 fi bre and lignin, low levels of 
non-fi bre carbohydrate (Van Soest  1994 ) and 

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 4  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 h in a 
day and concentrates are supplemented after graz-
ing hours. Under this system of feeding manage-
ment, the enteric CH 4  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 fi bre digestion and intakes of rough-
ages, reduced wastes from unconsumed and undi-
gested feeds and increased animal productivity 
and effi ciency. Diets with a high proportion of 
concentrates will promote propionate type of 
ruminal fermentation and ultimately lower enteric 
CH 4  production from such animals. The ratio of 
forage to concentrate in the ration infl uences 
rumen fermentation so as the ratio of acetate to 
propionate in the rumen. It would therefore be 
expected that CH 4  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 4  production by ruminants is a waste-
ful process and results in wastage of 8–10 % of 
the feed energy. Decreasing the quantity of CH 4  
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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 effi ciency of feed/nutrient utilisation and pos-
sibly decrease production costs to a  signifi cant 
extent. One of the major outcomes of decrease in 
ruminal CH 4  production is an increase in the pro-
duction of propionate by the ruminal microbial 
residents. Because propionate is used by the ani-
mal more effi ciently 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 4  abatement 
have been dealt elaborately elsewhere in the book; 
however, some CH 4 -lowering strategies suitable 
for different systems are stated briefl y. 

12.6.1     Intensive Feeding System 

 Under intensive system of livestock feeding, sev-
eral strategies can be adopted to lower enteric 
CH 4  production from ruminants. If rumen fer-
mentation can be modifi ed 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 4  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 fi bre 
digestion and productivity and are reported to be 
mediated through alteration of the acetate to pro-
pionate ratio and had reduced CH 4  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 4  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 

for propionate production in the rumen, can act 
as an alternative H 2  sink, thereby lowering meth-
anogenesis. Supplementation of fumaric acid in 
the diet has been reported to lower enteric CH 4  
from 0 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 4  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 4  
emissions were calculated to be reduced by 5.6 % 
with each 1 % addition of fats (Beauchemin et al. 
 2008 ). A decrease in CH 4  production by fat sup-
plementation may be mediated through com-
bined infl uences 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 2  sink in the rumen 
(Bhatt et al.  2011 ). Oil supplementation in the 
diet can lower CH 4  production in the rumen, and 
in sheep a decrease up to 27 % has been reported 
(Fievez et al.  2003 ; Machmüller 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 Ionophore 
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 effi ciency of meat and milk pro-
duction. Their supplementations have also been 
shown to depress CH 4  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 4  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 

12 Enteric Methane Emission Under Different Feeding Systems



202

(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 2  for 
CH 4  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 4  emissions, primarily 
due to the decrease in the amount of H 2  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 4  emissions from ruminants on a concentrate- 
based diet, with CH 4  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 defi ned as ‘a live micro-
bial feed supplement that may benefi cially affect 
the host animal upon ingestion by improving its 
intestinal microbial balance’ (Fuller  1989 ). 
Probiotics are living microorganisms that confer 
health benefi ts 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 4  formation by 

10 %. Similarly, a 20 % reduction in CH 4  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 4  production to 
the extent of 50 % (Frumholtz 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 4  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 4  
production (g CH 4 /day), and generally, a strong 
positive relationship of DMI and CH 4  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 infl uence enteric CH 4  emissions. 
Perhaps the most promising pasture management 
strategy identifi ed 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 fi eld. 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 fi elds (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 benefi t may involve a reduction in GHG 
emissions, primarily enteric CH 4  production. 
Improved forage quality and animal health may 
reduce animal CH 4  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 effi ciency 
(enhancing protein metabolism, decreasing CH 4  
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 4  mitigation 
options (Kamra et al.  2008 ; Patra and Saxena 
 2010 ). These metabolites lessen CH 4  production 
through a direct effect on methanogens and/or 
elimination of protozoa, reduction of OM diges-
tion and modifi cation of fermentation in the 
rumen (Patra and Saxena  2010 ). In pasture-based 
systems, CH 4  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-

sis, fi rstly, 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 4  
production could also be mediated through the 
decrease in protozoal number. Tannin-containing 
forages and tannin extracts have been demon-
strated to decrease CH 4  production both in vitro 
and in vivo experiments. 

 Saponins are glycosides that occur in wide 
variety of plants. Saponins are natural detergents, 
chemically defi ned 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 (EO) 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 specifi c fl avours 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 4  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 4  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 smithii . 
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 .   

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 CH 4  produc-
tion will be higher. Some of the nutritional strat-
egies pertaining to the feeding system in 
question are as follows: 

12.6.3.1     Nutritional and Diet 
Management 

 Nutritional management includes feeding or 
 supplementation of quality forage to ruminants 
with lower fi bre and higher soluble carbohy-
drates, changing of tropical grasses (C 4  species) 
of the pasture to temperate type (C 3  species) or 
grazing less mature pastures that may be fruitful 
for reducing enteric CH 4  (Beauchemin et al. 
 2008 ). Addition of grains to a forage diet will 
increase the starch content, thus reducing fi bre 
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 fi bre 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 
effi ciency of digestion, while reducing CH 4  
production.  

12.6.3.2    Concentrate 
Supplementation 

 Enteric CH 4  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 4  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 4  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 4  
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 4  emission from animals fed 
on balanced ration is 12–15 % lower (Kannan 
et al.  2011 ).    

12.7     Conclusions 

 Methane is one of the GHGs which have a sig-
nifi cant 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 4  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 4  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 4  yield. Suitable mitigation 
strategy(s), most appropriate for a particular 
feeding system, will help in better abatement 
of enteric CH 4  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 4  
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 4  emission from 

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 (SF6) 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-

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 SF6 
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, C6H12O6. The fermentation balance is 
evaluated with experimental data with product-
substrate relationships to determine theoretical 
methane to carbon dioxide ratio. Furthermore, 
Ørskov 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 

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	 �In Vitro 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 0 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-

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 (SF6) 
Tracer

The SF6 tracer procedure designed by Johnson 
et  al. (1994) estimates methane emission rates 
from cattle and sheep in their natural environ-
ments. SF6 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 SF6 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 
SF6/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 SF6 into the rumen. Contrary to the 
Johnson et  al.’s (1994) acclimation period and 
tube insertion procedure, Pinares-Patiño and 
Clark (2008) and Pinares-Patiño 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 (SF6) is the same. Once 
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in the rumen, the permeation tube will release 
SF6 at a constant rate, and both SF6 and methane 
concentrations can be measured at the mouth of 
the animal. Once SF6 release rates and methane 
and SF6 concentrations are measured, the follow-
ing equation can be used to determine the meth-
ane emission rate (Sheppard et al. 1982):

	
Q Q CH SFmethane SF= ×[ ] [ ]

6 4 6/
	

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 SF6 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-Patiño 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 SF6 tracer technique 
both underestimates and overestimates methane 
emissions when compared to open-circuit indi-
rect calorimetry techniques, making it a less 
accurate technique (Pinares-Patiño and Clark 
2008; Pinares-Patiño et al. 2008; Grainger et al. 
2007). Pinares-Patiño et al. (2008) also noted that 
there is an uncertainty about the permeation rate 
of the tubes associated with length of time 

between calibration and trial use. Some research-
ers argue that the SF6 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-Patiño 
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 SF6 tracer method is used 
with carbon dioxide replacing SF6.

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 CO2 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 

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, V is 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 

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 

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 
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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 SF6 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 SF6 
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.

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 (Ym) 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 Ym 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 effi ciency of the particu-
lar digestive metabolism of ruminants as well as the accompanying envi-
ronmental problems. Gene signature and biological fi ngerprinting of 
microorganisms present in ruminants is an important area of scientifi c 
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 effi ciency, 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 
infl uencing the rumen ecosystem. Modifi cation 
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 fi t 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 diffi cult 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 effi ciency 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 diffi cult 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 amplifi ed 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 
affi liated to an unidentifi ed 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-
tifi ed in the libraries represent the majority of bac-
terial diversity present in ruminal fl uid. 

 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 refl ected the 
need for enhanced fi ber-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 fl uid. These results highlight the buffalo 
ruminal microbiome’s ability to adapt to feed 
with different composition.  

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 signifi cantly 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 identifi ed (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 diffi cult 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 amplifi cation, clon-
ing, and sequencing of methyl coenzyme M 
reductase (mcrA) gene. A total of 76 clones were 
identifi ed 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-
fi ed 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 
amplifi ed 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 %) affi liated 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 

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 identifi ed 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 
diffi culties in isolation, culture, or maintenance. 
Rumen isolates often lose viability for unknown 
reasons during purifi cation 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 fl uid 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 
fl uid fell into two species identifi ed 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 PCR Technique 
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 infl uenced 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 fi bers due to their fi brolytic activity and 
biomass in the rumen. Although fi brolytic spe-
cies such as  Fibrobacter succinogenes , 
 Ruminococcus albus , and  Ruminococcus fl avefa-
ciens  play a key role in plant fi ber degradation 
(Forsberg et al.  1997 ), positive interactions 
between them and non- fi brolytic bacteria such as 
 Selenomonas ruminantium  and  Treponema bry-
antii  have been reported (Kudo et al .   1987 ). In an 
early study, the synergism between  R. fl avefa-
ciens  and  S. ruminantium  was suggested to 
enhance propionate production (Scheifi nger and 
Wolin  1973 ). Sawanon and Kobayashi in the 
year  2006  reported that fi ber digestibility and 
propionate production signifi cantly increased in 
coculture of  R. fl avefaciens  and  S. ruminantium  
compared to monoculture of  R. fl avefaciens . 
These fi ndings indicate that non- fi brolytic bacte-
ria may also be important to facilitate plant fi ber 
degradation in the rumen. 

 In milk industry in India, buffalo breeds are 
most commonly used for milk production. 
Effi ciency of fi ber digestion in ruminants is 
critical for animal productivity. Bacteria play 
an important role in fi ber 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 (fi brolytic bacteria 
and non- fi brolytic bacteria) present in rumen 
fl uid 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-
fi brolytics,  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 
qPCR. 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 fl uid was collected at 0 
and 2 h after feeding. It was found that among 
fi brolytic bacteria,  R. fl avefaciens  (2.22 × 10 8  
copies/ml) were highest in T2 group, followed 
by 1.11 × 10 8  copies/ml for  F. succinogenes  (T2), 
2.56 × 10 7  copies/ml for  Prevotella ruminicola  
(T1), and 1.25 × 10 7  copies/ml for  Ruminococcus 
albus  (T4). In non- fi brolytic bacteria, the 
 Selenomonas ruminantium  (2.62 × 10 7  copies/
ml) was predominant in group T3, followed by 
 Treponema bryantii  (2.52 × 10 7  copies/ml), 
 Ruminobacter amylophilus  (1.31 × 10 7  copies/
ml) in group T1, and  Anaerovibrio lipolytica  
(2.58 × 10 6  copies/ml) in group T4, respectively. 
It is most notable that  R. fl avefaciens  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 amplifi ed 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-specifi c primer (P-SSU- 
342f) and a eukaryote-specifi c primer (Medlin B) 
were used to amplify a 1,360 bp fragment of 
DNA encoding protozoal small subunit (SSU) 
ribosomal RNA from rumen fl uid. A total of    91 
clones were examined, and 14 different 18S RNA 
sequences based on PCR–RFLP pattern were 
identifi ed. These 14 phylotypes were distributed 
into four genera-based 18S rDNA database 
sequences and identifi ed 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 with the  Dasytricha 
ruminantium - like  clone, and 4 sequences (13 
clones) were also phylogenetically placed with 
the  Isotricha prostoma -like clone. Moreover, 2 
phylotypes (9 clones) were related to Polyplastron 
multivesiculatum-like clone. In addition, the 
number of 18S rDNA gene copies of  Dasytricha 
ruminantium  (0.05 % to ciliate protozoa) was 
higher than  Entodinium  sp. (2.0 9 105 vs. 1.3 9 
104) in per ml ruminal fl uid (Singh et al.  2011 ).  

14.4.3     Methanogens 

 Interest in ruminal methanogen is on account of 
the role of methane in global warming and from 
the fact that enteric methane emission is a major 
source of greenhouse gas in agriculture sector. 
India possesses the world’s largest livestock pop-
ulation of 485 million, which accounts for 13 % 
of the global livestock population. 

 High roughage diet causes more methane 
emissions; however, the total methanogen abun-
dance is not infl uenced by roughage proportion. 
Technologies to reduce methane emissions are 
lacking, and development of inhibitors and vac-
cines that mitigate rumen-derived methane by 
targeting methanogens relies on present knowl-
edge of the methanogens. In this work, the 
molecular diversity of rumen methanogens of 
Surti buffalo was investigated. DNA from rumen 
fl uid was extracted, and 16S rRNA-encoding 
genes were amplifi ed using methanogen-specifi c 
primer to generate 16S rDNA clone libraries. 
Seventy-six clones were randomly selected and 
analyzed by RFLP resulting in 21 operational 
taxonomic units (OTUs). BLAST analysis with 
available sequences in database revealed 
sequences of 13 OTUs (55 clones) showing simi-
larity with  Methanomicrobium  sp. and 3 OTUs 
(15 clones) with  Methanobrevibacter  sp. The 
remaining 5 OTUs (6 clones) belonged to uncul-
tured archaea. The phylogenetic analysis indi-
cated that methanogenic communities found in 
the library were clustered in the order of 
Methanomicrobiales (18 OTUs) and 
Methanobacteriales (3 OTUs). The population of 
Methanomicrobiales, Methanobacteriales, and 
Methanococcales were also observed, accounting 
for 1.94 %, 0.72 %, and 0.47 % of total archaea, 
respectively (Singh et al.  2014b ).   

14.5     High-Throughput Whole 
Rumen Microbiome 

 The complex microbiome of the rumen functions 
as an effective system for the conversion of plant 
cell wall biomass to microbial proteins, short- 
chain fatty acids, and gases. In this study (Singh 
et al.  2012b ), metagenomic approaches were 
used to study the microbial populations and met-
abolic potential of the microbial community. 
DNA was extracted from Surti buffalo rumen 
samples (four-treatment diet) and sequenced sep-
arately using a 454 GS FLX Titanium system. 
Comparative metagenomics was used to examine 
metabolic potential and phylogenetic composition 
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from pyrosequence data generated in four samples; 
considering phylogenetic composition and meta-
bolic potentials in the rumen may remarkably be 
different with respect to nutrient utilization. 

 The sequencing of the genomes from several 
hundred microbial and numerous eukaryotic spe-
cies has laid the foundation for generating 
genomic sequence data from whole environments 
avoiding a culturing step. This approach, also 
known as “metagenomics,” is defi ned as the 
genomic analysis of microorganisms by direct 
extraction and cloning of DNA from an assem-
blage of microorganisms (Handelsman  2004 ). 
Pyrosequencing is the base for a promising new- 
generation sequence technology developed by 
454 Life Sciences Technologies (  http://www.454.
com/    ) (   Margulies et al.  2005 ) and is now being 
applied to metagenomics. One approach has been 
the use of the pyrosequence technology to 
increase the depth of SSU rDNA surveys by 
sequencing amplicons from the variable region of 
the SSU molecule. This has been applied to ocean 
microbial samples (Sogin et al.  2006 ), soils 
(Roesch et al.  2007 ), and human (Larsen et al. 
 2010 ). The second approach uses random sample 
pyrosequencing to generate environmental gene 
tags (EGTs) and protein families (Tringe et al. 
 2005 ) from microbiomes. This approach, applied 
to environmental biomes (Edwards et al.  2007 ), 
allows one to highlight signifi cant differences in 
metabolic potential in each environment.  

14.6     Resistome Analysis in Rumen 

 The increasing occurrence of antibiotic-resistant 
bacteria has become a notorious threat to human 
health. Bacteria become resistant through resis-
tance genes that can move between cells using 
horizontal gene transfer. Since antibiotics are 
naturally produced by microorganisms in the 
environment, therefore, bacterial communities 
maintain a large collection of resistance genes 
called the resistome. The resistome, therefore, is 
a complex array of genes, and they function 
directly or indirectly to block the activity of 
antibiotics. 

 There is a concern that antibiotic resistance 
can potentially be transferred from animals to 
humans through the food chain. The relationship 
between specifi c antibiotic-resistant bacteria and 
the genes they carry is yet not studied. Little 
details are known about the ecology of antibiotic 
resistance genes    and bacteria in food production 
systems or how antibiotic resistance genes in 
food animals can be compared to antibiotic resis-
tance genes in other ecosystems. 

 World consumers and producers, including 
India, are increasingly aware of concerns over 
antibiotic resistance in food. In animal agricul-
ture, the specifi c concern is that the use of antibi-
otics in food animals promotes the growth of 
antibiotic-resistant bacteria that can then be 
transferred to humans via food processing and 
distribution systems (Collignon et al.  2009 ). 

 The gastrointestinal tract is an open system, 
which every day encounters a myriad of bacterial 
acquisitions originating from the environment 
(e.g., from food, water, soil, and other humans or 
animals; Baquero  2012 ). These incoming bacte-
ria often harbor antibiotic resistance genes. In the 
case of opportunistic pathogens of environmental 
or food-borne origin, such antimicrobial-resistant 
(   AMR) bacteria can pose a direct threat to the 
host. Alternatively, these incoming microbes 
might transfer their resistance elements through 
horizontal gene transfer (HGT) to the indigenous 
microbial communities. HGT can occur between 
different species and genera, and as such between 
commensals and (opportunistic) pathogens. 

 Application of metagenomic functional selec-
tions to study antibiotic resistance genes is 
revealing a highly diverse and complex network 
of genetic exchange between bacterial pathogens 
and environmental reservoirs, which likely con-
tributes signifi cantly to increasing resistance lev-
els in pathogens. In some cases, clinically 
relevant resistance genes have been acquired 
from organisms where their native function is not 
antibiotic resistance and which may not even 
confer a resistance phenotype in their native con-
text (Singh et al.  2012c ). 

 Reddy et al. ( 2014 ) studied the rumen micro-
biota to understand the presence of mobilome, 
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resistome, and stress responses in the rumen 
ecology. However, knowledge of metagenomic 
responses to such conditions is still rudimentary. 
On the analysis of metagenomes of buffalo rumen 
in the liquid and solid phase of the rumen bioma-
terial, from river buffalo, using high-throughput 
sequencing to know the occurrence of antibiotic 
resistance genes, genetic exchange between bac-
terial population and environmental reservoirs 
showed adaption to varying proportions of con-
centrate to green or dry roughages. A total of 
3,914.94 MB data were generated from all three 
treatment groups. The data were analyzed with 
metagenome rapid annotation system tools 
(MGRAST). At the phylum level,  Bacteroidetes  
were dominant in all the treatments followed by 
 Firmicutes . Genes coding for functional 
responses to stress (oxidative stress and heat 
shock proteins) and resistome genes (resistance 
to antibiotics and toxic compounds (RATC), 
phages, transposable elements, and pathogenicity 
islands) were prevalent in similar proportion in 
liquid and solid fraction of rumen metagenomes. 
The fl uoroquinolone resistance, MDR effl ux 
pumps, and methicillin resistance genes were 
broadly distributed across 11, 9, and 14 bacterial 
classes, respectively. Bacteria responsible for 
phage replication and prophage and phage pack-
aging and rlt-like streptococcal phage genes were 
mostly assigned to phyla  Bacteroides ,  Firmicutes , 
and  Proteobacteria . Also, more reads matching 
the sigma B genes were identifi ed in the buffalo 
rumen. This study underscores the presence of 
diverse mechanisms of adaptation to different 
diet, antibiotics, and other stresses in buffalo 
rumen, refl ecting the proportional representation 
of major bacterial groups.  

14.7     Metagenome Analysis 
of Dormancy and Sporulation 
Genes in Rumen 

 Bacteria have the ability to adapt to different 
growth conditions and to survive in various envi-
ronments. They also have capacity to enter into 
dormant states. Some bacteria form spores when 
exposed to stresses such as starvation and oxygen 

deprivation (Bhupender et al.  2010 ). Endospores 
are dormant, nonreproductive, and enzymatically 
inert forms of bacterial vegetative cells. 
Endospore-producing bacteria are also conven-
tionally termed as “sporulating bacteria” (Cano 
and Borucki  2012 ). 

 The spores serve to protect the bacterium from 
harmful environmental conditions by reducing 
into a desiccated, cryptobiotic, and highly defen-
sive state, which provides resistance to many 
environmental conditions that would otherwise 
harm and kill the vegetative form of the bacte-
rium. These environmental conditions include 
extreme temperatures, radiation, extreme pH lev-
els, extreme pressures, and harmful chemical 
agents (Cano and Borucki  2012 ). Breaking of the 
dormant state of bacterial spores is the initiating 
event in germination. Glucose, certain amino 
acids, nucleosides, and even salts are among the 
many agents which induce initiation; however, 
the mechanism is not understood (Woese et al. 
 1968 ). Uncultured bacteria are predicted to be a 
signifi cant reservoir of novel small-molecule bio-
synthetic machinery (Brady et al.  1998 ; Rondon 
et al.  2000 ). Functional metagenomics is one of 
the approaches by which one can access the bio-
synthetic potential contained within the genomes 
of uncultured bacteria (Brady et al.  1998 ). 
Despite of the importance of the rumen microbial 
population to host health and productivity, knowl-
edge about dormancy and sporulation and cell 
wall and capsule genes of bacteria remains rela-
tively rudimentary. 

 Buffalo rumen microbiome experiences a 
variety of diet stress and represents a reservoir of 
dormancy and sporulation genes. However, the 
information on genomic responses to such condi-
tions is very limited. The Ion Torrent PGM next- 
generation sequencing technology was used to 
characterize general microbial diversity and the 
repertoire of microbial genes present, including 
genes associated with dormancy and sporulation 
in Mehsani buffalo rumen metagenome. The 
research fi ndings revealed the abundance of bac-
teria at the domain level and presence of dor-
mancy and sporulation genes which were 
predominantly associated with the  Clostridia  and 
 Bacilli  taxa belonging to the phylum  Firmicutes . 
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Genes associated with sporulation cluster and 
sporulation orphans were increased from 50 to 
100 % roughage treatment, thereby promoting 
sporulation all along the treatments. The spore 
germination is observed to be the highest in the 
75 % roughage treatment both in the liquid and 
solid rumen fraction samples with respect to the 
decrease in the values of the genes associated 
with spore core dehydration, thereby facilitating 
spore core hydration which is necessary for spore 
germination (Singh et al.  2014c ).  

14.8     Biomass Degradation 
Enzyme Discovery 
from Rumen 

 Singh et al. ( 2014d ) identifi ed many biomass 
degradation enzymes from buffalo rumen. The 
complex microbiome of the rumen functions as 
an effective system for plant cell wall degrada-
tion and biomass utilization and provides genetic 
resource for degrading microbial enzymes that 
could be used in the production of biofuel. 
Therefore, the buffalo rumen microbiota was sur-
veyed using shotgun sequencing. This metage-
nomic sequencing generated 3.9 GB of sequences, 
and data were assembled into 137,270 contigu-
ous sequences (contigs). A potential 2,614 con-
tigs encoding biomass-degrading enzymes 
including glycoside hydrolases (GH: 1,943 con-
tigs), carbohydrate-binding module (CMB: 23 
contigs), glycosyltransferase (GT: 373 contigs), 
carbohydrate esterases (CE: 259 contigs), and 
polysaccharide lyases (PE: 16 contigs) were 
identifi ed in the study. The hierarchical clustering 
of buffalo metagenomes demonstrated the simi-
larities and dissimilarity in microbial community 
structures and functional capacity. This demon-
strates that buffalo rumen microbial metagenome 
is considerably enriched in functional genes 
involved in polysaccharide degradation with 
great prospects to obtain new molecules that may 
be applied in the biofuel industry. 

 Livestock production in India is subsidiary to 
plant production. In tropical countries, the rumi-
nants are fed on lignocellulosic agricultural by- 
products. Ruminants digest such plant materials 

by virtue of the extensive microbial community 
(Pope et al.  2012 ; Miron et al.  2001 ), which are 
found in the rumen and provide the host with 
nutrients, predominantly in the form of volatile 
fatty acids and microbial protein (Jami and 
Mizrahi  2012 ). The rumen habitat contains a con-
sortium of microorganisms that harbor the com-
plex lignocellulosic degradation system for the 
microbial attachment and digestion of plant bio-
mass. However, the complex chemical processes 
required to break down the plant cell wall are 
rarely carried out by a single species. Evidence 
also suggests that the most important organisms 
and gene sets involved in the most effi cient 
hydrolysis of plant cell wall are associated with 
the fi ber portion of the rumen digesta (Forsberg 
and Lam  1977 ). Plant cell walls have a basic 
structure of cellulose surrounded by a complex 
matrix of hemicellulose, pectin, and protein 
(Cosgrove  2005 ).  Ruminococcus fl avefaciens , 
 Ruminococcus albus ,  and Fibrobacter succino-
genes  are considered to be the most important 
cellulose- degrading bacteria in the rumen (Flint 
et al.  2008 ), and they produce a set of cellulolytic 
enzymes, including endoglucanases, exogluca-
nases, glucosidases, as well as hemicellulases. In 
addition, the predominant ruminal hemicellu-
lose-digesting bacteria such as  Butyrivibrio fi bri-
solvens  and  Prevotella ruminicola  degrade xylan 
and pectin and utilize the degraded soluble sugars 
as substrates (Flint et al.  2008 ). In recent years, 
rumen metagenomics studies have revealed the 
vast diversity of fi brolytic enzymes, multiple 
domain proteins, and the complexity of microbial 
composition in the ecosystem (Hess et al.  2011 ; 
Brulc et al.  2009 ). The glycoside hydrolases 
(GHs) are modular enzymes that hydrolyze gly-
cosidic bonds of carbohydrates, with classifi ca-
tion based on amino acid sequence and predicted 
three-dimensional structure. Such enzymes may 
contain single or multiple catalytic modules (GH) 
together with single or multiple non-catalytic 
carbohydrate- binding modules (CBMs) (Cantarel 
et al.  2009 ). Conversely, hitting upon the 
polysaccharide- degrading enzyme machineries 
from metagenomic data is scarce (Bera-Maillet 
et al.  2005 ; Qi et al.  2011 ). The microbes present 
in the rumen cannot be cultured; moreover, if 
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cloning is opted, enormous screening of clones 
will be required for covering the entire metage-
nome (Tilman et al.  2009 ; Qi et al.  2011 ). 
However, there are limitations to metagenome 
mining (Henne et al.  1999 ), and the number of 
clones needed to represent the entire metage-
nome is staggering (Handelsman et al.  1998 ). It 
has been reported that the nature of diet is one of 
the factors that shapes the composition of the gut 
microbiota (Thomas et al.  2011 ). Therefore, in 
order to improve the digestibility, the modula-
tions of microbial consortia have also been 
attempted by dietary interventions (Calsamiglia 
et al.  2007 ; Stiverson et al.  2011 ). 

 Next-generation sequencing technologies 
have been used to characterize the microbial 
diversity and functional capacity of a range of 
microbial communities in the gastrointestinal 
tracts of humans (Gill et al.  2006 ; Turnbaugh 
et al.  2009 ) as well as in several animal species 
(Qu et al.  2008 ; Swanson et al.  2011 ; Lamendella 
et al.  2011 ; Tun et al.  2012 ; Xu et al.  2013 ). 

 The bovine rumen provides a unique genetic 
resource for the discovery of plant cell wall- 
degrading microbial enzymes (CAZymes) for 
use in biofuel production, presumably because of 
coevolution of microbes and plant cell wall types 
(Hess et al.  2011 ). Identifi cation of potent cellu-
lolytic and other carbohydrate-active enzymes is 
of great interest for industrial applications 
(Tilman et al.  2009 ). 

 Livestock play an essential role in the econ-
omy of developing countries like India. Livestock 
production has been shown to make an important 
contribution to national economies as well as to 
increasing incomes and security at the commu-
nity and individual levels. About 70 % of the 
world’s 1.4 billion extreme poor population 
depends, at least in part, on livestock for their 
livelihood (FAO  2009 ). Proper feed and feeding 
is imperative for achieving high and sustained 
livestock productivity. The success of animal 
reproduction and health programs rests on proper 
animal nutrition and digestion. Proper animal 
nutrition could play an important role in address-
ing ongoing and emerging challenges imposed 
by increasing human population and global 
warming. The importance of rumen microbial 

ecology has gained increasing attention in 
response to livestock production. The microor-
ganisms in the digestive tracts of ruminant live-
stock have a profound infl uence on the conversion 
of feed into end products which can impact on 
the animal health. In developing countries like 
India, there will be an increasing need to under-
stand these processes for better management and 
use of both the feed base and other natural 
resources that underpin the development of sus-
tainable feeding systems. Metagenomics is a rap-
idly growing fi eld of research that aims at 
studying uncultured organisms to understand the 
true diversity of microbes, their functions, coop-
eration, and evolution, in environments such as 
soil, water, ancient remains of animals, or the 
digestive system of animals and humans (Huson 
et al.  2009 ). 

 Applied metagenomics which can be used to 
characterize complex microbial communities and 
their potential without incubation are now being 
employed regularly in ruminant nutrition studies. 
Conventional culture-based methods for enumer-
ating rumen microorganisms have been super-
seded and are now used mainly to obtain pure 
isolates of novel organisms. The foundation of 
the molecular ecology techniques is RNA gene 
sequence analysis which has provided a phyloge-
netically based classifi cation scheme for enumer-
ation and identifi cation of microbial community 
members. The use of this marker gene in assays 
involving the use of single nucleic acid probes or 
primer sets is rapidly evolving to high- throughput 
approaches such as microarray analysis and new- 
generation sequencing technologies. While these 
analyses are very informative for determining the 
composition of the microbial community and 
monitoring changes in population size, they can 
only infer function based on these observations. 
The focus of nucleic acid research is now shifting 
to the functional analysis of the ecosystem which 
involves the measurement of functional genes 
and their expression in the predominant or spe-
cifi c members of the rumen microbial commu-
nity. Functional gene studies are less developed 
than 16S rDNA-based analysis of community 
structure. Also for gene expression studies, there 
are inherent problems involved in extracting 
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high-quality RNA from digesta and priming 
cDNA synthesis from bacterial mRNA. 

 Many of the biotechnological approaches 
employed in the rumen focused on direct genetic 
modifi cation of microbes to enhance processes 
like cell wall digestion, toxin degradation, and 
the balance of nutrients delivered to the ruminant. 
To    date, the most signifi cant contribution of bio-
technology has been to defi ne the diversity, den-
sity, and dynamics of the ruminal ecosystem 
which was previously a little possible using tradi-
tional culture techniques. Modern techniques 
have identifi ed myriad genes encoding a variety 
of unique enzyme activities, many of which may 
have potential applications in livestock produc-
tion and industry. Undoubtedly, gene discovery 
will continue to accelerate as genome sequencing 
of cultivated rumen bacteria continues and uncul-
tivated genomes become available with the 
 production of metagenome libraries. Such 
approaches may provide detailed knowledge of 
ruminal enzyme systems, the absence of which 
has hampered rumen scientists in solving chal-
lenges such as improving the digestion of low- 
quality forages and the effi ciency of ruminal 
nitrogen utilization. Comparative and metage-
nomics and metatranscriptomics are providing a 
clear-cut idea of complete dynamics of microbi-
ota, host interaction, and functions. Next- 
generation sequencing technologies are playing 
an important role in animal nutrition for solving 
biological problems in dairy industry 
worldwide. 

 The rumen provides a unique genetic resource 
for the discovery of plant cell wall-degrading 
microbial enzymes for use in biofuel production, 
presumably because of coevolution of microbes 
and plant cell wall types. It is well studied that 
microbial community inhabiting in the rumen is 
characterized by its high population density, 
wide diversity, and interactive complexity (Duan 
et al.  2009 ). This microbial community is 
responsible for the bioconversion of lignocellu-
losic feeds into volatile fatty acids (Kamra 
 2005 ). The goal of rumen biotechnologists is to 
manipulate the ruminal microbial ecosystem to 
improve the effi ciency of feed. It is well known 
that biotechnology has a continuous demand for 

novel genes and enzymes and compounds 
(Christel et al.  2007 ).  

14.9     Metagenomics to Improving 
Animal Productivity 

 Many animals across a wide range of orders have 
a portion of their digestive tract adapted to 
accommodate a microbial population which aids 
in digestion and provides a variety of nutritional 
and health benefi ts. These complex microbes 
form a closely integrated ecological unit with 
each other and the host animal as well as play a 
vital role in the nutritional, physiological, immu-
nological, and protective functions of the host. 
The rumen is one of the most extensively studied 
and well-documented gut ecosystems because of 
the importance of ruminants to human nutrition 
and the major role played by rumen microbes in 
nutrition of the ruminant animal. 

  Fiber Digestion 
 The degradation of plant cell walls by ruminants 
is of major economic importance in the devel-
oped as well as developing countries. Plant cell 
wall hydrolysis is carried out by specialist bacte-
ria ( Ruminococcus  and  Fibrobacter ), ciliate pro-
tozoa, and anaerobic fungi. Cellulase enzyme 
systems are complex and have a number of endo- 
and exocellulases, cellodextrinases, and 
β-glucosidase activities. The fi rst step in the deg-
radation of an insoluble substrate, such as the 
plant cell wall or cellulose, is attachment, and 
factors that regulate this are under investigation. 
Also, molecular mechanisms involved in adher-
ence of fi ber-degrading bacteria and their 
enzymes to insoluble substrates are being deter-
mined (Morgavi et al.  2012 ).  

  Determination of Biomass 
 Important application of microbial metagenom-
ics in animal nutrition is the quantitative determi-
nation of total rumen microbial biomass and 
differentiating the bacterial and protozoal bio-
mass. Rapid profi ling procedures, such as real- 
time PCR assay, can be used to infer likely 
differences in community structure of bacteria 
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and archaea present in animals and times after 
feeding diets.  

  Starch and Pectin Degradation 
 Starch is rapidly and extensively degraded in the 
rumen. Starch granules are rapidly engulfed by 
the Entodiniomorphid protozoa and converted to 
an iodophilic storage polymer, as are soluble sug-
ars by the Holotrich protozoa. Degradation of 
dietary starch by bacteria, protozoa, and fungi 
occurs by combined activity of debranching, 
α-linked endoand exoamylase   , and glucosidase 
enzymes. Maltodextrins and glucose are the 
products of enzymatic starch hydrolysis. Pectin is 
hydrolyzed by pectin esterase and polygalacturo-
nase enzymes of bacteria and protozoa. Anaerobic 
fungi are weakly pectinolytic.  

  Ruminal Nitrogen Metabolism 
 A better understanding of mechanistic process 
altering the production and uptake of amino 
nitrogen will help the livestock nutritionists to 
improve the overall conversion of dietary nitro-
gen into microbial protein. It will provide key 
information needed to further improve the mech-
anistic models describing the rumen function and 
evaluating dietary conditions that infl uence the 
effi ciency of conversion of dietary nitrogen into 
milk protein (Firkins et al.  2007 ).  

  Rumen Lipolysis and Biohydrogenation 
 Despite the fact that the ruminant diet is rich in 
polyunsaturated fatty acids (PUFA), ruminant 
products – meat, milk, and dairy – contain mainly 
saturated fatty acids (SFA) because of bacterial 
lipolysis and subsequent biohydrogenation of 
ingested PUFA in the rumen. In contrast, rumi-
nant products also contain fatty acids that are 
known to be benefi cial to human health, namely, 
conjugated linoleic acids (CLAs). The metage-
nomes of research in this fi eld have been to 
understand the microbial ecology of lipolysis and 
biohydrogenation and to fi nd ways of manipulat-
ing ruminal microbes to increase the fl ow of 
PUFA and CLA from the rumen into meat and 
milk. The quantity and composition of dietary 
lipids have a major effect because of the FA that 

escape ruminal metabolism. FA may also have a 
direct manipulating effect, however, whereby 
they inhibit biohydrogenation. Biohydrogenation 
is affected indirectly too when other activities are 
changed, because FA metabolism is inextricably 
linked to other areas of ruminal metabolism, 
through a common reliance on H 2  metabolism 
and/or the microbial species that are involved in 
multiple metabolic processes (Lourenço et al. 
 2010 ).  

  Rumen Microbes of Animals Fed with Phenol- 
Rich Forage 
 The most complete description of a ruminal 
microbial response to a plant secondary com-
pound like tannin-rich diets (Makkar et al.  1995 ). 
Recent research has therefore focused on the 
inhibitory effects of condensed tannins on micro-
bial populations, their mode of action, and the 
adaptive responses of the ruminal community to 
these compounds (Molan et al.  2001 ). 
Metagenome studies have confi rmed that Gram- 
negative bacteria groups ( Enterobacteriaceae  
and  Bacteroides  species) predominate in the 
presence of dietary tannins and that there is a cor-
responding decrease in the Gram-positive 
 Clostridium leptum  group and other Gram- 
positive bacteria (Smith and Mackie  2004 ).  

 Increasing the performance of the dairy cow 
milk production remains a priority for research. 
The global demand for dairy is steadily rising. 
With increases in population, incomes, and 
urbanization, the demand in developing countries 
such as India and China is particularly strong 
(Gerosa and Skoet  2012 ). Also greenhouse gas 
emissions from livestock are an environmental 
problem worldwide, which may be intensifi ed 
with increases in milk production, so any strategy 
employed must strike the right balance between 
food production and greenhouse gas emissions. 
Methanogenesis in the rumen is a result of some 
forms of interspecies hydrogen transfer, whereby 
the methanogens can remove gaseous forms of 
hydrogen (H 2 ) produced during the anaerobic 
schemes of fermentation used by many heterotro-
phic bacteria. This maintains a relatively low par-
tial pressure of H 2  (pH 2 ) within the rumen, which 
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allows the fermentative bacteria to continue to 
use fermentative processes that yield 
ATP. Numerous feeding trials with various feed 
additives that reduce methanogenesis have also 
offered promising evidence that gain in ruminant 
(Moate et al.  2011 ). Therefore, looking for differ-
ences in microbial populations, which may be 
linked to changes in the feed conversion effi -
ciency (FCE) or their methane emissions, gives 
us the opportunity to fi nd rumen phenotypes that 
identify more effi cient and productive animals 
(Wallace et al.  1997 ). Bacteria dominate in the 
rumen and play the most important role in con-
verting ingested feed to nutrients into acetic, pro-
pionic, and butyric acids that can be assimilated 
by the ruminant hosts. Cellulolytic bacteria are 
the focus of many studies on the ruminal micro-
biome because  degradation of cellulose, which is 
recalcitrant, is often the limiting step in feed 
digestion.  Fibrobacter succinogenes , 
 Ruminococcus albus , and  R. fl avefaciens  are 
major cellulolytic bacteria present in the rumen. 
Strains tested of  F. succinogenes  degrade fi ber 
and even crystallize cellulose more actively than 
those of  R. albus  or  R. fl avefaciens  (Kobayashi 
et al.  2008 ).  Ruminococcus  fl avefaciens , which is 
a Gram-variable and  coccus-shaped anaerobe, 
produces a yellow  pigment and is more abundant 
than  R. albus  (Kongmun et al.  2010 ; Mosoni 
et al.  2011 ).  

14.10     Conclusion 

 In this book chapter, we provided a concise note 
on current research on rumen microbiome espe-
cially in Indian buffalo. The rumen is swarm with 
high abundant and diverse microbial community. 
The rumen microbiome is the fi ngerprinting fac-
tor of all ruminants, and improved understanding 
of this complex community will lead to more effi -
cient animal production. Advancing nucleic acid-
based technology has redefi ned our ability to 
describe the rumen microbiome and created new 
opportunities to investigate the complex relation-
ships and niches within the microbial community. 
However, we are lagging behind in the develop-

ment of bioinformatics and biostatistics tools that 
enable us to perform correlations between them.     
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     Livestock resources make multifarious contribu-
tion to the society in the form of food, clothing, 
soil nutrients, draft power, income, and employ-
ment and serve as liquid assets for their owners at 
the time of exigencies. The livestock sector 
accounts for 40 % of the agricultural gross 
domestic product, employs 1.3 billion people, 
and creates livelihood for 1 billion of the world’s 
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    Abstract  

  Livestock are important source of GHG emissions accounting for about 
28 % of the global anthropogenic methane emissions. The participation of 
this sector in the carbon markets is, however, in nascent stage, largely 
confi ned to animal waste management projects, although the emissions 
from enteric fermentation are several times more than that from manure. 
This chapter discusses the potential of generating carbon credits by 
improving the feed fermentation effi ciency through nutritional interven-
tions such as dietary manipulation and feed additives and increasing the 
productivity of animals through breeding and other long-term manage-
ment strategies. There are several socioeconomic, institutional, and tech-
nical challenges for the stakeholders in successful formulation and 
implementation of such mitigation options from the perspective of carbon 
trading. As the global carbon trading system in one form or the other will 
be a fi xture in the world economy for decades, it is imperative that the 
uptake of programmatic approaches to project development is increased 
and standardized approaches to baseline, additionality assessment, and 
activity-based monitoring methods underpinned by regionally specifi c 
fi eld research are developed.  

  Keywords  

  Carbon credits   •   Methane mitigation   •   Socioeconomic barriers  

mailto:smitasirohi@yahoo.com


240

poor. Livestock production accounts for 30 % of 
the land surface of planet Earth, 70 % of all agri-
cultural land, and 8 % of the global freshwater 
use (Steinfeld et al.  2006 ). Due to heavy reliance 
on land and water resources, livestock are seen as 
major players in global environmental problems. 
Also, in the context of climate change, although 
the sector would be adversely affected by the 
changing climate (Sirohi and Michaelowa  2007 ; 
Thornton et al.  2009 ) yet, it is itself a large con-
tributor of greenhouse gases (GHGs) to the atmo-
sphere. As per the recent estimates, the annual 
total non‐CO 2  GHG emissions from agriculture 
in 2010 are 5.2–5.8 GtCO 2 eq/year (Tubiello et al. 
 2013 ), that is, about 10–12 % of global anthropo-
genic emissions. Nearly 53–59 % of agricultural 
emissions are from livestock, 2.1 GtCO 2 eq/year 
from enteric emissions and 0.99 GtCO 2 eq/year 
from manure, either applied as organic fertilizer 
on cropland or manure deposited on pasture 
(IPCC  2014 ). During the past decade, Asia not 
only has the highest contribution to the global 
enteric emissions but has also registered a high 
growth rate of 2.0 % per annum in the same dur-
ing the decade. 

 Fuelled by the anticipated growth of over 1 % 
per annum during 2005/7-2030 (Alexandratos 
and Bruinsma  2012 ) in global consumption of 
meat (1.6 %) and dairy products (1.3 %), as live-
stock production increases commensurately, the 
GHG emissions from livestock sector would con-
tinue to rise substantially, unless extensive miti-
gation options are put in place. The strategies for 
reducing CH 4  emissions from enteric fermenta-
tion can be broadly focused in two main areas: 
(1) improving the feed fermentation effi ciency 
through nutritional interventions such as dietary 
manipulation and feed additives (Sirohi et al. 
 2007 ; Beauchemin et al.  2008 ; Eckard et al. 
 2010 ) and (2) increasing the productivity of ani-
mals through breeding and other long-term man-
agement strategies (Attwood et al.  2011 ; Hegarty 
et al.  2007 ). The methane reduction achievable 
from the fi rst set of options is on “per animal” 
basis. The Intergovernmental Panel on Climate 
Change (IPCC) in its Fourth Assessment Report 
(AR4) centered on the mitigation potential of 
such options. In the recent Fifth Assessment 

Report (AR5), attention has also been paid to 
second set of options, wherein emission intensity 
is reduced by improving the effi ciency of produc-
tion (i.e., less GHG emissions per unit of animal 
product). The technical mitigation potential of 
both set of options is considered to be moderate, 
that is, achieving about 5–15 % reduction of 
enteric emissions (IPCC  2014 ). 

 The other source of GHG emissions from live-
stock, viz., animal waste management, accounts 
for only 32 % of the total emissions from live-
stock. However, the technical mitigation poten-
tial from this source is high (>15 %) by installing 
anaerobic digesters, biofi lters, etc. (Chadwick 
et al.  2011 ; Petersen and Sommer  2011 ). The 
technical potentials represent the full biophysical 
potential of a mitigation option, taking account of 
the constraints and factors such as land availabil-
ity and suitability but without accounting for eco-
nomic constraints (Smith  2012 ). The technical 
viability of mitigation option is a necessary but 
not suffi cient condition for its successful imple-
mentation; the economic incentives are vital for 
application of the technology. Carbon trading 
which is an outcome of “cap-and-trade” approach 
of the international policy on global climate pro-
tection provides economic incentives for achiev-
ing reductions in the emissions of GHGs. 

 This chapter presents the existing status of 
livestock sector in the carbon business, discusses 
the sectoral scope of carbon trading, and delin-
eates the key issues and barriers in enhancing the 
participation of this sector in carbon markets. An 
overview of the genesis and mechanism of car-
bon trading system precedes the discussion on 
carbon trading and livestock sector. 

15.1     Carbon Trading: Brief 
Overview 

15.1.1     Genesis 

 The vital issue of climate change came to lime-
light about two decades ago when the IPCC pub-
lished its First Assessment Report in 1990, 
confi rming that climate change is for real and 
sought for an international treaty to address the 
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problem. The emergence of concerns over 
 potential threat of climate change can, however, 
be traced back to the fi rst “World Climate 
Conference” organized by the World 
Meteorological Organization (WMO) in 1979 
which called for global cooperation to explore 
the possible future course of global climate and 
appealed to nations of the world to prevent poten-
tial man-made changes in climate that might be 
adverse to the well-being of humanity. In fact, it 
was the WMO and United Nations Environment 
Programme (UNEP) that established IPCC in 
1988 as a scientifi c body for providing objective 
information about the causes and consequences 
of climate change. 

 In response to the IPCC AR1, the UN General 
Assembly formally launched negotiations on a 
framework convention on climate change in 1991 
and established an intergovernmental negotiating 
committee to develop the treaty. The negotiations 
to this end were completed by May 1992, in the 
form of United Nations Framework Convention 
on Climate Change (UNFCCC). The UNFCCC 
was opened for signature in June 1992 during the 
UN Conference on Environment and 
Development, also known as the Rio Earth 
Summit, and came into force on 21 March 1994. 
There are now 195 member countries of the con-
vention. The convention divides countries into 
two groups: Annex I parties, the industrialized 
countries who have historically contributed the 
most to climate change, and non-Annex I parties, 
which include primarily the developing coun-
tries. The principles of equity and “common but 
differentiated responsibilities” contained in the 
convention required Annex I parties to take the 
lead in returning their greenhouse gas emissions 
to 1990 level by the year 2000. 

 The convention established the Conference of 
the Parties (COP) as its supreme body with the 
responsibility to oversee the progress toward the 
aim of the convention. At the fi rst session of the 
COP in Berlin in 1995, the countries realized that 
emission reduction provisions in the convention 
were inadequate and there was a need to 
strengthen the global response to climate change. 
Hence, negotiations to this effect culminated in 
the form of the Kyoto Protocol during the third 

session of the COP held in Kyoto (Japan) in 
December 1997. The protocol is a legally binding 
set of obligations for 38 industrialized countries 
including 11 countries in Central and Eastern 
Europe to reduce their emissions of GHGs to an 
average of approximately 5.2 % below their 1990 
levels over the commitment period 2008–2012. 
In the 8th Session of the COP in 2012 at Doha, a 
second commitment period from 2013 to 2020 
was launched with some modifi cations. 

 The Kyoto Protocol (KP) set the stage for 
global carbon trading as an economic approach 
to reduce global concentration of GHGs. The 
concept of emission trading had its roots in the 
successful sulfur dioxide trading system insti-
tuted to stop acid rain under the US Clean Air Act 
of 1990. In 1990, the US Environmental 
Protection Agency set a limit on SO 2  emissions 
from obvious point sources and allowed those 
who emit less than their quota to trade excess 
allowances. As a result, regional acid deposition 
was dramatically reduced. Following a similar 
approach, provisions were made in KP to achieve 
the quantifi ed emission reduction targets set for 
the complying countries (Annex I countries) not 
through domestic emission reduction alone, 
instead through the use of less costly emission 
reduction potential elsewhere by way of carbon 
trading.  

15.1.2     Trading Standards 
and Systems 

 Carbon credits – the standard of trading in the 
carbon markets – are certifi cates awarded to 
countries that are successful in reducing emis-
sions of GHGs. One carbon credit is equal to one 
metric ton of carbon dioxide emission. The fi ve 
GHGs other than CO 2  (methane, nitrous oxide, 
hydrofl uorocarbons, perfl uorocarbons, and sulfur 
hexafl uoride) are converted into tons of CO 2  
equivalent (CO 2 e) using their global warming 
potential (GWP) factor. 

 Two types of carbon trading systems are cur-
rently in vogue: compliance based and voluntary 
mechanism .  The compliance-based systems are 
driven by countries and companies subject to 

15 Opportunities and Challenges for Carbon Trading from Livestock Sector



242

emission constraints under the Kyoto Protocol, 
European Union (EU) regulations, and other 
developed-country climate policies. On the other 
hand, the transactions in the voluntary carbon 
markets, as the name suggests, are not required 
by regulation. Carbon credits can be voluntarily 
purchased in one of two ways – through a private 
exchange or on the decentralized “over-the- 
counter” (OTC) market, where buyers and sellers 
engage directly through a broker or online retail 
“storefront.” As the voluntary carbon trading sys-
tem is not part of any mandatory cap-and-trade 
system, almost all carbon credits purchased vol-
untarily are sourced specifi cally for the OTC 
market. Credits are generically referred to as 
verifi ed (or voluntary) emission reductions 
(VERs) – or simply as carbon offsets.   

15.2     Livestock Sector and Carbon 
Business 

 The size of the global carbon markets that was 
worth US$11 billion in 2005 rose sharply to 
US$176 billion in 2011 (Kossoy and Guigon 
 2012 ), but as negotiations for a post-2012 legally 
binding protocol did not yield defi nite results, the 
value of transactions in the compliance-based 
markets fell by about 36 % in 2012 (Bloomberg 
 2013 ). Outside the framework of the Kyoto 
Protocol, the reach of carbon pricing is steadily 
increasing. The world’s two largest emitters, viz., 
the USA and China, are now home to carbon 
pricing instruments. Carbon pricing systems are 
in operation in subnational jurisdictions of the 
two countries. A total of eight new carbon mar-
kets (California Cap-and-Trade Program, Québec 
Cap-and-Trade System, Kazakhstan Emissions 
Trading Scheme, and fi ve Chinese pilot emission 
trading schemes, viz., Shenzhen, Shanghai, 
Beijing, Guangdong, and Tianjin) opened their 
doors in 2013 alone. With these new joiners, the 
world’s emission trading schemes (excluding the 
three fl exible mechanisms under KP) are worth 
about US$30 billion (World Bank  2014 ). The 
size of voluntary markets is much smaller than 
the compliance market. Up to 2013, the voluntary 
buyers have directly funded 844 MtCO 2 e in emis-

sion reductions worth $4 billion. In 2013, offset 
suppliers transacted 76 MtCO 2 e of carbon off-
sets – down from 102.8 MtCO 2 e in 2012 – as 
structural changes in California’s carbon market 
impacted millions of previously “voluntary” 
tons. Market value in the corresponding period 
fell from $523 million to $379 million (Stanley 
and Gonzalez  2014 ). 

 Given the vast size of the GHG emissions 
from the agriculture sector, the carbon markets 
can be a powerful policy instrument to leverage 
private capital for green growth, including activi-
ties under climate-smart agriculture (CSA). 
Notwithstanding that CSA has a twin benefi t of 
mitigation and adaptation, it can help reduce 
emissions by carbon sequestration, decreasing 
enteric fermentation, etc., and can help agricul-
ture adapt to the impacts of climate change and 
increase productivity; the overall agricultural car-
bon markets are still in nascent stage. Most of the 
compliance-based systems do not cover the agri-
culture sector within their fold. 

 The European Union Emission Trading 
System (EU ETS) is the leader accounting for 
about 84 % of the global carbon market transac-
tions. The carbon credits in this trading system 
accrue from the industrial and other nonagricul-
tural activities. The sectoral composition of car-
bon credits issued under the compliance-based 
systems of KP, joint implementation (JI), and 
clean development mechanism (CDM) is heavily 
skewed in favor of renewable energy methane 
and cement and coal bed/mine methane reduction 
and energy effi ciency projects (Fig.  15.1 ).  

 The JI and CDM pipeline (as on 1 August 
2013) show a total of 599 and 7,128 registered 
projects, respectively. The projects relevant to the 
agriculture, forestry, and other land use (AFOLU) 
are quite few in number and are largely confi ned 
to methane avoidance from animal waste man-
agement (Table  15.1 ). The carbon crediting 
potential of the methane avoidance projects under 
CDM up to the year 2020 is only 114 MtCO 2 e, 
i.e., 1 % of the total expected carbon credits. The 
three major host countries of these projects are 
Mexico, China, and Brazil.

   In the voluntary markets also, the share of the 
offsets developed from livestock methane is very 
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  Fig. 15.1    Sectoral composition of projects in compliance-based carbon markets (as on 1 Aug., 2013)       
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marginal (Fig.  15.2 ). Before 2011, the Chicago 
Climate Exchange (CCX) operated as a volun-
tary cap-and-trade scheme, joined mostly by 
US-based entities who volunteered to track and 
reduce their GHG emissions. In 2005, the dairies 
in Washington and Minnesota received the fi rst 
carbon credit payments from anaerobic digestion 
projects through the CCX.  

 After the closure of CCX in 2010, the existing 
landscape of livestock anaerobic digestion proj-
ects in the USA illustrates various types of mod-
els of carbon market fi nance (Box  15.1 ). The 
carbon markets for animal waste management 

system outside the framework of KP are in vogue 
in Mexico also. The Climate Action Reserve has 
released version 2.0 of the Mexico Livestock 
Project Protocol, which provides guidance to cal-
culate, report, and verify GHG emission reduc-
tions associated with installing a manure biogas 
control system for livestock operations, such as 
dairy cattle and swine farms, in Mexico. 

 The GHG mitigation projects for carbon 
fi nance are so far confi ned to management of ani-
mal wastes, although the contribution of enteric 
emissions is several times more than emissions 
from manure. Business and research groups have 

   Table 15.1    Status of AFOLU projects (as on 1.8.13)   

 Type  Subtype 

 Number of CDM projects  Number of JI projects 

 Registered  Validation stage  Registered  Determination stage 

 Agriculture  Energy effi ciency  1  2 
 Zero tillage  7  3 
 Rice crops  1 

 Methane avoidance  Domestic manure  41  3 
 Manure  240  36  4  1 

 Afforestation/
reforestation 

 Afforestation/
reforestation 

 43  23  2 

 Mangroves  1  2 
 Agroforestry  2 

 Avoided 
deforestation 

 Improved forest 
management 

 1 

  Fig. 15.2    Market share by project type, OTC 2013       
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made some early efforts to address enteric fer-
mentation emissions, but these efforts have not 
yet materialized in the form of carbon credits. 
The fi rst potential CDM project on reduction of 

enteric methane emissions through strategic 
 supplementation of cattle in Uganda submitted in 
2008 by RuMeth International Ltd., USA, in 
 collaboration with TransAlta Corporation, Canada, 
and NutriMix Inc., Uganda, was not accepted by 
the CDM Executive Board on account of short-
comings in methodology. In 2013, the methodol-
ogy and project were submitted afresh by the 
project proponents and the methodology AMS- 
III.BK stands approved (UNFCCC  2014 ). This 
would pave the way for trading carbon credits 
from enteric methane mitigation. 

 Some efforts in this direction were being made 
by New Zealand and Australia. New Zealand 
established the emission trading scheme (ETS) in 
2008, under which it was envisaged to cap emis-
sions from agriculture in that country – including 
enteric fermentation emissions. Under compli-
ance obligations, owners of livestock operations 
out of compliance with their cap would have to 
buy permits from those in compliance in order to 
emit, or they would have to pay a fi ne. However, 
mandatory target for biological emissions in agri-
culture is delayed indefi nitely (MoE, NZ  2014 ). 
The proposed Carbon Farming Initiative in 
Australia also offers some potential opportunities 
for cattle industry. It offers a fi nancial incentive 
to undertake new on-farm greenhouse gas abate-
ment activities where they would not otherwise 
be undertaken.  

15.3     Potential Opportunities 
of Carbon Trade 

 The important prerequisite for setting up GHG 
mitigation projects to earn carbon credits is the 
existence of considerable emission reduction 
potential at low cost. This section synthesizes the 
attempts made by various researchers to delin-
eate the potential for carbon trading from live-
stock projects. 

 In most of the developed countries (except 
Australia and New Zealand), the signifi cance of 
animal waste management in GHG emissions is 
quite high, with the emissions from manure 
 management accounting for more than 25 % of 
the total emissions from livestock (Table  15.2 ). 

   Box 15.1: Animal Waste Management 

for GHG Avoidance: Carbon Market 

Developments in the USA 

    Utility-Based Opportunities 

 Vermont State has at least 15 operational 
dairy-based digesters that produce renew-
able electricity and participate in one or 
more utility-based incentive programs, such 
as Vermont’s Sustainably Priced Energy 
Enterprise Development (SPEED), Cow 
Power Program, etc. By one estimate, cus-
tomers participating through the Cow 
Power program have provided to dairy 
digester operators more than $3.5 million in 
value for the environmental attributes cre-
ated in the projects. Other examples of this 
type of utility-based standard offer or incen-
tive pricing for farm power can be found in 
North Carolina and Wisconsin.  

    Climate Action Reserve 

 California market allows offsets in live-
stock methane. Registration with the 
Climate Action Reserve (CAR), North 
America’s largest carbon offset registry, is 
the fi rst step to participation in the 
California market. Of the 60 digester proj-
ects listed with CAR, 36 have registered 
more than 800,000 verifi ed carbon credits. 
CAR released version 3.0 of the Livestock 
Project Protocol, providing updated guide-
lines for livestock operations to participate 
in the carbon market. The Livestock Project 
Protocol ensures the integrity and long- 
term environmental benefi t of installing 
manure biogas control systems at livestock 
operations, including dairy cattle and swine 
farms.
    Source: Jensen  ( 2013 )     
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The previous section brought out that the project 
activities in this direction are already underway. 
Not only the technical mitigation potential of 
available technology is high, it is readily avail-
able and has universal acceptability (IPCC  2014 ); 
thus, there is vast potential for earning carbon 
credits from animal waste manag   ement.

   In India, where dung of cattle and buffaloes is 
extensively used as fuel and is largely managed 
in dry systems, emissions from manure are much 
lower (5,088 GgCO 2 e) in relation to enteric emis-
sions (211,429 GgCO 2 e) (NATCOM  2012 ). The 
theoretical potential of the GHG emission proj-
ects in India can be gauged from the fact that 
achieving just a 15 % annual reduction in manure 
and 10 % in enteric methane emissions would 
generate 0.76 and 21 million carbon credits, 
respectively. Given the vast size of the country, 
and the immense number of stakeholders that 
would have to be involved, a single project can-
not cover the entire ruminant population to 
achieve these reductions. Nevertheless, even 
small-scale mitigation projects in the sector – 
covering a group of districts – have the potential 
to generate reasonable amounts of carbon credits. 
The map (Fig.  15.3 ) indicates that in a number of 
districts, particularly from the eastern and west-
ern parts of the country, with even a conservative 
coverage of 15 % of the bovine population (as per 
2007 Livestock Census) for 10 % enteric  methane 
mitigation, there is a possibility of generating 
more than 7,500 carbon credits annually from 

each district. In the northern parts of the country 
also, in most of the districts, there is likelihood of 
rendering over 3,000 carbon credits annually. It is 
amply evident from the map that broadly, besides 
the northern Himalayas and northeastern and 
south coastal region, implementing a CDM proj-
ect even in a small group of 5–6 districts can give 
a substantial amount of carbon credits to the 
investors, similar to the certifi ed emission reduc-
tion (CER) volumes currently generated by the 
majority of small-scale renewable energy CDM 
projects promoted by Indian project developers.  

 Field experiments in India involving dietary 
manipulation through concentrate feeding, sup-
plementation of green fodder, monensin feed 
additives, and urea-molasses mineral block have 
shown encouraging results, due to improved 
microbial growth effi ciency and digestibility, 
with reduction potential ranging from about 6 to 
32 % (Sirohi and Michaelowa  2008 ). Besides 
good technical potential, the cost of methane 
abatement is also low in India (Sirohi et al.  2007 ). 
An ex ante analysis integrating market  economics 
in the assessment of strategic supplementation 
with urea-molasses products also brought out 
that even with one-fourth market penetration, 
the GHG mitigation generates positive eco-
nomic surplus which would be much higher 
than business- as-usual scenario (Sirohi and 
Upadhyay  2009 ). 

 In the mixed crop-livestock production systems 
of sub-Saharan Africa and Asia, the evaluation of 

   Table 15.2    GHG emissions from livestock in selected countries: 2009 (in Gg CO 2  equivalent)   

 Countries  Enteric fermentation: CH 4   Manure management: CH 4   Manure management: N 2 O 

 Austria  3,265  320  923 
 Belgium  3,548  1,620  774 
 Denmark  2,881  1,229  428 
 France  29,629  13,947  6,030 
 Germany  20,951  6,028  2,230 
 Netherlands  6,496  2,887  997 
 United Kingdom  15,263  2,817  1,995 
 EU (27)  149,102  50,557  31,028 
 Australia  54,736  1,752  1,564 
 New Zealand  22,506  728  56 
 Canada  19,325  2,682  3,878 
 USA  139,758  49,469  17,860 

  Source: UNFCCC ( 2013 )  
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  Fig. 15.3    Potential annual carbon credits from enteric methane mitigation in India       
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ruminant diet intensifi cation on the GHG emis-
sions from livestock also substantiated existence 
of good emission reduction potential (Thornton 
and Herrero  2010 ). A 10 % improvement in 
digestibility of stovers can mitigate 14.2 MtCO 2 e 
(23 % adoption rate), while with increasing grain 
supplementation from 0.5 to 2 kg/head/day, 
methane reduction of 5.1 MtCO 2 e (23 % adop-
tion rate) is achievable. The full potential (100 % 
adoption rate) of these technologies has been 
assessed to be 61.6 and 22.1 MtCO 2 e, 
respectively. 

 The recent studies suggest that besides nutri-
tional interventions, the emission intensity of 
livestock can also be improved through pasture 
management, improved land use, and breed 
selection. In the rangeland-based livestock pro-
duction system of tropical Central and South 
America, depending on the varied adoption rates, 
the GHG mitigation potential from pasture 
improvement was assessed as 29.8–44.5 MtCO 2 e, 
primarily from C sequestration via restoration of 
degraded pastures and land-use change (Thornton 
and Herrero  2010 ). Consequent upon resulting 
improvement in animal productivity and hence 
requirement of less number of animals to meet 
the demand, this mitigation option can also lead 
to CH 4  mitigation per unit of animal product. 
Considering the historical adoption rates of four 
mitigation options, Thornton and Herrero ( 2010 ) 
worked out their reduction potential to be approx-
imately 4 % of global agricultural GHG mitiga-
tion amounting to $1.3 billion per year in value 
terms. 

 The Chinese Academy of Agricultural Science 
(CAAS) and the Food and Agriculture 
Organization (FAO) also seek to harness the posi-
tive link between C sequestration, grassland, and 
grazing cattle to improve emission intensity and 
thereby generate additional income from carbon 
trading (Forster  2014 ). They are working to 
restore degraded grasslands in Northern China 
through improved grazing practice and forage 
production. This would substantially improve 
animal nutrition and livestock output and would 
also counter climate change through C sequestra-
tion and reduction of CH 4  intensity. 

 Among the genetic approaches of methane 
reduction, the selection of animals based on the 
residual feed intake (RFI) seems to be promising. 
Using data from the Australian research projects 
on RFI, Alford et al. ( 2006 ) undertook to model 
the methane abatement resulting from the antici-
pated adoption of RFI in breeding programs 
within the Australian beef industry over a 25-year 
period. For a representative 100-cow commercial 
herd in southern Australia, in which bulls of 
superior RFI were purchased in year 1, the cumu-
lative total of enteric methane abatement during 
the 25-year simulation period was 24.5 t. The 
estimated 24.5 t of methane saved over 25 years 
by the representative southern Australian herd is 
equivalent to an annual average saving of 20.6 
tCO 2 e which have the potential to be transacted 
under a carbon trading scheme. Arthur et al. 
( 2010 ), applying various adoption rates and 
adoption time lags of RFI, computed the cumula-
tive reduction over 25 years in Australian emis-
sions as 568,100 t of methane. 

 Interestingly, in the Alberta province of 
Canada, a GHG reduction protocol based on 
selection for RFI has been developed and it is in 
the fi nal stages of the approval process (Climate 
Change Central  2010 ). After approval, the proto-
col will be used in the carbon offset program of 
the province.    

15.4      Key Issues and Challenges 

 Conceptually, the idea behind promoting carbon 
markets is that these markets put a price on car-
bon which helps stimulate abatement and tech-
nology transfer and drive investment in 
low-carbon technologies and services. This price 
signal assists in the identifi cation of low-cost 
abatement opportunities (e.g., energy effi ciency 
measures), reducing the overall global cost of 
mitigation. Appropriately designed carbon 
 markets have the potential to drive private sector 
investment at scale within the agricultural sector, 
underwriting the training of farmers in new prac-
tices; the provision of inputs such as seeds, fertil-
izer, feed additives, etc.; and the establishment of 
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measurement, reporting, and verifi cation (MRV) 
systems to track carbon and agricultural benefi ts 
that accrue (Gledhill et al.  2011 ). 

 Despite of the potential to reduce sectoral 
GHG emissions, there are number of barriers that 
limit the entry of livestock sector in the carbon 
markets. These include: 

15.4.1     Social Factors 

 In the developing countries, the sensitivity of 
livestock producers to the climate change con-
cerns is limited due to several factors such as 
low-level education, inadequate institutional 
mechanisms to sensitize them, etc. Additionally, 
due to low income levels, livestock is a subsid-
iary component in their livelihood priorities, and 
hence, with the limited resources at their dis-
posal, the willingness to adopt the mitigation 
options for livestock may not be forthcoming. 

 Also, cultural values and social acceptance 
can determine the feasibility of the mitigation 
option. For instance, the strategies involving sig-
nifi cant reductions in animal numbers while 
increasing their productivity are likely to have 
sociocultural tradeoffs for the pastoralist societ-
ies in Africa and Asia, where wealth is measured 
at least partially in terms of livestock numbers. 
Options that propose reducing peoples’ assets 
may not only affect households culturally, but 
they may also have unintended consequences on 
households’ ability to manage risk as the value of 
livestock to livelihoods in marginal environments 
goes far beyond the direct impacts of their pro-
ductive capacity (Thornton and Herrero  2010 ).  

15.4.2     Economic Factors 

 The economic viability of a mitigation project for 
carbon trading depends on the volume of credits 
generated to cover at least the transactions and 
monitoring costs. In the smallholder livestock pro-
duction system, the small size of the livestock 
holding not only imposes technical diffi culties in 
implementation, monitoring, and verifi cation but 
also increases the transaction cost. Thus, the proj-
ect coverage has to be very wide to make it viable. 

 Inherent price volatility of the mitigation 
options itself and that of carbon prices lead to 
economic risk in mitigation projects. For instance, 
enteric fermentation mitigation options depen-
dent on diet manipulation are subject to volatility 
in feed markets. A diet that is affordable 1 year 
may not be so in the following year. This will 
make long-term mitigation dynamic in nature as 
farmers will have to periodically adjust the com-
position of animal diets in accordance with the 
costs and availability of certain feeds. It would 
thus impact the costs of mitigation and the level 
of emissions abated at any given period. 

 The uptake of breeding specifi cally for a low- 
methane trait is likely to be closely related to the 
explicit or implicit carbon cost used in any eco-
nomic analysis (Shackell  2012 ). This means that, 
at least in part, industry uptake of low-carbon 
production systems may be dictated by decisions 
around how carbon costs at a national level are 
transferred to the commercial farmer. Cottle and 
Conington ( 2012 ) calculated that in extensive 
UK sheep systems, a carbon price of £1,396 per 
tCO2e for indirect selection and £296 per tCO2e 
for direct selection is required to achieve a 20 % 
reduction in GHG production over a 30-year 
period. Farmers will therefore consider the trade- 
off between improving traits which contribute to 
farm profi t and those that reduce GHG when 
making their breeding objective and selection 
decisions.  

15.4.3     Institutional Factors 

 At present, there is no international agreement 
that supports a wide implementation of mitiga-
tion projects in agriculture sector. This is one of 
the major barriers for realizing the mitigation 
potential from the sector globally. Transparent 
and accountable governance and swift institu-
tional establishment are very important for a sus-
tainable implementation of livestock mitigation 
measures. This includes the need to have clarity 
about carbon ownership, especially when the 
business is not vertically integrated. For instance, 
the beef cattle industry in Australia involves sev-
eral intermediaries. An animal typically changes 
ownership a number of times from conception to 
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slaughter. Thus, if the genetic selection mitiga-
tion option is implemented, it needs to be worked 
out who will own the carbon credits – the animal 
breeder who originally produced the parent, or 
the cow-calf manager who produced the progeny 
or the feedlot operator who fed the cattle but may 
not own them (Arthur et al.  2010 ).  

15.4.4     Technological Factors 

 Some mitigation options are currently available 
(e.g., diet manipulation, feed additives), while 
several others (vaccination, defaunation, etc.) are 
in development stage. Studies examining abate-
ment through enteric fermentation mitigation 
must assume baseline diets and management 
practices from which reductions are taking place. 
In reality, farms have many different diets they 
feed animals that vary with season, price, and 
availability. Thus, it becomes diffi cult for farmers 
to accurately estimate emission reductions from 
new management practices because their base-
lines may be dramatically different than those 
assumed in studies. 

 The response of mitigation strategies available 
option may also vary across regions due to 
location- specifi c factors such as animal and feed 
characteristics. Inadequate fi eld testing of the tech-
nologies can cause substantial difference in ex ante 
assessment of carbon credit generation and actual 
credits generated after the application of these 
technologies, thus leading to project failures. 

 Challenges relating to monitoring, reporting, 
and verifi cation of the progress of the mitigation 
measures are also responsible for their limited 
fi eld application. Emissions from enteric fermen-
tation are diffuse and this makes them diffi cult to 
measure. Emissions can be measured in vitro or 
in vivo ,  but in farmers’ fi eld especially in 
 smallholder conditions, the actual measurements 
are very diffi cult. Livestock holdings are widely 
scattered in smallholder production system, with 
the herd size usually ranging from two to fi ve 
adult animals. Therefore, to access the small-
scale farms for implementation of the mitigation 

option and their subsequent monitoring for 
estimation of the carbon credits generated under 
a project is a diffi cult task.   

15.5     Conclusions 

 The fi rst phase of the compliance-based carbon 
trading under the Kyoto Protocol has expired in 
2012, although the generation of carbon credits 
from the existing projects is permissible till 2020. 
However, there is general consensus that global 
carbon trading system in one form or the other 
will be a fi xture in the world economy for 
decades. For instance, a new market instrument 
in the form of nationally appropriate mitigation 
actions (NAMA) is in the pipeline. NAMA refers 
to a set of mitigation policies and/or actions a 
developing country undertakes aiming at reduc-
ing its GHG emissions and reports to UNFCCC 
on a voluntary basis. 

 Given the size of the GHG emissions from 
livestock sector, there exists a vast potential to 
earn carbon credits through a range of mitiga-
tion options. However, there are number of 
challenges that need to be surmounted for 
greater entry of the sector in the carbon mar-
kets. These include the technical complexity 
and lack of availability of carbon methodolo-
gies, and high transaction costs relating to MRV 
of livestock carbon. The mitigation options 
cannot only be a source of additional income 
through carbon markets but also there are pro-
ductivity benefi ts to the livestock rearers. 
Therefore, to link the small farmers to the car-
bon markets, it is imperative that the uptake of 
programmatic approaches to project develop-
ment is increased and standardized approaches 
to baseline, additionality assessment, and activ-
ity-based monitoring methods underpinned by 
regionally specifi c fi eld research are developed. 
The researchers need to develop tools and 
methodologies to better estimate on-farm GHG 
and emission reductions and simulate emission 
reduction options based on changes in manage-
ment practices.     
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    Abstract  

  Rumen has a complex consortium of microorganisms comprising of bac-
teria, protozoa, fungi, archaea and bacteriophages, which synergistically 
act upon the lignocellulosic feeds consisting of cereal straws and stovers, 
green forages and hays, oil cakes, etc., and produce a mixture of short-
chain volatile fatty acids and microbial proteins which the animals can use 
as a source of nutrients. During this bioconversion process, hydrogen is 
generated in large quantities which combine with carbon dioxide to gener-
ate methane by the activity of methanogenic archaea. Depending upon the 
composition of diet, the animals might lose 5–12 % of gross energy intake 
in the form of methane, which leads to poor feed conversion effi ciency. To 
avoid this loss of energy in the form of methane, several methods are tech-
nically available (e.g. methane analogues, inorganic terminal electron 
acceptors, ionophore antibiotics, organic unsaturated fatty acids, micro-
bial intervention like use of probiotics and selective removal of ciliate pro-
tozoa and plant secondary metabolites), but each one of them has its own 
merits and demerits. In many cases, the results are based upon only in 
in vitro experiments. In this chapter, a few of the feed supplements which 
have a potential to inhibit methanogenesis and have been tested in in vivo 
experiments will be discussed.  
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16.1         Introduction 

 The rumen harbours a complex, highly diversi-
fi ed microbial population comprising of bacteria, 
protozoa, fungi, archaea and bacteriophages. The 
studies carried out by using group-specifi c 16S 
rRNA-targeted oligonucleotide probes indicate 
that the population range from 0.5 to 3 %, 
60–90 % and 3–30 % of archaea (methanogens), 
prokarya (bacteria, bacteriophages) and eukarya 
(ciliate and fl agellate protozoa and fungi), respec-
tively, in the gastrointestinal tract of most of the 
ruminants (Lin et al.  1997 ). The overall microbial 
activity of the rumen is due to the mutualistic, 
synergistic, antagonistic and symbiotic interac-
tions among all the microbial groups. The rumen 
microbes have ectosymbiotic relationship with 
the host which provides a suitable environment 
for the microbes to grow and in turn microbes 
provide them nutrients in the utilizable form (vol-
atile fatty acids and microbial proteins, peptides 
and amino acids). It is only because of the rumen 
microbes that the animals can use nonprotein 
nitrogenous feeds to fulfi l their protein 
requirement. 

 Different microbial groups live in harmony 
and maintain equilibrium for optimum fermenta-
tion of feed. The mode of action of each of these 
groups on lignocellulosic feed is different and 
that is why there is no competition among the 
microbes for the substrate. Lignocellulosic feed 
is degraded by the primary cellulose-degrading 
bacteria, namely,  Fibrobacter succinogenes , 
 Ruminococcus fl avefaciens  and  R. albus , which 
attach closely with the feed particles. The 
cellulose- degrading enzymes are present in the 
form of cellulosome; hence adhesion of these 
microbes with the cellulose particle is essentially 
required. The enzymes exhibit the highest activ-
ity because these fi bre-degrading enzymes are in 
direct contact with the substrate. On the other 
hand, rumen protozoa (spirotrichs) engulf the 
fi bre and degradation of cellulose is intracellular, 
whereas holotrichs thrive upon soluble sugars, 
starch, etc. The anaerobic fungi grow deep into 
the plant tissue through hyphae and thus weaken 
the strength of the plant tissue and break them 

into smaller pieces, providing more surface area 
for primary cellulolytic bacteria to act upon. 
There is extracellular secretion of fi bre- degrading 
enzymes from the tips of fungal hyphae, which 
hydrolyse the lignocellulosic feed. The fungi 
have good proteolytic activity, therefore can 
degrade plant tissue completely, whereas cellulo-
lytic bacteria are protease negative. Rumen fungi 
are a rich source of esterases; therefore, cellulose 
and hemicelluloses are unshielded from lignin by 
breaking ester bonds between the two. The mono-
saccharides thus produced are fermented to pro-
duce volatile fatty acids, CO 2 , H 2  and methanogens 
utilize CO 2  and H 2  to form methane.  

16.2     Rumen Methanogenesis 

 During fermentation of sugars produced by deg-
radation of polysaccharides, reduced equivalents 
are also generated, and the disposal of these 
reduced equivalents is a critical step in anaerobic 
fermentation (Fig. 16.1 ). Hydrogen is produced 
from the reduced cofactors by the action of 
hydrogenases. Rumen protozoa (Paul et al.  1990 ) 
and fungi (Yarlett et al.  1986 ) have hydrogenase 
enzymes located within the hydrogenosomes. 
The reduced cofactors (nicotinamide adenine 
dinucleotide, NADH; nicotinamide adenine 
dinucleotide phosphate, NADPH; and fl avin ade-
nine dinucleotide, FADH) are oxidized to NAD+, 
NADP+ and FAD+ by the donation of electrons 
to hydrogen ions (H+) to form H 2  (Hino and 

ADP

ATP

NADP+

NADPH

Catabolism

VFA, CO2,
CH4, Heat

Biosynthesis

Growth & 
maintenance

Monosaccharide

Polysaccharide

  Fig. 16.1    Metabolism of polysaccharides by the rumen 
microbes       
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Asanuma  2003 ; Kittelmann and Janssen  2011 ). 
These cofactors are required for energy genera-
tion (as ATP) for microbial growth. The principal 
means of regenerating NAD+ from NADH is by 
the enzyme NADH-ferredoxin oxidoreductase, 
coupled to a hydrogenase. The activity of NADH-
ferredoxin oxidoreductase is primarily controlled 
by the concentration of dissolved hydrogen, 
being suppressed by a high pH. Production of 
lactate and ethanol is not the preferred metabolic 
pathway in the rumen. Methanogenesis is the 
favourite channel for the disposal of H 2  because 
CO 2  has close affi nity with H 2 . Methanogens uti-
lize CO 2  and H 2  to form methane. There are a 
number of enzymes and cofactors involved in 
combining CO 2  and H 2  to form CH 4 . In an adult 
cattle or buffalo, 500–600 l of molecular hydro-
gen is produced every day, but it never accumu-
lates in the gaseous phase of rumen because it is 
continuously utilized by methanogenic archaea. 
Hydrogen l/day can be interpreted by the amount 
of methane produced by the animal. A typical 
sheep emits about 25 l/day methane, so the 
amount of hydrogen produced by the animal is 
100 l/day as 4 moles of hydrogen are required per 
mole of methane produced.  

16.2.1     Rumen Methanogens 

 In the rumen, the archaea population is 10 6 –10 8  
cells/ml, representing 2–3 % of microbial bio-
mass. Archaea is a group of microbes which 
include methanogens in the rumen. Previously 
methanogens were classifi ed as bacteria, but 
based on their unique cell wall and 16S rRNA 
structure, these are assigned a separate group, 
archaea. Methanogens are obligate microbes 
requiring an Eh lower than −330 mV, CO 2  as the 
major carbon source, H 2  as the primary energy 
source and amino acids as a nitrogen source. 
Rumen methanogens can also metabolize for-
mate, acetate, methylamines and methanol to 
produce CH 4 . All methanogens have coenzyme 
F 420 , which is a cofactor necessary for enzymes 
such as hydrogenase and formate dehydrogenase 
(Ashbey et al.  2001 ). Another unique characteris-
tic of all methanogens is the presence of coen-

zyme M responsible for methane production 
(Rouviere and Wolfe  1988 ). 

 In the rumen, methanogenic archaea include 
species from  Methanobacteriales , 
 Methanococcales ,  Methanomicrobiales  and 
 Methanosarcinales  (Skillman et al.  2006 ; Wright 
et al.  2007 ).  Methanobacteriales  which include 
 Methanobrevibacter  spp.,  Methanobacterium  
spp. and  Methanosphaera  spp. constitute 
30–99 % of archaeal community, and 
 Methanomicrobiales  are the second most preva-
lent group in rumen archaeal community. Other 
than these known species of methanogens, there 
is a large fraction of uncultured methanogens 
also. According to Nicholson et al. ( 2007 ), uncul-
tured methanogens along with 
 Methanobrevibacter  spp. constitute the major 
portion of rumen methanogen population. But 
this community structure is not always constant; 
it varies with the type of diet taken by the 
animal.  

16.2.2     Interaction of Methanogens 
with Other Microbes 
in the Rumen 

 Interaction of methanogens starts since their 
establishment in the rumen. In fact methanogens 
can establish themselves in the rumen only when 
both facultative and strict anaerobic bacteria are 
established. Genome analysis of methanogens 
has revealed the presence of some specifi c sur-
face proteins like glycosyltransferases, epimer-
ases and transporters which enable them to 
survive and interact with other microbes in the 
gastrointestinal tract at an early stage (Fricke 
et al.  2006 ; Samuel et al.  2007 ). As discussed 
above, methanogens need hydrogen as energy 
source; therefore, the presence of cellulolytic 
microbes is essential to provide hydrogen and 
formate for the growth of methanogens. Conrad 
et al. ( 1985 ) demonstrated intimate associations 
between hydrogen-utilizing microbes such as 
methanogens and hydrogen-producing microbes. 
The authors stated that transfer of dissolved 
hydrogen might limit the growth of methano-
gens; hence an intimate relationship is required. 
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Similarly, Newbold et al. ( 1995 ) and Hegarty 
( 1999 ) explained that to facilitate syntrophic 
relationship, a physical association exists 
between methanogens and protozoa in the rumen. 
Even after close physical relationship between 
H 2 -producing and H 2 -utilizing microbes, 
 interspecies transfer of extracellular H 2  in the 
bulk fl uid is very complicated, and in the rumen, 
90 % of hydrogen atoms are present in water. The 
association between these two microbial groups 
has been proved by the use of 16S rRNA probes 
directed against different families of methano-
gens, but this study also indicated that majority of 
methanogens were free living in the liquid por-
tion of rumen content (Sharp et al.  1998 ). The 
authors reported such association between the 
protozoa of genera  Entodinium ,  Polyplastron , 
 Epidinium  and  Ophryoscolex  and methanogens 
mainly from  Methanobacteriales  and 
 Methanomicrobiale s in bovine rumen. 
Interspecies hydrogen transfer between anaero-
bic fungi  Neocallimastix frontalis  and methano-
gens with similar relationship has also been 
reported (Mountfort et al.  1982 ; Joblin et al. 
 2002 ). Bauchop and Mountfort ( 1981 ) reported 
accumulation of hydrogen and formate (35.3 ± 2.5 
and 83.1 ± 2.8 mol/100 mol cellulose unit) in 
monoculture of  Neocallimastix frontalis  in the 
absence of  Methanobrevibacter ruminantium , 
whereas hydrogen and formate were disposed 
of in the form of methane in the presence of 
methanogens (<0.05 and 1.0 ± 0.07 mol/100 mol 

cellulose units). Therefore, the methanogen com-
munity structure very much depends on the type 
of protozoa present in the rumen.   

16.3     Methane Emission by Indian 
Livestock 

 There have been several estimates from different 
laboratories in India about methane emitted by 
the livestock, using different techniques. 
Depending upon the technique and basic data 
used by the authors, the fi gures of estimates also 
vary greatly. Swamy and Bhattacharya ( 2006 ) 
compared methane emission by Indian livestock 
as per equations developed at CLRI (Central 
Leather Research Institute, Chennai, India), 
IPCC default values for methane emission factors 
calculated region wise, NPL estimates and 
ALGAS project estimates as 9.0, 13.2, 11.2 and 
7.9 Tg/year, respectively (Table  16.1 ).

   According to the latest calculations based on 
the data of the Department of Animal Husbandry, 
Dairying and Fisheries, Ministry of Agriculture, 
Govt. of India, the country is responsible for the 
production of methane to the tune of 14.55 Tg/
year (13.27 Tg from enteric fermentation and 
1.28 Tg from livestock waste management), out 
of which cattle (6.73 Tg/year) and buffalo (6.56 
Tg/year) collectively are responsible for 91.3 % 
of total methane emitted by the livestock in 
India, while the rest 8.7 % is emitted by goats, 

   Table 16.1    Estimates of methane emission by Indian livestock   

 Methane emission, Tg/year  Base year  Method used  Reference 

 9.1 (enteric fermentation)  2003  Tier 2  Singh et al .  ( 2012 ) 
 9.0 (enteric fermentation)  1997  CLRI estimates  Swamy and 

Bhattacharya ( 2006 )  13.2 (enteric fermentation)  1997  IPCC default values 
(Tier 1) 

 11.2 (enteric fermentation)  1997  NPL 
 7.9 (enteric fermentation)  1997  ALGAS project 
 13.3 (enteric fermentation) + 1.3 
(manure management) 

 2012  Tear 1  Kamra ( 2014 ) 

 11.17 (enteric fermentation) + 1.19 
(manure management) 

 2003  Tier 2  Patra ( 2012 ) 

 11.89 (enteric fermentation) + 1.25 
(manure management) 

 2007  Tier 2  Patra ( 2012 ) 
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sheep, yak, mithun, horse, donkey, mules, pig, 
etc. (Table  16.2 ). The methane emission per kg 
of livestock production is very high due to various 
reasons and conditions of livestock production 
system prevalent in India. In India, as the ani-
mals are fed on poor quality low-density feeds, 
the animals have to consume larger quantity of 
feed to suffi ce its requirement, and the quantity 
of feed fermented in the rumen is directly pro-
portional to methane emitted by the animals. 
Therefore, animals fed poor quality feed emit 
more methane per kilogramme of livestock prod-
uct as compared to those animals fed good qual-
ity feed.

16.4        Inhibition 
of Methanogenesis 

 Global warming is primarily due to the accumula-
tion of greenhouse gases near the surface of the 
Earth, the troposphere. The major greenhouse 
gases include water vapours, carbon dioxide, 
methane, nitrous oxide, chlorofl uorocarbons and 
hydrofl uorocarbons due to agricultural and indus-
trial activities of human beings. In a layman’s lan-
guage, global warming can be defi ned as an 

average increase in near surface temperature of 
the Earth, primarily due to increased concentra-
tion of greenhouse gases in the troposphere. These 
levels are expected to increase several folds during 
the next century. The Intergovernmental Panel on 
Climate Change (IPCC  2011 ) redefi ned climate 
change as “a change in the state of the climate that 
can be identifi ed by changes in the mean and/or 
the variability of its properties that persists for an 
extended period, typically decades or longer”. 

 Reduction in methane emission is possible by 
several techniques by stimulating alternate 
hydrogen sinks available in the rumen. The 
important methane inhibitors are ionophores, 
organic acids, halogenated methane analogues, 
unsaturated oils, tannins, saponins, alkaloids, 
essential oils, plants containing secondary metab-
olites, probiotics, vaccines against methanogens, 
etc. But all these strategies have their own merits 
and demerits when used as methane inhibitors. 
Among various techniques, the use of plants con-
taining secondary metabolites as feed additives is 
the most important technique because of their 
natural occurrence and routine use in Ayurvedic 
medicine. The exhaustive work has been done 
using plants rich in secondary metabolites as 
methane inhibitor. 

   Table 16.2    Methane production by Indian livestock (enteric fermentation and manure management) as per IPCC 
default emission factors a    

 Animal 
 No. X 
1000 

 Enteric methane 
production 

 Methane production 
from manure 

 Total methane 
emission 

 Methane 
emission 
(% of total)  Kg/head/year  Tg/year  Kg/head/year  Tg/year  Tg/year 

 Crossbred cattle  43,266  46  1.990  4.00  0.173  2.163  14.87 
 Indigenous cattle  164,935  25  4.123  2.66  0.439  4.562  31.36 
 Buffalo  109,316  55  6.012  5.00  0.547  6.559  45.09 
 Yak  71  55  0.004  5.00  0.001  0.005  0.03 
 Mithun  264  55  0.015  5.00  0.001  0.016  0.11 
 Sheep  72,676  05  0.363  0.21  0.015  0.378  2.60 
 Goat  141,155  05  0.706  0.22  0.031  0.737  5.06 
 Horse/pony  611  18  0.011  2.18  0.001  0.012  0.08 
 Mule  168  10  0.002  2.18  0.001  0.003  0.04 
 Donkey  458  10  0.005  1.19  0.001  0.006  0.04 
 Camel  517  46  0.024  2.56  0.001  0.025  0.17 
 Pig  11,905  01  0.012  6.00  0.071  0.083  0.57 
 Total  545,342  13.267  1.282  14.549  100.02 

   a The above calculations are based on data of the Department of Animal Husbandry, Dairying and Fisheries, Ministry of 
Agriculture, Govt. of India  
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16.4.1     Plants Containing Secondary 
Metabolites 

16.4.1.1     Screening of Plants 
 As discussed above, in addition to some of the 
methanogens living free in the liquid portion of 
rumen content, there are certain methanogenic 
archaea which remain attached with the ciliate 
protozoa and are responsible for a signifi cant 
production of methane in the rumen. In an elabo-
rate screening experiment in the authors’ labora-
tory, a large number of plants containing 
secondary metabolites have been tested for their 
ability to inhibit methanogenesis and ciliate pro-
tozoa in in vitro gas production test. The results 
are summarized in Table  16.3 . The inhibition of 
methanogenesis and ciliate protozoa varied from 
25 % to more than 90 % (Patra et al.  2006a ,  b ; 
Kamra et al.  2008 ; Agarwal et al.  2008 ; Kumar 
et al.  2011 ).

   Another major project on screening of plants 
containing secondary metabolites has been com-
pleted in the “RUMEN-UP” in Europe in which 
450 plants were screened for their ability to 
inhibit methanogenesis in in vitro experiments. 
Out of 450 plants examined in this project, 35 
plants inhibited methane by more than 15 % and 
only six plants ( Carduus pycnocephalus  L., 
 Populus tremula  L.,  Prunus avium  L.,  Quercus 
robur  L.,  Rheum nobile  and  Salix caprea  L.) 
inhibited methane by more than 25 % (Bodas 
et al.  2008 ). These plants did not have any adverse 
effect on any of the fermentation parameters 
tested, indicating that the secondary metabolites 
present in these plants were selective inhibitors 
of methanogenic archaea and did not affect any 
other rumen microbe at the level used in this 
experiment. 

 Coconut and fi sh oil (0, 3.1 and 6.2 ml/L) 
inhibited in vitro methane production in a dose- 

   Table 16.3    Plants inhibiting (more than 25 %) methanogenesis and protozoa population in vitro   

 Plant  Common name 
 Methane 
inhibition, % 

 Protozoa 
inhibition, % 

  Acacia concinna  a   Shikakai, pods  –  >50 
  Terminalia belerica  a   Bahera, pulp  25–50  25–50 
  Terminalia chebula  a   Harad, pulp  >50  >50 
  Emblica offi cinalis  a   Amla, pulp  25–50  25–50 
  Azadirachta indica  a   Neem, seed cake  25–50  >50 
  Quercus incana  b   Oak, leaves  25–50  – 
  Populus deltoides  b   Poplar, leaves  >50  0.00 
  Foeniculum vulgare  c   Fennel, seeds  >50  >50 
  Syzygium aromaticum  c   Clove, fl ower bud  >50  25–50 
  Allium sativum  c   Garlic, bulb  >50  – 
  Psidium guajava  b   Guava, leaves  >50  >50 
  Cannabis indica  b   Bhang, leaves  25–50  25–50 
  Trachyspermum ammi  b   Ajwain, seeds  25–50  25–50 
  Mangifera indica  b   Mango, leaves  25–50  – 
  Mentha piperita  d   Peppermint oil  >50  >50 
  Eucalyptus globulus  e   Eucalyptus oil  >50  – 
  Sapindus mukorossi  d   Berries  >50  >50 
  Acacia concinna  a   Shikakai, pods  –  >50 
  Mangifera indica  f   Leaves  >25  >50 

   a Patra et al. ( 2006a ) 
  b Kamra et al. ( 2008 ) 
  c Patra et al. ( 2006b ) 
  d Agarwal et al. ( 2006 ,  2008 ) 
  e Kumar et al. ( 2009 ) 
  f Kumar et al. ( 2011 )  
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dependent manner. Fish oil was more detrimental 
to methanogens than coconut oil, but the opposite 
was true for protozoa,  R.  fl avefaciens   and  F. suc-
cinogenes . The combination of both the oils 
might have an additive effect on methane inhibi-
tion, with no effect on microbial diversity (Patra 
and Yu  2013a ). Essential oils when included in 
the incubation medium, e.g. clove oil at the rate 
of 1 g/L; origanum oil, 0.5 g/L; and peppermint 
oil, 1 g/L, inhibited ammonia production, indi-
rectly by lowering the degradation of protein and 
had adverse effect on ciliate protozoa, 
 Megasphaera elsdenii ,  Clostridium aminophilum  
and  C. sticklandii , but  Quillaja  saponins (6 g/L) 
decreased protozoa and ammonia production and 
stimulated the growth  of Selenomonas ruminan-
tium ,  Ruminobacter amylophilus ,  Prevotella 
ruminicola  and  P. bryantii  (Patra and Yu  2013b ). 
Pawar et al. ( 2014 ) screened seven    oils, garlic ( A. 
sativum ), clove ( S. aromaticum ), lemongrass 
( Cymbopogon citratus ), wild turmeric ( Curcuma 
aromatica ), turmeric ( Curcuma longa ) and cin-
namon ( Cinnamomum zeylanicum ) at graded lev-
els and found that all the oils were detrimental for 
feed digestibility when the level was increased 
from 167 μl/L. Among the nine oils, garlic oil 
showed a maximum of 38.5 % methane inhibi-
tion without affecting feed digestibility. 

 Some of the selected plants containing sec-
ondary metabolites like saponins, tannins, essen-
tial oils, terpenoid/alkaloid, etc., and having a 
potential to inhibit rumen methanogenesis and 
modifying rumen fermentation favourably are 
summarized in Table  16.4 . The information on 
the group of active principles responsible for bio-
logical activity to modify rumen fermentation 
has been compiled, but it is not certain that the 
effect on rumen fermentation of the individual 
component listed in this table is essentially 
the same.

16.4.1.2        In Vivo Methane Inhibition 
in Ruminants 

 The work on the use of plants rich in secondary 
metabolites as feed additive to mitigate methane 
production has been done mostly in in vitro sys-
tem. There are very few feeding trials using these 
herbal feed additives. In the authors’ laboratory, 

the plants selected on the basis of in vitro studies 
were evaluated as feed additives to inhibit meth-
ane emission in sheep. The animals were fed 
control diet (without additive), seed pulp of  T. 
chebula  (harad), bulb of  A. sativum  (garlic) and 
the mixture (Mix) of harad and garlic (1:1) at the 
rate 1 % of DM intake. The digestibility of dry 
matter and organic matter was signifi cantly 
higher in  T. chebula - and  A. sativum -fed groups, 
whereas NDF, ADF and cellulose digestibility 
was signifi cantly higher in all the three treated 
groups as compared to control (Patra et al.  2011 ). 
Methane emission (L/kg digested DM) as esti-
mated by open circuit respiration chamber and 
methane energy loss as a per cent of digestible 
energy intake tended to be lower ( P  = 0.09 and 
 P  = 0.08) in  T. chebula  and Mix groups as com-
pared to control, indicating that  T. chebula  and  A. 
sativum  had antimethanogenic activity and there-
fore could be used as feed additive to modify 
rumen microbial ecosystem for mitigation of 
methane emission by sheep. 

 In another in vivo trial with crossbred cattle 
calves, a mixture of three plant parts ( T. cheb-
ula  +  S. mukorossi  +  F. vulgare , mixed in 1:1:1 
ratio) was fed to the animals at the rate of 2 % of 
DM intake on alternate days for 148 days. There 
was no effect of feed additives on feed intake, 
nutrient digestibility and growth performance. 
The methane emission (l/day kg DDM) was 11 % 
lower in additive fed group as compared to con-
trol. The mixture appears to have a potential to be 
used as feed additive to inhibit methane emission. 
Feeding of whole-plant  Yucca schidigera  powder 
or whole-plant  Quillaja saponaria  powder at 
10 g/kg DM which are rich source of saponin, to 
dairy cows did not show any reduction in meth-
ane emission (Holtshausen et al.  2009 ). The 
authors stated that these plants showed inhibition 
in in vitro methane production but at higher con-
centration, and therefore, low doses might be the 
reason for a negative response. But these second-
ary metabolites cannot be used at very high 
doses. There was 57 % reduction in methane 
emission (g/kg DMI) in goats fed ad libitum con-
densed tannin-containing  Lespedeza cuneata  
(Puchala et al.  2005 ). Similarly, feeding of  Acacia 
mearnsii  (a tannin-containing plant) at the rate of 
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41 g per kg DM resulted in 13 % reduction in 
methanogenesis in sheep (Carulla et al.  2005 ). 

    Since the last two decades, researchers are 
working exhaustively on plant secondary metab-
olites as a means of controlling methane produc-
tion from the livestock, and with the result, a 
number of plants have been identifi ed which have 
potential to be used as feed additive to mitigate 
methane production in the rumen. But this identi-
fi cation has been done on the basis of in vitro 
studies. However, in vitro studies cannot be used 
as an index for feeding trials because various 
extracts cannot be fed at very high doses as they 
might be toxic for the animals. Therefore, there is 
an urgent need to conduct more of feeding trials 
with the selected plants on large animals cover-
ing all the aspects of health and production. The 
diet of the animal should also be taken into con-
sideration while selecting feed additive for the 
feeding of animals.   

16.4.2     Microbial Intervention 

16.4.2.1     Microbial Feed Additives 
 The use of microbial feed additives to mitigate 
methane emission has been tried but not with 
much success. A few microbes which have been 
used as feed additives are  Saccharomyces cerevi-
siae ,  Propionibacterium  and acetogens. The use 
of  S. cerevisiae  as feed additive has shown vari-
able results in terms of methane inhibition. The 
variation was 0–58 % inhibition in methane pro-
duction using different strains of  S. cerevisiae  in 
RUSITECH    (Newbold and Rode  2006 ). The 
mode of action of  S. cerevisiae  is not well under-
stood, but the simplest way to explain this is that 
it is well established that by feeding  S. cerevisiae  
as feed additive, the production performance of 
the animals improves; it is this improvement 
which results in reduction of methane production 
per unit of product. 

 Production of propionate in the rumen is 
inversely proportionate to methane production in 
the rumen. If the propionate is high, methane is 
low because propionate production is a hydrogen- 
consuming metabolic reaction. Therefore, 
 Propionibacterium  which utilizes lactic acid and 

produces propionate can also be used as feed 
additive to check methane emission in the rumen. 

 Acetogens are the group of bacteria present in 
the rumen which utilize hydrogen for reduction 
of carbon dioxide to acetate at the cost of metha-
nogenesis. If all the reducing power generated 
during rumen fermentation is diverted towards 
reductive acetogenesis, 5–10 % of the gross 
energy intake by the animals can be saved and 
brought back into the energy cycle of the ani-
mals, which otherwise would have been lost in 
methane generation and released by the animals 
into the atmosphere. So, acetogens are benefi cial 
in two ways, one by providing more acetate 
which is a good source of energy and second by 
inhibiting methanogenesis. But in the rumen, it 
cannot compete with methanogens because the 
affi nity of acetogens to hydrogen is lower than 
that of methanogens. There is colonization of 
acetogenic bacteria in 20-h-old lamb, but as 
methanogens appeared in 30-h-old lamb, the ace-
togen population decreased proportionately indi-
cating a competition for hydrogen between these 
two groups (Morvan et al.  1994 ). One of the 
major reasons for failure of acetogens to  compete 
with methanogens might be due to poor affi nity 
of acetogens with molecular hydrogen as it 
requires higher molecular hydrogen threshold 
level (1.26 vs. 0.067 mmol/l) as compared to that 
required by methanogens. Acetogens are effec-
tive when the methanogen population is inhibited 
by any means. Lopez et al. ( 1999 ) showed signifi -
cant increase in acetate production by the isolates 
of acetogenic bacteria ( Acetitomaculum ruminis , 
 Eubacterium limosum  strains ATCC 10825 and 
ATCC 8486,  Ruminococcus productus  ATCC 
35244 and two acetogenic bacteria, Ser 5 and Ser 
8, isolated from 20-h-old lambs) when methano-
genesis was inhibited by BES and there was an 
accumulation of hydrogen. They concluded that 
even a large population of acetogens cannot com-
pete with methanogens for hydrogen.  

16.4.2.2     Defaunation 
 As discussed above, there is interspecies hydro-
gen transfer between protozoa and methanogens; 
hence they are in syntrophic relationship. 
Keeping in view this relationship, the effect of 
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defaunation (removal of protozoa from the 
rumen) was tested to mitigate methane produc-
tion in rumen. There are different ways to remove 
protozoa from the rumen with individual merits 
and demerits of each of the techniques. Keeping 
the animals in isolation immediately after birth 
(within 48–72 h of colostrum feeding) keeps the 
animals in defaunated stage. This method is one 
of the most reliable technique and is safe, but 
needs extra care and infrastructure for keeping 
the faunated and defaunated animals in separate 
sheds. In another technique, the rumen is emptied 
by suction and the rumen contents are either 
heated up to 50 °C or kept frozen for 15 min. 
Protozoa are eliminated; bacteria and fungi are 
either not affected or slightly affected reversibly. 
The rumen is washed with 2 % formaldehyde 
solution and refi lled with treated rumen contents 
to obtain defaunated animals. The third technique 
is by diet manipulation. The animals are shifted 
to low-protein diet for 2 days and then starved for 
2 days; thereafter, grain is offered at the rate of 
1.5 kg/100 kg BW resulting in a pH fall below 
5.0 which kills protozoa. The next day, the ani-
mals are offered roughage-based diet and the ani-
mals get defaunated. The chemicals like copper 
sulphate, hydrochloric acid, aerosol OT (dioctyl 
sodium sulphosuccinate), nonylphenol ethoxyl-
ate (teric GN9, trade name), alkanate 3SL3, dioc-
tyl sodium sulphosuccinate (Gebeyehu and 
Mekasha  2013 ) and calcium peroxide with pro-
long starvation are used for defaunation. 

 Chaudhary et al. ( 2000 ) and Kamra et al. 
( 2000 ) induced partial defaunation in buffaloes 
by feeding bentonite and soapnut. A lot of work 
has been done on the use of herbs, especially 
saponin-containing plants, and essential oils as 
antiprotozoal agents associated with antimetha-
nogenesis. Ethanol extracts of  Sapindus 
mukorossi  (a seed rich in saponins) when included 
in the incubation medium showed a 52 % reduc-
tion in protozoa population, and this was associ-
ated with 96 % inhibition in CH 4  production by 
rumen microbes of buffaloes (Agarwal et al. 
 2009 ). There is a close association of methano-
gens with protozoa, and methane production in 
ruminants is attributed to this relationship, but 
Kamra et al. ( 2008 ) compiled the data of series of 

in vitro experiments using various plant extracts 
to inhibit methanogenesis and its correlation with 
protozoa population and showed that methane 
inhibition is not always associated with inhibi-
tion in protozoa population. Similarly, feeding of 
coconut oil at the rate of 50 g/kg DM to sheep 
resulted in 94 % reduction in protozoa popula-
tion. Though total tract fi bre digestibility was 
reduced, there was no effect on methane produc-
tion (Machmuller et al.  2003 ).   

16.4.3     Chemical Interventions 

16.4.3.1     Organic Acids 
 The rumen microbes break down feed and pro-
duce VFA (acetate, propionate, butyrate and iso- 
acids), CO 2  and hydrogen. By increasing the 
molar proportion of propionate in the rumen, the 
hydrogen production is reduced which results in 
less methane production. Several organic acids 
(fumarate and malate) have been used as precur-
sors of propionate, and if in the rumen, the con-
centrations of these acids increase, the propionate 
production would also increase, and this will 
result in lower methane production. The most 
extensively studied organic acids to reduce meth-
ane production are malate and fumarate (Wood 
et al.  2009 ; Lin et al.  2013 ). Martin and Streeter 
( 1995 ) reported that malate increases propionate 
production and decreases methane production 
under in vitro conditions. Martin et al. ( 1999 ) 
also reported that the supplementation of malate 
in animal diet improves feed conversion effi -
ciency in cattle. There are reports where fumarate 
has not shown any effect on methane production 
under in vivo conditions (Beauchemin and 
McGinn  2006 ). Yang et al. ( 2012 ) studied the 
effects of fumarate on methane production, rumi-
nal fermentation and microbial population in 
goats under different forage concentrate ratios 
and reported that the fumarate reduced methane 
production by 11.9 %, irrespective of the diet. 
The production of TVFA, acetate and propionate 
was greater in the rumen of goats supplemented 
with fumarate, whereas methanogens were 
lower. Asanuma et al. ( 1999 ) reported depressed 
methane production with fumarate under in vitro 
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conditions and concluded that it could be an 
 economical feed additive. Acrylate, a precursor 
of propionate, also reduced methane production 
in RUSITECH, but it was less effective than 
fumarate (Ouda et al.  1999 ). However, Carro 
et al. ( 1999 ) found that malate actually increased 
methane production in a rumen-simulating 
 fermentor, although this was largely explained by 
stimulation in fi bre digestion, and methane pro-
duced per unit of feed fermented was actually 
reduced. There was no stimulation in propionate 
concentration in the cattle rumen as well as esti-
mated methane production with the supplementa-
tion of malate (Martin et al.  1999 ; Montano et al. 
 1999 ). The effect of organic acid supplementa-
tion on methane production is inconsistent, and 
the high cost of organic acids is another hurdle in 
using these acids as antimethanogenic agents.  

16.4.3.2    Halogenated Methane 
Analogues 

 Halogenated methane analogues like chloroform, 
iodoform, carbon tetrachloride and methyl chlo-
ride are some of the compounds which inhibit 
methanogenesis by blocking the terminal enzyme 
of methane synthesis, i.e. methyl CoM reductase. 
Bromochloromethane (BCM) is another com-
pound of this group which is a potent antimetha-
nogenic agent (Sarvanan et al.  2000 ). 
Bromoethanesulphonic acid is a structural ana-
logue of HS-CoM, a cofactor essentially required 
for methanogenesis; hence it directly affects 
methanogenesis and growth of methanogens. It is 
highly specifi c, and in mixed rumen, microbial 
culture inhibits methanogens as observed by 
using real-time PCR (Agarwal et al.  2008 ). 
McCrabb et al. ( 1997 ) reported that the supple-
mentation of BCM at the rate of 5 g per day in 
ruminants’ diet reduces methane production up 
to 15 h posttreatment. The improvement in the 
feed conversion effi ciency has been reported due 
to addition of BCM (McCrabb  2000 ). A com-
pound containing BCM and cyclodextrin was 
found very effective against enteric methane pro-
duction in ruminants (May et al.  1995 ). The mode 
of supplementation of BCM has signifi cant effect 
on methane inhibition. Complete inhibition in 
methane production was reported in cattle when 

supplemented at hourly interval and when fed 
twice daily to cattle over an 8-week period; it 
reduced methane to the tune of about 50 % 
(McCrabb et al.  1997 ). The chemical (BCM) is 
highly volatile; therefore, it was stabilized by 
tannins, and the feeding trials were conducted on 
the diet supplemented with BCM and tannin. 
BCM was highly effective and caused 89 % 
reduction in methane production in sheep 
(Sarvanan  2000 ). Feeding of BCM with alkali- 
treated mahua seed cake also showed methane 
reduction in sheep (Bhar and Haque  2004 ). 
Another compound 2-bromoethanesulphonic 
acid (BES) has been tried by researchers to 
reduce methanogenesis in the rumen, and the 
results have been very encouraging on methane 
inhibition under in vitro conditions (Choi et al. 
 2004 ; Agarwal et al.  2008 ). The major drawback 
in using halogenated compounds as methane 
inhibitors is that the rumen microbes get adapted 
and the inhibitory effect on methane might be 
short lived (van Nevel and Demeyer  1996 ). The 
halogenated compounds are highly unstable and 
are also toxic to host as well as human beings.  

16.4.3.3    Ionophores 
 Ionophores like monensin, lasalocid, tetronasin, 
lysocellin, salinomycin, etc., are commercially 
available, and they inhibit hydrogen-producing 
bacteria. The ionophores are lipophilic ion carri-
ers. They pass through the porous peptidoglycan 
layer of Gram-positive bacteria and remain in 
lipid membrane which causes death of microor-
ganism by affecting energy production of the 
cells (Tedeschi et al.  2003 ). There are several for-
mate- and hydrogen-producing bacteria which 
are Gram negative and sensitive to ionophores 
and hamper the formation of substrates for meth-
anogens. Monensin inhibits methanogens and 
also enhances propionate production. 

 Inclusion of Rumensin in the rice straw-based 
diet of cattle resulted in a signifi cant depression 
in methane production and acetate production in 
the rumen accompanied by a signifi cant increase 
in propionate levels without affecting the produc-
tion of total volatile fatty acids in the rumen 
liquor (Singh and Mohini  1999 ). This resulted in 
reduced dry matter intake and a lower ammonia 
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nitrogen level in the rumen liquor. There was no 
effect on bacterial and protozoal biomass in the 
rumen liquor on feeding of 50 or 100 mg 
Rumensin per day in the diet of animals. 

 The ionophore antibiotics might improve on 
an average 8 % in feed conversion effi ciency of 
the animals that is mainly due to reduction in 
methanogenesis in the rumen and ultimately 
improved animal productivity (Chalupa  1988 ). 
The uses of chemicals/antibiotics as additive in 
livestock are being discouraged because of the 
adaptation of microbes to a particular chemical 
and the presence of residues in the animal prod-
ucts. Therefore, the use of chemicals/antibiotics 
to reduce methanogenesis in livestock is not a 
popular intervention to be used.  

16.4.3.4    Inorganic Compounds 
 Supplementation of diet with inorganic salts like 
nitrate and sulphur is another strategy of inhibit-
ing enteric methane emission. Sulphate- and 
nitrate-reducing bacteria are natural inhabitants 
of the rumen which serve as an alternate hydro-
gen sink to methane, but the reduced products, 
H 2 S and nitrite, at higher concentrations are toxic 
to the animals. Therefore, the use of these feed 
additives is of limited importance, and therefore, 
one must take utmost care in using these chemi-
cals as antimethanogenic agents in ruminants 
(Sakthivel et al.  2012 ). The number of sulphate- 
and nitrate-/nitrite-reducing bacteria is present in 
small numbers as these substrates are present in 
small quantities in the rumen. Slowly increasing 
the concentration of sulphate and nitrate in the 
ration might help in increasing the number of 
bacteria responsible for their reduction to H 2 S, 
nitrite and ammonia. As these reactions are 
hydrogen consuming, there is a depression in 
methane production due to lower availability of 
hydrogen in the rumen. 

 Sar et al. ( 2004a ) reported a decrease in meth-
anogenesis in sheep given nitrate (1.3 g NaNO 3 /
W 0.75 ) along with galacto-oligosaccharide (GOS) 
at the rate of 10 g/day plus 100 ml of  Candida 
kefyr  (1 × 10 7  cfu/ml). Simultaneous administration 
of nitrate with GOS decreased nitrite accumulation 
in the rumen, plasma and nitrite-induced methae-
moglobin and caused lower methane production. 

However, the rate of ruminal methane production 
in sheep administered nitrate along with GOS or 
nisin was not affected when compared to nitrate-
treated sheep (Sar et al.  2004b ). Lin et al. ( 2011 ) 
reported that the protozoa- and bacteria-rich frac-
tions have an important role in nitrate reduction. 
The nitrate was not having any effect on VFA 
concentration, but there was a shift in molar pro-
portion of VFA with higher acetate, lower propio-
nate and lower butyrate along with less methane 
production. 

 Sar et al. ( 2005 ) suggested that  E. coli  W3110 
plus nitrate and  E. coli  nir-Ptac plus nitrate both 
have potential to be used as feed additive to miti-
gate methane production (6–12 %) in sheep. Van 
Zijderveld et al. ( 2010 ) assessed the effect of 
dietary addition of nitrate (2.6 % of DM) and sul-
phate (2.6 % of DM) on methane emission in 
lambs. The animals were gradually given nitrate 
and sulphate in corn silage-based diet for 28 days 
and methane production was found to be 
decreased. They also found that the decrease in 
methane production was at maximum immedi-
ately after nitrate feeding, but the effect was uni-
form for the entire day in sulphate feeding. 
Methane production was reduced by 16 % in 
cows fed maize silage and replacing 1.5 % urea 
with 2.2 % nitrate gradually (25 % per week). 
The methane- reducing effect was over a 4-month 
period (Van Zijderveld et al.  2010 ). Sophea et al .  
( 2010 ) concluded that the nitrate could be safely 
used as supplementary nitrogen source to 
improve DM intake and animal performance 
along with reduced methane emission. Similar 
results were also reported by Sophea and Preston 
( 2011 ) when growing goat fed 0, 2, 4 and 6 % 
KNO 3  by replacing isonitrogenous amounts of 
urea in a diet of fresh mimosa silage, rice straw 
and water spinach. 

 The effect of dietary nitrate on methane pro-
duction was studied in sheep which were accli-
matized to oat hay diet supplemented with either 
4 or 0 % KNO 3 , but made isonitrogenous by the 
addition of urea (Nolan et al.  2010 ). Methane was 
reduced by 23 % in KNO 3 -supplemented group. 
Hulshof et al .  ( 2010 ) reported that the daily methane 
production per animal was reduced by 32 % 
when steers were fed nitrate (2.2 % of DM) 
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 without affecting DMI. Supplementation of 
 calcium nitrate led to a reduction in the methane/
carbon dioxide ratio in the goats compared with 
control animals supplemented with urea. Adding 
0.8 % sulphur as sodium sulphate to the diet also 
reduced the methane/carbon dioxide ratio, with 
the two supplements having additive effects 
(Silivong et al.  2011 ). The addition of fumarate 
enhanced the rate of nitrate and nitrite reduction. 
The addition of fumarate lightens the inhibitory 
effects of nitrate on VFA production and cellu-
lose digestion. The addition of nitrate and fuma-
rate together resulted in decreased methane 
production without affecting rumen fermentation 
and feed digestion (Iwamoto et al.  1999 ). The use 
of nitrate seems to be one of the good strategies 
to be adapted by the livestock owners to reduce 
methanogenesis in the rumen. The animal must 
be adapted to nitrate feeding by gradually increas-
ing the level in the diet to avoid nitrate/nitrite 
 toxicity in ruminants.    

16.5     Consequences of Partial 
or Complete Methane 
Inhibition 

 In a cattle weighing around 600 kg, approxi-
mately 1,000 l of hydrogen is generated, but on 
examination of the rumen gases, only traces of 
hydrogen are observed and the rest of hydrogen 
is converted immediately to methane, the most 
energy dense and highly reduced carbon com-
pound which cannot be oxidized in the rumen 
due to absence of oxygen and is expelled out into 
the surrounding atmosphere. Therefore, if metha-
nogenesis is inhibited (by any of the techniques 
listed above), one has to take care of molecular 
hydrogen generated during fermentation of feed. 
This hydrogen must be used by an alternate 
hydrogen sink available in the system itself for 
maximum effi ciency of feed utilization. If this 
hydrogen is expelled out of the rumen as other 
gases, the benefi t of methane inhibition will be 
lost. When alternate terminal electron acceptors 
are used as feed additive (like nitrate/nitrite, sul-
phate, etc.), there is an enhanced formation of 
ammonia and hydrogen sulphide which in excess 

might be toxic for other reactions going on in the 
rumen. This can be taken care of if suffi cient 
basic structures are available in the ecosystem for 
synthesis of amino acids and sulphur-containing 
amino acids so that these toxic compounds are 
converted to safe protein precursors. There will 
not be any adverse effect of methane inhibition if 
hydrogen is not allowed to accumulate in the gas 
phase of the rumen, as hydrogen might inhibit 
further oxidation of glucose and other energy 
sources.  

16.6     Conclusions 

 The literature surveyed in this chapter and the 
experience of laboratory for the last more than a 
decade in this area of research indicates that there 
do exist some of the techniques which have a 
potential to inhibit methanogenesis in the rumen 
and enhance feed conversion effi ciency of feed. 
The in vivo trials conducted with plant secondary 
metabolites and terminal electron acceptors like 
nitrate and sulphate can be suitable feed supple-
ments for controlling methane emission by the 
animals. Only long-term feeding trials are needed 
to test whether these feed supplements have any 
adaptation leading to reversion of methane inhi-
bition and whether these feed supplements have 
any adverse effect on the quality and acceptabil-
ity of the livestock products of animals fed these 
feed supplements.     
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    Abstract  

  Methane is produced from the anaerobic fermentation in ruminants as a 
pathway for the disposal of metabolic hydrogen produced during micro-
bial metabolism. This methane is not only related to environmental prob-
lems but also is associated with energy losses to the tune of 8–12 % of 
ingested gross energy. In addition, methane is 23 times more potent as CO 2  
in global warming, and its emissions from enteric fermentation and manure 
management cause 24 and 8 % of total methane emissions from anthropo-
genic activities, respectively. The increasing accumulation of CH 4  in the 
atmosphere has necessitated investigation on newer strategies of manipu-
lating the rumen ecosystem to ameliorate methane emission. Various strat-
egies have been developed to reduce ruminal methanogenesis by means of 
chemical and biotechnological means and by nutritional management. The 
use of concentrate to ameliorate methane emissions from livestock is prac-
tically diffi cult in many parts of the world including India due to the high 
price of cereals and their competition with human food. There are many 
naturally occurring compounds that appear to have anti-methanogenic 
properties, such as tannins, saponins, and essential oils. Researchers are 
actively engaged in evaluating the potential of these secondary plant con-
stituents as natural means of modifying ruminal fermentation.  

  Keywords  

  Enteric methane   •   Plant secondary metabolites   •   Tannins   •   Saponins   • 
  Essential oils   •   Protozoa   •   Methane amelioration  

        R.   Bhatta     (*)
     ICAR-National Institute of Animal Nutrition and 
Physiology ,   Adugodi, Hosur Road ,  Bangalore , 
 Karnataka   560 030 ,  India   
 e-mail: ragha0209@yahoo.com  

 17      Reducing Enteric Methane 
Emission Using Plant Secondary 
Metabolites 

           Raghavendra     Bhatta    

mailto:ragha0209@yahoo.com


274

17.1         Introduction 

 Ruminants produce methane from anaerobic fer-
mentation in their gastrointestinal tracts as a 
pathway for the disposal of metabolic hydrogen 
produced during microbial metabolism. The 
methane produced from enteric fermentation of 
ruminants is not only related to environmental 
problems but also is associated with energy 
losses. Further, methane is 23 times as potent as 
CO 2  in global warming, and its emissions from 
enteric fermentation and manure management 
cause 24 and 8 % of total methane emissions 
from anthropogenic activities, respectively. 
Singhal et al. ( 2005 ) concluded that methane 
emission by indigenous cattle, buffalo, goat, 
crossbred cattle, and sheep is 48.5, 39, 4.7, 4.6, 
and 1.8 % of the total methane emitted by the 
livestock in India. Besides, emission of methane 
causes around 2–12 % loss of feed energy 
depending on the type of feed given to the ani-
mals (Johnson and Johnson  1995 ). The increas-
ing accumulation of CH 4 , one of the most 
important greenhouse gases in the atmosphere, 
has necessitated investigation on newer tech-
niques of manipulating the rumen ecosystem to 
mitigate methane emission. 

 Numerous strategies have been developed to 
reduce ruminal methanogenesis by means of 
chemical (Itabashi et al.  2000 ) and biotechno-
logical means (Attwood and McSweeney  2008 ) 
as well as by nutritional management, including 
through supplementation. The use of concentrate 
to mitigate methane emissions from livestock is 
diffi cult to implement in many areas of the world 
including India due to the high price of cereals 
on the market and its competition with human 
food. There are naturally occurring compounds 
in some forage that appear to have anti- 
methanogenic properties, specially tannins, 
saponins, and essential oils (Bhatta et al.  2012a , 
 b ). Researchers are actively engaged in evaluat-
ing the potential of secondary plant constituents 
as natural means of modifying ruminal fermen-
tation (Bhatta et al.  2013a ,  b ,  c ). The enormous 
biological diversity within tropical trees and 
shrubs provides a bank of materials that can be 

used in animal feeding to improve productive 
effi ciency and also as future strategies for meth-
ane amelioration (Bhatta et al.  2000 ,  2001 , 
 2005 ).  

17.2     Plant Secondary Metabolites 

 The plant secondary metabolites (PSMs) are a 
vast variety of chemical compounds synthesized 
in plants besides primary metabolic products that 
are not involved in the primary biochemical pro-
cesses of growth and reproduction. These bioac-
tive compounds, which have antimicrobial 
activities, are meant for the protection of the host 
plant against invasion by the foreign particles 
including pathogenic microbes. Therefore, these 
compounds have been used as medicine in tradi-
tional system of medicine in India, China, Sri 
Lanka, Japan, and other Asian and African coun-
tries, for the preservation of foods and as spices 
in kitchen in many parts of the world since time 
immemorial. More than 200,000 defi ned struc-
tures of plant secondary compounds have been 
identifi ed. The use of natural bioactive com-
pounds like PSM, which are generally recog-
nized as safe by the FDA instead of chemical 
compounds like antibiotics, methane analogues, 
ionophore as additives in livestock nutrition, etc., 
could be a novel approach to inhibit methane 
emission by the livestock (Tedesco et al.  2004 ). 
The effects of plant extracts are attributed to syn-
ergistic and/or antagonistic interactions of sev-
eral secondary metabolites acting at single or 
multiple target sites (Cordell  2000 ). 

 Bioactive plant metabolites have been an 
important area of research to substitute chemical 
feed additives (Bhatta et al.  2006 ,  2008 ). Many 
phytochemicals such as saponins, tannins, essen-
tial oils, and many other unknown metabolites 
from a wide range of plant sources show poten-
tial for methane mitigation options (Kamra et al. 
 2008 ; Patra et al.  2008 ). These metabolites lessen 
methane production through a direct effect on 
methanogens and/or elimination of protozoa 
(Bhatta et al.  2009 ), reduction of organic matter 
(OM) digestion, and modifi cation of fermenta-
tion in the rumen (Patra and Saxena  2010 ). 
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17.2.1     Tannins 

 The tannins are polyphenolic substances with 
variable molecular weights and complexity. 
These are chemically not well-defi ned substances 
but rather a group of substances with the ability 
to bind proteins in aqueous solution and are 
found as secondary metabolites. Their multiple 
phenolic hydroxyl groups lead to the formation 
of complexes primarily with proteins and to a 
lesser extent with metal ions, amino acids, and 
polysaccharides (Makkar  2003 ). Dietary tannins 
adversely affect fermentation by bacteriostatic 
and bactericidal activities and by inactivating 
ruminal enzymes. Based on their structure and 
chemical properties, tannins are divided into 
hydrolyzable tannins (HT: hydrolyzable tannins 
have a central carbohydrate core to which a num-
ber of phenolic carboxylic acids are bound by 
esters of gallic acid, gallotannin or ellagic acid, 
and ellagitannins) and condensed tannins (CT or 
proanthocyanidins, which have no carbohydrate 
core and are derived by condensation of fl avo-
noid precursors, polymers of fl avonoids) (Baker 
 1999 ). Tannins are considered to have both 
adverse and benefi cial effects depending on their 
concentration and nature besides other factors 
such as animal species, physiological state of ani-
mal, and composition of diet (Makkar  2003 ). 

 Plant secondary metabolites might inhibit 
methane emission by the following modes as 
described by Kamra et al. ( 2012a ):
•    They might directly inhibit methanogens as 

these compounds have antimicrobial activities 
against different microbial groups.  

•   The plant secondary metabolites might have 
antiprotozoal activity, which might indirectly 
result in reduced number of methanogens. As 
the ciliate protozoa and methanogens have an 
ectosymbiotic relationship, the latter might 
lose their symbiotic partners and hydrogen 
supply due to killing of ciliates by the plant 
secondary metabolites and, therefore, might 
result in reduced production of methane.  

•   As the plant secondary metabolites have anti-
microbial activity, which might reduce the 
numbers of bacteria and fungi and thus result 
into lower digestibility of feed and conse-

quently cause a decrease in methanogenesis as 
the feed degradation and methane production 
are directly related to each other.    
 More than 450 plants containing secondary 

metabolites were screened for their ability to 
inhibit methanogenesis in in vitro experiments in 
a major project in Europe “RUMEN UP.” Out of 
the plants examined, 35 plants inhibited methane 
by more than 15 %, and only six plants ( Carduus 
pycnocephalus  L.,  Populus tremula  L.,  Prunus 
avium  L.,  Quercus robur  L.,  Rheum nobile  Hook. 
F. and Thoms., and  Salix caprea  L.) inhibited 
methane by more than 25 % (Bodas et al.  2008 ). 
These plants did not have any adverse effect on 
any of the fermentation parameters tested, indi-
cating that the secondary metabolites present in 
these plants were selective inhibitors of methano-
genic archaea and did not affect any other rumen 
microbe at the level used in this experiment. 

 The extracts (in water, ethanol, and methanol) 
of 41 plants (including 5 seed pulps, 20 leaves, 13 
spices, and 3 fruit peels) containing plant second-
ary metabolites and three oils were screened in 
in vitro gas production test for their anti- 
methanogenic and antiprotozoal activity by 
Kamra et al. ( 2006 ). The extracts of seed pulp of 
 Terminalia chebula ; leaves of  Populus deltoides  
and  Psidium guajava ; spices like  Foeniculum 
vulgare ,  Syzygium aromaticum , and  Allium sati-
vum ; and oils like  Mentha piperita  and  Eucalyptus 
globulus , when included in the incubation 
medium, exhibited more than 50 % inhibition in 
in vitro methanogenesis, whereas extracts of 
 Quercus incana  and  Trachyspermum ammi  inhib-
ited methanogenesis by 25–50 %. Among these 
plants, the extracts of  T. chebula ,  S. aromaticum , 
 P. guajava , and  T. ammi  and the oils tested 
reduced protozoa population density by more 
than 50 %. But in some cases, the reduction in 
methanogenesis was accompanied with inhibi-
tion in in vitro digestibility of feed (Kamra et al. 
 2006 ,  2008 ; Patra et al.  2006 ; Agarwal et al. 
 2009 ; Kumar et al.  2009 ). Further, 23 combina-
tions of these selected plant parts were evaluated 
to achieve maximum inhibition in methane pro-
duction with no adverse effect on feed 
digestibility. 
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 Bhatta et al. ( 2009 ) observed that inclusion of 
a  quebracho  tannin sample containing 7.62 % 
HT and 3.67 % CT inhibited methane at 50 g/kg 
of substrate. Waghorn et al .  ( 2002 ) reported that 
in vitro incubation of  Lotus pedunculatus  (con-
taining tannin) had lower methane production 
compared with  L. pedunculatus  treated with 
PEG. In the same study, sheep fed  L. peduncula-
tus  produced 17 % less methane compared with 
sheep fed  L. pedunculatus  plus PEG. Very few 
reports are available regarding the biological 
activities of tannin fractions on ruminal methane 
production. Extracts of HT, such as gallotannic 
acid, showed 50 % inhibition of methane produc-
tion with lower inhibition associated with mono-
mers compared with polymers (Field and Lettinga 
 1987 ). Kumar et al. ( 2007 ) analyzed the effect of 
extracts of tanniferous leaves on in vitro metha-
nogenesis and observed methane inhibition to the 
tune of 35.7, 24.3, and 23.2 % with the use of 
methanol extract of mango and jamun leaves and 
ethanol extract of mango leaves, respectively. 
Methanol extract of  T. chebula  decreased meth-
ane production in vitro by 95 % when incubated 
at the level of 0.25 ml/30 ml incubation medium, 
and complete inhibition was observed at double 
this level (Patra et al.  2006 ). Hydrolyzable tan-
nins such as gallotannic acid inhibited 50 % 
methane production from sludge at a concentra-
tion of 0.7 g/l (Field and Lettinga  1987 ). 

 Effect of tannin extracts on methane produc-
tion both in vitro and in vivo condition depends 
upon their source and dose. For example, addi-
tion of  Acacia mearnsii  tannin extracts reduced 
methane production by 10 % in sheep (Carulla 
et al.  2005 ) and up to 30 % in cattle (Grainger 
et al.  2009 ). Inclusion of methanol extract of 
pericarp of  Terminalia chebula  reduced in vitro 
methane production up to 90 % (Patra et al.  2006 ) 
and in sheep fed 10 g/kg of DM intake (Patra 
et al.  2010 ). This was attributed to the presence of 
hydrolyzable tannins in these fruits. Min et al. 
( 2005 ) reported in an in vitro condition that que-
bracho tannin (75 % CT) included at concentra-
tions of 1–2 g/l decreased methane production by 
12.3–32.6 %. Rumen inoculum collected from 
cattle grazing wheat grass fed with quebracho 
tannins at 10–20 g/kg DM intake decreased 

methane production by 25–51 % in vitro (Min 
et al.  2006 ). However, this anti-methanogenic 
effect was not seen in cattle grazing wheat grass 
in vegetative stage (Min et al.  2006 ). Recently, 
Bhatta et al. ( 2009 ) reported that quebracho tan-
nins inhibited the methane production linearly 
(13–45 %) with increasing doses (5–25 % of sub-
strates). However, Beauchemin et al. ( 2007 ) did 
not fi nd any effect on methanogenesis when a 
quebracho tannin extract (10–20 g/kg DM intake) 
was fed to beef cattle, which may be due to low 
dosages of tannins. It has been suggested that the 
action of CT on methanogenesis may be attrib-
uted to the direct inhibitory effects on methano-
gens depending upon the chemical structure of 
CT and also indirectly by decreasing fi ber degra-
dation (Patra and Saxena  2010 ). Bhatta et al. 
( 2009 ) established that the effect of tannin on 
methane is directly due to reduced number of 
methanogen and indirectly due to reduced num-
ber of protozoa. For the fi rst time, it was unequiv-
ocally proved that sources containing both CT 
and HT were more effective as methane suppres-
sants than those containing only HT (Bhatta et al. 
 2009 ). Large number of tree leaves, medicinal 
and aromatic plants/shrubs, were screened by 
Bhatta et al. ( 2013a , b, c), and some of them have 
shown very promising results as methane sup-
pressants (Tables  17.1  and  17.2 ) to be used in 
ruminant diets.

    The above results based on the effect of PEG 
on in vitro incubation established that plants 
 containing secondary metabolites such as  A. inte-
grifolis ,  J. curcas ,  S. grandifl ora ,  Rauvolfi a 
 serpentina ,  Indigofera tinctoria , and  Withania 
somnifera  have great potential to suppress metha-
nogenesis .  Further, it was also established that 
methanogenesis was not essentially related to the 
density of protozoa population in vitro .  The tan-
nins contained in these plants could be of interest 
in the development of new additives in ruminant 
nutrition. The optimum dose to get maximum 
methane suppression without any adverse effect 
on digestibility needs to be determined. 

 Sheep fed  Lotus pedunculatus  (80 g CT/kg 
DM) yielded less methane than when fed on 
perennial ryegrass or grazing on lucerne pasture 
(3.9, 6.2, and 5.7 % GEI, respectively). Similar 

R. Bhatta



277

responses were also reported by Woodward et al. 
( 2001 ), when dairy cows were fed silages of  L. 
pedunculatus  or perennial ryegrass. In addition, 
other in vitro studies have also found depression 
of methane production with other CT-containing 
plant species, such as  Mangifera indica  and sain-
foin ( Onobrychis viciifolia ) (McMahon et al. 
 1999 ). In another study, in which diets differing 
in protein source (soybean meal, pea, or rapeseed 
meal) were supplemented with very high propor-
tion of tannin-rich extracts from chestnut and 
mimosa (HT) or quebracho (CT), chestnut tannin 
was very effective in reducing methane produc-
tion. Woodward et al. ( 2001 ) reported that meth-
ane emission relative to digestible DMI was 
decreased by 24–29 % when CT-containing for-
age  L. pedunculatus  was fed compared with rye-
grass or lucerne in sheep. It is believed that 
tannins adversely affect feed intake by the ani-
mals; however, the effect is dose dependent as 
plant species with high CT content reduce the 
feed intake drastically, while medium and low 
consumption has no effect on feed intake. Feeding 
of high tannin (CT) forage  Lespedeza striata  to 
goats at increasing levels (0, 33, 67, and 100 % 
inclusion) decreased methane quadratically 

(26.2, 17.6, 13.8, and 10.91 l/d) along with 
decreased methanogen and protozoa population 
with stable population of other microbes (Animut 
et al.  2008 ). Hess et al. ( 2006 ) showed that the 
low-tannin legume  Cratylia argentea  addition 
had better methane inhibition than that of the 
tannin-rich legume  Calliandra calothyrsus  sup-
plementation with minimal suppression of the 
feed intake.  Lotus pedunculatus  having con-
densed tannin, when fed to lamb, showed 16 % 
reduction in methane production (Waghorn et al. 
 2002 ). 

 In sheep fed with  T. chebula  and  A. sativum  
alone or in combination (1:1) at the rate of 1 % of 
DMI, the methane emission (l/kg digested DM) 
and methane energy loss as a percent of digest-
ible energy intake tended to be lower in  T. cheb-
ula  and mix groups as compared to control (Patra 
et al.  2011 ; Kumar et al.  2011 ; Verma et al.  2012 ; 
Kamra et al.  2012a ,  b ). In a mixture of four plants 
(mix 12) when fed at the rate of 1 percent of DMI 
daily, 2 % of DMI on alternate day, and 3 % of 
DMI on every third day to the buffaloes, there 
was an inhibition in methane emission by 31.8 %, 
19.5 %, and 5.56 %, respectively. There was no 
adverse effect on nutrient utilization, rumen 

   Table 17.1    Gas production (ml/200 mg DM), methane production with and without PEG, and methane reduction/ml 
of total gas reduction (ratio) among tree leaves   

 Tree leaves 

 Gas production  Tannin bioassay 

 Methane (ml) 

 Methane 
reduction/ml 
of total gas 
reduction 

 (ml/200 mg DM) 
 (percent increase 
in gas a )  −PEG  +PEG  −PEG  +PEG 

  Autocarpus integrifolis   32.2  32.8  1.86  3.67  6.51  4.73 
  Azadirachta indica   18.1  32.3  78.5  3.16  6.13  0.21 
  Ficus benghalensis   2.38  15.6  555  0.43  3.86  0.26 
  Ficus mysorensis   19.2  22.8  18.8  3.08  4.45  0.38 
  Ficus racemosa   29.2  29.8  2.05  5.90  5.86  0 
  Ficus religiosa   30.8  31.4  1.95  5.47  7.62  3.58 
  Glyricidia maculata   29.9  30.2  1.00  7.73  7.77  0.13 
  Jatropha curcas   21.2  22.2  4.72  3.83  7.26  3.43 
  Leucaena leucocephala   31.2  35.2  12.8  8.61  8.12  0 
  Moringa oleifera   37.0  39.6  7.03  9.15  10.17  0.39 
  Morus alba   25.2  28.2  11.9  5.19  4.72  0 
  Simarouba glauca   28.7  32.7  13.9  3.55  3.93  0.09 
  Sesbania grandifl ora   36.8  39.8  8.15  4.45  10.51  2.02 

  Samples were incubated at 1:2 ratio with PEG-6000 (w/w basis) 
 For calculation of methane (%) and methane increase with PEG addition (%) 
  a On PEG-6000 addition percent increase represents increase with PEG addition compared to without PEG  
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   Table 17.2    Gas production (ml/200 mg DM), methane production with and without PEG, and methane reduction/ml 
of total gas reduction (ratio) among medicinal and aromatic plants   

 Name of the plant 

 Gas production 
(ml/200 mg DM) 

 TBA (percent 
increase in gas a ) 

 Methane (ml) 
 Methane 
reduction per 
ml of total 
gas reduction  −PEG  +PEG  −PEG  +PEG 

  Adhatoda zeylanica   29.3  29.7  1.37  6.21  6.92  1.78 
  Alpinia galanga   0.9  4.2  367  0.31  1.00  0.21 
  Andrographis paniculata   28.8  29.5  2.43  5.74  6.37  0.90 
  Artemisia annua   41.4  42.2  1.93  6.86  7.90  1.30 
  Artemisia absinthium   27.4  27.4  0.00  5.57  6.51  0.00 
  Cichorium intybus   31.4  36.4  15.9  8.05  5.05  0.00 
  Cinnamomum verum   16.2  18.2  12.3  2.87  4.31  0.72 
  Cymbopogon fl exuosus   30.1  30.8  2.33  7.65  7.87  0.31 
  Cymbopogon martini   30.4  30.5  0.33  3.26  3.71  4.50 
  Cymbopogon winterianus   21.5  22.2  3.26  3.27  2.77  0.00 
  Foeniculum vulgare   27.4  28.1  2.55  4.52  5.03  0.73 
  Hemigraphis colorata   35.0  37  5.71  5.88  4.88  0.00 
  Indigofera tinctoria   31.2  31.3  0.32  3.42  5.10  16.80 
  Lavandula stoechas   29.8  30.2  1.34  3.96  4.14  0.45 
  Lawsonia inermis   40.1  42.1  4.99  3.36  6.40  1.52 
  Leucas aspera   36.5  38.4  5.21  5.41  5.64  0.12 
  Lippia citriodora   30.4  30.5  0.33  6.31  6.89  5.80 
  Medicago sativa   38.0  38.5  1.32  5.38  7.73  4.70 
  Melissa offi cinalis   13.5  14.9  10.4  3.06  3.59  0.38 
  Mentha citrata   25.5  25.8  1.18  1.50  2.96  4.87 
  Matricaria chamomilla   26.2  27.8  6.11  3.58  3.94  0.23 
  Murraya koenigii   28.9  30.2  4.50  2.18  2.88  0.54 
  Myristica fragrans   25.8  30.8  19.4  4.22  6.08  0.37 
  Oenothera lamarckiana   16.4  27.4  67.1  7.03  7.03  0.00 
  Origanum vulgare   20.5  21.2  3.41  2.07  2.68  0.87 
  Pandanus amaryllifolius   36.8  37.2  1.09  7.96  8.67  1.77 
  Pelargonium graveolens   12.5  25.1  101  2.12  5.31  0.25 
  Pimenta offi cinalis   6.9  20.2  193  4.09  1.85  0.00 
  Pogostemon cablin   21.8  22.1  1.38  4.32  4.66  1.13 
  Rauvolfi a serpentina   33.8  34  0.59  7.25  33.6  131.75 
  Rauvolfi a tetraphylla   25.8  26.8  3.88  5.16  5.36  0.20 
  Rosmarinus offi cinalis   10.2  12.2  19.6  1.66  2.88  0.61 
  Ruta graveolens   32.8  33  0.61  7.84  7.92  0.40 
  Salvia offi cinalis   26.1  27.1  3.83  6.31  6.06  0.00 
  Strobilanthes fl accidifolius   22.1  22.5  1.81  5.22  3.70  0.00 
  Taraxacum offi cinale   40.7  42.7  4.91  6.73  6.10  0.00 
  Thymus vulgaris   38.4  39.4  2.60  8.36  8.42  0.06 
  Withania somnifera   21.1  21.4  1.42  4.52  7.59  10.23 

  All the samples were leaf samples 
 Samples were incubated at 1:2 ratio with PEG-6000 (w/w basis) 
 TBA- tannin bioassay 
  a On PEG-6000 addition  
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microbial and enzyme profi le, and rumen fer-
mentation. In growing buffalo calves, feeding of 
mix 12 at the rate of 1.0 % of DMI daily resulted 
in improved feed conversion effi ciency (5.94  vs . 
6.36) (Kamra et al.  2006 ). The effect of tannins, 
saponins, and essential oils on methane inhibi-
tion was shown in Table  17.3 .

17.2.2        Saponins 

 Saponins are high molecular weight glycosides 
in which sugars are linked to a hydrophobic agly-
cone (sapogenin) which may be triperpene or a 
steroid in nature. They form stable foam in aque-
ous solutions similar to soaps. Saponins occur in 

   Table 17.3    Effect of tannins, saponins, and essential oils on methane inhibition   

 Name of the 
phytochemicals  Animal 

 Dose of the 
phytochemical used 

 Methane inhibition 
(%) (compared 
with control)  References 

  Tannins  
  Mimosa  tannins  Goat  2.8 g/kg DM  9.0 %  Bhatta et al. ( 2013a ,  b ,  c ) 
  Mimosa  tannins  Goat  5.6 g/kg DM  11.0 %  Bhatta et al. ( 2013a ,  b ,  c ) 
  Terminalia chebula  
seed pulp 

 Sheep  10 g/kg DM intake  No effect  Patra et al. ( 2010 ) 

  A. mearnsii  tannins  Cattle  8.6 and 14.6 g/kg of 
DM intake 

 17 and 30 %  Grainger et al. ( 2009 ) 

  A. mearnsii  tannins  Cattle  8.6 and 14.6 g/kg of 
DM intake 

 11.5 and 28 %  Grainger et al. ( 2009 ) 

  Acacia mearnsii  extract 
(CT 72.5 %) 

 Sheep  41 g/Kg  9.9 %  Carulla et al. ( 2005 ) 

  Castanea sativa  wood 
extract (contains HT 
20 %) 

 Sheep  5 and 10.1 g/kg DM 
equivalent to 1 and 
2 g/kg 

 −21.5 at 10.1 g/kg 
to 32.6 % at 5 g/kg 

 Sliwinski et al. ( 2002 ) 

  Saponins  
 Tea saponins  Lamb  4.1 g/kg diet  27.2 %  Mao et al. ( 2010 ) 
  Y. schidigera  extract 
(6 % saponins) 

 Dairy cows  10 g/kg of DM  No effect  Holtshausen et al. ( 2009 ) 

  Q. saponaria  plant 
(3 % saponin) 

 Cattle  10 g/kg of DM  No effect  Holtshausen et al. ( 2009 ) 

 Saponins  Sheep  170 mg/day or 0.13 g/
kg diet 

 15.5 %  Wang et al. ( 2009 ) 

 Tea saponins  Sheep  5 g/kg diet  8.71 %  Yuan et al. ( 2007 ) 
  Quillaja saponaria  
extract (5–7 % 
saponins) 

 Sheep  13.5 g/kg diet  16.9 %  Pen et al. ( 2007 ) 

  Yucca schidigera  
extract (8–10 % 
saponins) 

 Sheep  13.8 g/kg diet  11.7 %  Pen et al. ( 2007 ) 

 Sarsaponin  Sheep  0.12 g/kg diet  7.1 %  Santoso et al. ( 2004 ) 
  Sapindus saponaria  
fruit 

 Sheep  5 g/kg BW 0.75   6.5 %  Hess et al. ( 2004 ) 

 Sarsaponin (1.25 % 
saponins) 

 Sheep  0.002 and 0.03 g/kg 
DM of sarsaponin 

 No effect  Sliwinski et al. ( 2002 ) 

 Lucerne saponin 
(27.8 % saponins) 

 Sheep  10–40 g/kg diet  No effect  Klita et al. ( 1996 ) 

  Essential oil  
 Cinnamaldehyde  Sheep  0.02 g/Kg diet  –  Ohene-Adjei et al. 

( 2008 ) 
 Juniper berry oil 
( Juniperus communis ) 

 Sheep  0.02 g/Kg diet  –  Ohene-Adjei et al. 
( 2008 ) 
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leaves, tuber, bark, roots, seeds, and fruits; however, 
saponins of all these sources are not promising 
methane inhibitors (Goel et al.  2008 ). 

 There is increasing evidence to suggest that 
addition of saponins in the diets suppress meth-
ane production due to reduced protozoal numbers 
and/or methanogenic archaeal activity. 
Depression in methane production up to 96 %, 
39.4 %, and 20 % compared with controls with 
ethanol, water, and methanol extracts of  Sapindus 
mukorossi  seed pulp, respectively, was reported 
by Agarwal et al. ( 2006 ). However, despite a 
depression in protozoal numbers, saponins 
extracted from pods of  Acacia concinna  extracts 
did not affect methane production (Patra et al. 
 2006 ). Saponins of  Sapindus saponaria  sup-
pressed methane production by 20 % without 
affecting methanogen numbers in Rusitec (Hess 
et al.  2003 ) or in lamb (Hess et al.  2004 ). It was 
reported that the effect of  S. saponaria  on meth-
ane was less pronounced in faunated (14 %) than 
in defaunated (29 %) rumen fl uid. This indicated 
that reduced methane production per se was not 
entirely due to associated depression in protozoal 
numbers (Hess et al.  2003 ). The inhibitory activi-
ties of saponins on methanogenesis are not only 
dependent on the levels of saponins but also on 
the composition of diet itself. For example, sapo-
nins of  Sapindus rarak  fruits at lower levels had 
no effect on methanogens numbers while signifi -
cantly reduced methanogen RNA concentration 
at the highest (4 mg/ml) saponin concentration 
(Wina et al.  2005 ). Goel et al. ( 2008 ) observed 
that methane inhibition effect of saponins from 
 Sesbania sesban  and fenugreek was pronounced 
in concentrate-based diets as compared to that 
with roughage-based diets. Total archaeal popu-
lation was reduced by saponins extracted from  S. 
sesban  leaves (78 %), fenugreek seeds (22 %), 
and Knautia leaves (21 %). Despite inhibition of 
archaea, methane production was not affected in 
their study (Goel et al.  2008 ), which was attrib-
uted to the changes in the rate of methanogenesis 
as a result of changing fermentation pattern and 
microbial diversity. Patra and Saxena ( 2009 ) 
noted that one of the problems of using saponins 
or saponin-containing plants is that antiprotozoal 
activity was found to be transient. Protozoa did 
not become resistant to these antiprotozoal com-

pounds (Newbold et al.  1997 ). Therefore, it is 
possible that bacterial populations of the rumen 
degraded the saponins or saponin-containing 
plants (Newbold et al.  1997 ). These results are 
providing conclusive evidence that mixed rumen 
microbial populations were able to adapt to sapo-
nins over a period of time. This presents a chal-
lenge for practical application of this technology 
at the fi eld level. In addition to suppressing meth-
ane outputs, the use of saponins may also confer 
nutritional benefi ts as they might increase micro-
bial protein synthesis due to inhibition of proto-
zoa, and the fi ber-degrading bacteria and fungi in 
the rumen might increase, which is benefi cial for 
utilization of feeds in low-quality-based diets 
(Patra and Saxena  2009 ). 

17.2.2.1     Effects of Saponins 
on In Vitro Rumen 
Fermentation 

 A number of studies have reported that saponins 
or plants rich in saponins decreased methane pro-
duction in the rumen. Saponin extracts from 
 Yucca schidigera  and  Quillaja saponaria  have 
been demonstrated to reduce methanogenesis 
both in vitro (Pen et al.  2006 ,  2007 ) and in vivo 
(Holtshausen et al.  2009 ). Goel et al. ( 2008 ) in a 
study with saponin-rich fenugreek and sesbania 
extract in water, 50 % methanol, and 95 % meth-
anol did not observe any methane inhibition 
in vitro, despite decrease in protozoa count by 
nearly 50 % in both concentrate and roughage- 
based diet, whereas supplementation of fenu-
greek and sesbania as such to hay, concentrate, or 
mixed substrate showed a decrease in methane 
production by 5.1–11.9 %. Agarwal et al. ( 2006 ) 
reported a reduced methane production in vitro 
with water, ethanol, and methanol extracts of 
soap nut ( Sapindus mukorossi ) with the highest 
in ethanol extract (96 %). The results on the 
effects of saponins on methane production are 
not always consistent even if same plant or simi-
lar types of animals are used.  

17.2.2.2     Effect of Saponins on In Vivo 
Methane Emission 

 There are very few reports with saponin as a 
feed additive or supplementation to animal diets. 
One of the problems of using saponins or 
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saponin- containing plants is (Newbold et al. 
 1997 ) that antiprotozoal activity was found to be 
transient. Kamra ( 2012b ) after a series of studies 
reported that ethanol extract of soap nut at the 
rate of 20 ml/animal induced 67 % depression in 
methane emission (26.99 vs. 8.91 l/kg DDM). 
 Sapindus mukorossi  is rich in saponins and can 
be used for manipulation of rumen fermentation 
in sheep.  Y. schidigera  plant extract has been 
found to improve growth, feed effi ciency, and 
health in ruminants Mader and Brumm ( 1987 ). 
 Sesbania sesban  leaves, known for their high 
saponin content, have been found to have a poten-
tial to improve protein fl ow from rumen by sup-
pressing protozoal action (Newbold et al.  1997 ). 
The time dependence of the detoxifi cation pro-
cess of the saponins was clearly demonstrated in 
ruminal fl uid in vitro. However, some of the stud-
ies suggested that protozoa per se did not develop 
resistance to these antiprotozoal compounds 
(Newbold et al.  1997 ). Therefore, it is possible 
that bacterial population of the rumen degraded 
saponins or saponin-containing plants, which are 
rendered no more effective against protozoa.   

17.2.3     Essential Oils 

 There are a number of reports on the amelioration 
of methane production by essential oils (EO) and 
organosulfur compounds. Methanol and ethanol 
extracts of  Foeniculum vulgare  and  Syzygium 
aromaticum  inhibited methane production 
in vitro (Patra et al.  2006 ,  2010 ), which was also 
accompanied by reduction of degradability of 
feeds by  S. aromaticum , whereas the extracts of 
 A. sativum  and  F. vulgare  had no effects on 
degradability of feeds (Patra et al.  2010 ). In an 
experiment with sheep fed on wheat straw and 
concentrate (1:1), inclusion of  Allium sativum  at 
10 g/kg of DM intake also reduced methane pro-
duction per unit of OM digested and increased 
digestibility of fi ber (Patra et al.  2010 ). Thymol 
(400 mg/l), a main component of EO derived 
from  Thymus  and  Origanum  plants, was a strong 
inhibitor of methane in vitro (Evans and Martin 
 2000 ). In batch cultures with garlic oil (organo-
sulfur compounds) and four of its main compo-
nents, i.e., diallyl sulfi de, diallyl disulfi de, allyl 

mercaptan, and allicin, Busquet et al. ( 2005 ) 
observed that garlic oil and diallyl disulfi de 
(300 mg/l of ruminal fl uid) reduced methane pro-
duction by 74 % and 69 %, respectively, without 
altering digestibility of nutrients. Busquet et al. 
( 2005 ) hypothesized that garlic oil and diallyl 
disulfi des have inhibited methane production due 
to the direct inhibition of rumen methanogens. 

 Ohene-Adjei et al. ( 2008 ) reported that cinna-
maldehyde, garlic, and juniper oil supplementa-
tion did not affect total number of methanogenic 
archaea quantifi ed by archaeal 16S rRNA in 
barley- based diet. In a culture-based study, EO 
did not inhibit  Methanobrevibacter smithii  up to 
a concentration of 0.16 ml/l, although inhibition 
occurred at 1.0 ml/l (McIntosh et al.  2003 ). The 
phylogenetic analysis showed that cinnamalde-
hyde, garlic, and juniper oil supplementation 
reduced the proportion of clones associated 
within the  M. ruminantium -related cluster, which 
was more pronounced for juniper berry oil sup-
plementation. In contrast, clones affi liated to 
 Methanosphaera stadtmanae  and  M. smithii  and 
some uncultured groups increased in the supple-
mented treatments. Ohene-Adjei et al. ( 2008 ) 
reported that EO increased the phylogenetic dis-
tribution of methanogenic archaea that might 
have resulted from changes in associated proto-
zoal species. Agarwal et al. ( 2009 ) reported that 
inclusion of 0.33 ml/l of peppermint oil increased 
methanogen numbers by twofold, although there 
was a decrease in methane production by 20 % 
without affecting volatile fatty acid production. 
In this study, the higher levels (1 and 2 ml/l) of 
peppermint oil decreased total methanogen popu-
lation and methane production. The decrease in 
methanogenesis at low doses might be associated 
with the changes in the rate of methanogenesis by 
archaea due to the alteration of archaeal commu-
nity or in the activity of CH 4 -producing genes 
(Ohene-Adjei et al.  2008 ).   

17.3     Conclusion 

 Although phytochemicals such as tannins, sapo-
nins, and essential oils look very promising in 
suppressing enteric methane emissions in rumi-
nants, results are not consistent in various studies 
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due to great variations in chemical composition 
of phytochemicals, doses, and feed composition. 
A lot of research work still needs to be done to 
study the structure–activity relationship for prac-
tical application of phytochemicals at industry 
level to exploit the benefi cial effects.     
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Abstract

Imbalanced feeding is widely prevalent in the smallholder dairy systems 
of tropical countries. Dairy animals fed on imbalanced rations not only 
produce less milk at a higher cost but also produce more methane per unit 
of milk production. As imbalanced feeding adversely impacts livestock 
productivity, health and the environment, it is a need of the hour to imple-
ment a practical and cost-effective approach for improving productivity 
and reducing methanogenesis in tropical ruminants. Changing plane of 
nutrition through balanced feeding has improved feed conversion effi-
ciency, milk production and microbial protein synthesis and reduced 
methane emissions in cows and buffaloes, under field conditions. Balanced 
feeding might have resulted in a shift in volatile fatty acid pattern towards 
more propionate and less acetate, resulting in lower methane production. 
Thus, ration balancing could be a practical approach for reducing metha-
nogenesis in tropical feeding systems.
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18.1	 �Introduction

Livestock production is undertaken in a multi-
tude of ways across the planet, providing a large 
variety of goods and services, in a wide spectrum 
of agro-ecological and socio-economic condi-
tions. The livestock sector is fundamental to the 

economies of many tropical countries, especially 
in terms of employment, incomes and food secu-
rity. Livestock products contribute significantly
to the diets of both the rural and fast-growing 
urban populations. The livestock sector also con-
tributes a significant share to the global anthropo-
genic greenhouse gas (GHG) emissions. It
represents about 14.5 % of global anthropogenic 
GHG emissions, and methane (CH4) contributes 
about 44 % among GHGs emitted from the sector
(Gerber et al. 2013). The sustainability of the 
livestock sector is a major concern, mainly
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because of the ever-increasing population and the 
limited availability of feed resources in tropical 
countries.

Feeding is the foundation of livestock systems 
and accounts for more than 70 % of the total cost 
of milk production. It directly or indirectly affects 
the entire livestock sector, including animal pro-
ductivity, health and welfare and the environ-
ment. Feeding as per the nutrient requirement of 
animals, using locally available feed resources, is 
an imperative for improving the genetic potential 
of low-yielding dairy animals in tropical coun-
tries. Devendra and Leng (2011) have stated that 
the locally available feed resources act as the key 
driving force for improving the productivity of 
animals in Asia. To maximise profitability from 
the dairy animals, one needs to ensure that the 
dairy animals receive required quantity of pro-
tein, energy, minerals and vitamins, preferably 
from locally available feed resources. Improving 
production and nutrient use efficiencies through 
balanced nutrition approach is also one of the 
most promising ways to reduce methanogenesis 
in ruminants. It is documented that the most rel-
evant methane mitigation strategy for small-
holder mixed crop-livestock systems in tropical 
countries is to increase individual animal produc-
tivity as a consequence of providing nutritionally 
balanced feeds (Bayat and Shingfield 2012; 
Hristov et al. 2013).

Imbalanced feeding is widely prevalent in the 
smallholder dairy systems of tropical countries, 
like India. Imbalanced feeding not only produces 
less milk at a higher cost but also produces more 
methane per litre of milk production. Livestock
fed imbalanced rations produce more methane, as 
most of the dietary organic matter (OM) is fer-
mented to produce acetate and butyrate, resulting 
into more CH4 production (Blummel 2000). On
the contrary, Leng (1991) has reported that if the 
ration is balanced for all essential nutrients, OM
is fermented to produce more microbial biomass 
and less of CH4. Changing plane of nutrition 
through balanced feeding improves rumen fer-
mentation pattern and thus reduces methanogen-
esis in ruminants.

The concept of ration balancing is already in 
place in most of the developed countries, where 

the feed resources are available in abundance 
with good sources of protein, energy and miner-
als, herd sizes are much bigger and the livestock 
owners are better versed with the scientific prac-
tices of feeding and management. In most of the 
tropical countries, herd sizes are smaller and 
dairy farmers follow traditional feeding prac-
tices, causing imbalance of nutrients in terms of 
protein, energy, minerals and vitamins. In view of 
this, the concept of ration balancing for small-
holder dairy farmers in most of the tropical coun-
tries has been a challenge owing to their lack of 
knowledge and skills to prepare a balanced ration. 
Also the smallholder farmers are not in a position 
to hire specialists for preparing balanced rations. 
Keeping this in mind, the National Dairy 
Development Board (NDDB) of India has devel-
oped a user-friendly ration balancing software for 
working out a least-cost balanced ration at the 
farmers’ doorstep. This software is the backbone 
of the Ration Balancing Programme (RBP). With
the help of RBP, milk producers in the villages
are advised to balance the ration of their animals, 
with the available feed resources and an area-
specific mineral mixture. Various field studies 
conducted by the NDDB in different parts of 
India indicate that feeding nutritionally balanced 
rations (i.e. closely matching animal’s require-
ments and dietary nutrient supply) has improved 
milk production up to 14 % and reduced methane 
emissions (g/kg milk yield) by 15–20 % in lactat-
ing cows and buffaloes (FAO 2012; Garg et al.
2013a). Large-scale implementation of RBP in
tropical countries would also help in improving 
productivity and reducing methanogenesis, with 
the available feed resources in tropical feeding 
systems.

18.2	 �Tropical Feeding Systems

Tropical feeding systems – primarily consist of
mixed crop-livestock – are widespread at all alti-
tudes in the tropical world. Smallholder livestock
keepers represent almost 20 % of the world popu-
lation and steward most of the agricultural land in 
the tropics. Mixed production systems produce
about 73 % of milk, 68 % of beef, 54 % of lamb 
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and significant amounts of poultry and eggs in 
the developing world (Herrero et al. 2010). At the 
same time, these tropical systems play significant 
roles in providing integrated environmental solu-
tions that benefit poor people. Observed and
expected increase in future demand for livestock 
products in the region provides unique opportuni-
ties for improving livelihoods and, linked to that, 
improving guardianship of the environment.

Livestock in tropical countries are fed mainly
on by-products of various food crops, oil seeds 
and locally available green and dry fodder. In 
some situations these by-products, especially oil 
seed cakes or meals, are not available in suffi-
cient quantity to meet the entire demand of the 
livestock population. Limited land available for
meeting the needs of an ever-growing human 
population in developing countries cannot be 
spared for growing additional green fodder and 
coarse grains for feeding livestock. Even the 
available feed resources are not utilised judi-
ciously as the majority of the animals in these
countries are fed imbalanced rations, resulting in 
milk yields below their genetic potential. If the 
increased demand for milk caused by an increase 
in population, urbanisation and buying capacity 
is to be met, the productivity of dairy animals 
must be improved coupled with greater efficiency 
of the use of locally available feed resources. The 
role of livestock in tropical countries is quite 
complex and extends beyond their traditional 
uses to supply milk and meat (Sansoucy 1995; 
Wanapat 2009). Livestock are certainly multipur-
pose and are valued for one or several (sometimes
all) traits like capital, credit, traction, milk, meat, 
hides, fuel and fertiliser. Thus, for landless fami-
lies, livestock are primarily a means of increasing 
the family income.

18.3	 �Status of Microbial Growth 
in the Rumen

An approach to estimating the net efficiency of 
microbial growth in the rumen depends upon 
knowledge of rumen biochemistry – mainly the
factors that are involved in the production of vol-
atile fatty acids (VFAs) in fermentative processes

relative to microbial growth in the rumen (Werner
1979). Microbial protein synthesis relative to
VFA production determines the protein to energy 
ratio in the nutrients absorbed. Maximisation of
microbial growth on any carbohydrate source 
requires all necessary microbial nutrients to be 
present at optimum levels. This will lead to a 
maximisation of the protein-energy rates in the 
nutrients absorbed from the rumen (Leng 1982). 
One of the best methods for determining rumen
efficiency is through estimation of microbial 
cells. Urinary excretion of purine derivatives has 
been successfully used to estimate microbial pro-
tein synthesis in the rumen and subsequently in 
the lower gut of ruminants (Smith and McAllen
1971). Excretion of purine derivatives relative to 
digestible feed intake is an index of the efficiency 
of rumen microbial ecosystem (Chen and Gomes
1992).

18.4	 �Enteric Fermentation

Fermentation of feeds in the rumen is the largest 
source of CH4 from enteric fermentation and is 
primarily emitted from the animal by eructation 
(Fig. 18.1). The conversion of feed materials to 
CH4 in the rumen involves the integrated activities 
of different microbial species, with the final step 
carried out by methanogenic bacteria (McAllister
et al. 1996; Moss et al. 2000). Methane and CO2 
are natural by-products of microbial fermentation 
of carbohydrates and, to a lesser extent, amino 
acids in the rumen and the hindgut of animals. 
Methane is produced in strictly anaerobic condi-
tions by highly specialised methanogenic pro-
karyotes, all of which are archaea. In ruminants, 
the vast majority of enteric CH4 production occurs 
in the reticulorumen, while rectal emissions 
account only 2–3 % of the total CH4 emissions in 
ruminants (Muñoz et al. 2012).

18.5	 �Methanogens

Methanogens represent a unique group of micro-
organisms, which are directly responsible for the 
formation of methane. They belong to the group 
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of Archaea within the kingdom of Euryarchaeota. 
Archaea differ fundamentally from bacteria 
belonging to the group of Eubacteria, both in 
terms of their structural strains and metabolism. 
Methanogens possess three coenzymes which
have not been found in other microorganisms.

These three coenzymes are coenzyme 420, 
involved in electron transfer in place of ferre-
doxin; coenzyme M, involved in methyl transfer; 
and factor B, a low-molecular-weight, oxygen-
sensitive, heat-stable coenzyme involved in the 
enzymatic formation of CH4 from methyl coen-
zyme M (Baker 1999; Jones et  al. 1987). 
Methanogens also differ from almost all bacteria
in cell envelope composition. There is no 
muramic acid in the cell wall of methanogens, 
and the cell membrane lipids are composed of 
isoprenoids ether-linked to glycerol or other car-
bohydrates (Baker 1999). Analyses of the nucle-
otide sequence of the 16S ribosomal RNA
indicate that the methanogens have very early 
evolutionary divergence from all other forms of 

life studied so far. They have therefore been clas-
sified in a different domain named the Archaea 
(formerly archaebacteria) within the kingdom
Euryarchaeota (Baker 1997, 1999). Methanogens
are nutritionally fastidious anaerobes and grow 
only in environments with a redox potential 
below −300 mV and pH between 6 and 8.

Methanogens use the process of formation of
methane to generate energy for their own growth. 
Substrates used in the process include hydrogen
(H2), carbon dioxide (CO2), formate, acetate, 
methanol, methylamines, dimethyl sulphide and 
some alcohols (Jones 1991; McAllister et al.
1996). In the rumen, methanogens primarily use 
H2, CO2 and formate as substrates in methano-
genesis. The interaction of methanogens with 
other bacteria through interspecies H2 transfer in 
the fermentation process allows methanogens to 
gain energy for their own growth, while the accu-
mulation of H2 and other intermediates is pre-
vented, which benefits the growth of H2-producing 
bacteria allowing further degradation of fibrous 

Fig. 18.1 Methane emission from enteric fermentation
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feed material (Hegarty and Gerdes 1998). 
Methanogens are hydrophobic and therefore
stick to feed particles as well as onto the surface 
of protozoa. Although methanogens are only 
directly involved in the very terminal stages of 
fermentation, they are very important because 
they are capable of effectively utilising electrons 
in the form of H2 to reduce CO2 to CH4, thereby 
maintaining low H2 pressure in the rumen. 
Recently, a new group of methylotrophic metha-
nogens (the so-called rumen cluster C) that does
not require hydrogen as an energy source has 
been described and appears to play a role in CH4 
formation in ruminants (Poulsen et al. 2012).

18.6	 �Methanogenesis

Primary digestive microorganisms (bacteria, pro-
tozoa and fungi) hydrolyse proteins, starch and 
plant cell wall polymers into amino acids and 
sugars. These simple products are then fermented 
to VFAs, H2 and CO2 by both primary and sec-
ondary digestive microorganisms. Energy (as
ATP) released during the fermentation supports
microbial growth, while most of the VFAs are 
absorbed from the rumen and used by the animal 
for energy or the synthesis of milk or body fat 
(acetate and butyrate) and glucose (propionate).
The major producers of H2 are the organisms 
which produce acetic acid in the fermentation 
pathway (Hegarty and Gerdes 1998; Van Soest
1982). Acetate and butyrate promote CH4 pro-
duction, while propionate formation is consid-
ered as a competitive pathway for H2 use in the 
rumen. As stated by Van Soest (1994), the basic 
problem in anaerobic metabolism is the storage 
of oxygen (i.e. as CO2) and disposal of H2 equiva-
lents (i.e. as CH4). Methane, formed from CO2 
directly or through formate, is the most important 
‘2H’ sink (the ultimate acceptor of reducing
equivalents from NADH +H+, FADH2 or reduced 
ferredoxin, commonly referred to as 2H because
pairs of protons and electrons are donated and 
accepted in metabolic reactions) in the rumen.

	C H O H O C H O acetate CO H6 12 6 2 2 4 2 22 2 2 8+ → ( ) + + 	


C H O H C H O propionate H O6 12 6 3 6 2 24 2 2+ → ( ) + 	


C H O C H O butyate CO H6 12 6 4 8 2 22 4® ( ) + +

	

It has been established that with an increased 
molar proportion of propionate, the molar pro-
portions of acetate and/or butyrate are reduced.
Methane production can also be calculated from
the stoichiometry of the main VFAs formed dur-
ing the fermentation, indicating that the molar 
percentage of VFAs influence the production of 
methane in the rumen (Moss et al. 2000). Janssen 
(2010) has estimated that the amount of CH4 
formed from fermentation of glucose in the 
rumen can vary from 0 (0.67 acetate+1.33 pro-
pionate; no net H2 production) to 1 (2 ace-
tate+4 H2) mol CH4/mol glucose. It has been
concluded that CH4 production in the rumen 
depends on the amount of H2 formed and thus on 
the relative activities of various microbial species 
involved in fermentation pathways responsible 
for H2 production (Janssen 2010). According to 
Janssen (2010), H2 concentration in the rumen 
can influence which pathways are active, thus 
positioning H2 as a central regulator of pathway 
selection in the rumen.

18.6.1	 �Hydrogen: A Central 
Regulator of Rumen 
Fermentation

Hydrogen is a central metabolite in rumen fer-
mentation, and its partial pressure is an important 
determinant of rumen methanogenesis. The bal-
ance of hydrogen ion and dissolved hydrogen gas 
concentrations directly determines the redox 
potential of the rumen and therefore the possible 
extent of oxidation of feedstuffs. Hydrogen for
CH4 synthesis occurs in three key states in the 
rumen, these being hydrogen gas, reduced cofac-
tors (such as NADH and NADPH) and free pro-
tons. Although H2 is one of the major end
products of fermentation by protozoa, fungi and 
pure monocultures of some bacteria, it does not 
accumulate in the rumen because it is immediately 
utilised by other bacteria, which are present in the 
mixed microbial ecosystem. In the rumen, forma-
tion of methane is the major way of H2 sink through 
the reaction CO2 +4H2 →CH4 +2H2O. Since CH4 
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has no nutritional value to the animal, its produc-
tion represents a loss of dietary energy to the ani-
mal. In general, CH4 production in cattle 
constitutes about 2–12 % of dietary gross energy
intake (Johnson and Johnson 1995). Reduction in
CH4 production can result from a decreased 
extent of fermentation in the rumen or from a 
shift in the VFA pattern towards more propionate 
and less acetate. Major and minor H2 sinks in the 
rumen are shown in Fig. 18.2.

18.7	 �Approaches for Reducing 
Methanogenesis

Various approaches, mainly focusing on feeding, 
breeding and rumen manipulation, have been 
studied for reducing methanogenesis (Fig. 18.3). 
All these approaches including feeds and feeding 
management like feed intake, feeding frequency, 
feed processing, inclusion of concentrates, forage 
quality, forage preservation and ration balancing; 
feed additives like ionophores, probiotics, 
enzymes, dietary lipids, inhibitors, propionate 
enhancers, secondary plant metabolites and bac-

teriocins; rumen manipulation like defaunation, 
vaccination and ruminally produced bacteriocins 
and archaeocins; and breeding like animal and 
plant breeding have been published (Beauchemin
et al. 2007, 2009; Boadi et al. 2004; Cottle et al. 
2011; de Klein and Eckard 2008; Eckard et  al. 
2010; Ellis et al. 2008; Goel and Makkar 2012; 
Kebreab et al. 2006; Martin et al. 2010; McAllister
and Newbold 2008). Most of these approaches
are inept for long-term use because of their limit. 
Further, many of these approaches require years 
of research before practical application and com-
mercially viable products are available.

For the tropical feeding systems, the 
approaches for reducing methanogenesis should 
be cost-effective and should also address socio-
economic issues of the society. Bayat and 
Shingfield (2012) have documented that the 
dietary manipulation to induce changes in rumen 
fermentation characteristics remains the most 
feasible approach to achieve reduction in metha-
nogenesis. Hristov et al. (2013) have also docu-
mented that increasing animal productivity by 
providing nutritionally balanced feed is the most 
relevant approach for reducing methanogenesis 

Fig. 18.2 Major and
minor H2 sinks in the 
rumen (Source: Yasuo
Kobayashi 2010)

M.R. Garg and P.L. Sherasia



291

for smallholder mixed crop-livestock systems in 
tropical countries. In this situation, ration balanc-
ing using locally available feed resources and 
area-specific mineral mixtures helps in improv-
ing the productivity of dairy animals, by way of 
increasing feed conversion efficiency and micro-
bial protein synthesis, and thereby reducing 
methanogenesis in ruminants.

18.8	 �Concept of Ration Balancing

A ration is the amount of feed that is fed to live-
stock during a 24 h period. When all nutrients
present in a ration are as per the nutrient require-
ments of the animal, the ration is known as a bal-
anced ration. A balanced ration should provide 
protein, energy, minerals and vitamins from dry 
fodders, green fodders, concentrates, mineral 
supplements, etc., in appropriate quantities to 

enable the animals to perform optimally and 
remain healthy. In order to balance a ration prop-
erly, one must know the chemical composition of 
available feedstuffs, nutrient availability and 
requirement of animals. The concept of ration 
balancing is already in place in most of the devel-
oped countries, where the feed resources are 
available in abundance, herd sizes are much big-
ger and the livestock owners are better versed 
with the scientific practices of feeding and 
management. However, in most of the tropical
countries, herd sizes are smaller and dairy farm-
ers follow traditional feeding practices, causing 
imbalance of nutrients in terms of protein, energy, 
minerals and vitamins. In view of this, the con-
cept of ration balancing for smallholder dairy 
farmers in most of the tropical countries has been 
a challenge owing to their lack of knowledge and 
skills.

Fig. 18.3  Various approaches for reducing methanogenesis
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18.9	 �Development of Ration 
Balancing Programme

The NDDB of India has developed a user-friendly 
computer software called ‘Ration Balancing
Programme (RBP)’ for advising milk producers
at their doorstep to balance the rations of their 
dairy animals, with the available feed resources 
and area-specific mineral mixtures. In this pro-
gramme, a window-based Internet-linked appli-
cation has been designed to assess the prevailing 
nutritional status of an animal’s diet versus its 
nutrient requirements. Both sets of information 
are used to determine a least-cost ration with the 
available feed resources and an area-specific 
mineral mixture. The RBP is comprised of a feed
data library and various ‘nutrition masters’. To 
create the feed data library, a wide range of feed 
ingredients such as green and dry forages, tree 
leaves, grains, oil cakes and agro-industrial by-
products were collected from different agro-
climatic regions of the country and analysed for 
chemical composition. Simultaneously, existing
national and international feeding standards for 
nutrient requirement of growing, lactating and 
pregnant animals were used to create various 
‘nutrition masters’ of nutrient requirements 
(Kearl 1982; NRC 2001). The software is com-
patible with desktops, laptops and net books and 
can be used on personal digital assistants for 
areas devoid of Internet connectivity (Fig. 18.4).

18.10	 �Steps for Formulating 
a Least-Cost Balanced Ration 
Using the Software

18.10.1  �Registration of Animals

Animals identified for the ration balancing pro-
gramme are first ear tagged with a unique 12-digit 
number. Details of the animals (e.g. species,
breed, age, milking status, number of calving, 
last calving date and pregnancy status) are cap-
tured. Along with the animal’s details, the own-
er’s profiles (e.g. name, father’s name, age,

village, village institution, tehsil/block, district
and state) are also noted. After completing all the 
information, the animal is registered on the 
server. Animal registration is a once-only 
activity.

18.10.2  �Assessing Nutrient Status 
of Animals

After registration, the animal’s daily feed intake, 
daily milk yield and milk fat per cent are recorded. 
In addition, the animal’s body weight (BW) is
also recorded, using Shaeffer’s formula as BW
(kg) = ([(heart girth in inches)2 × length of the 
body in inches]/300) × 0.4536.

Based on the milk yield, milk fat per cent, BW
and pregnancy status, the animal’s nutrient 
requirements are computed by the software. 

Fig. 18.4 RBP software loaded in PDA
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Considering the prevailing feeding practices 
(feed intake), consumption of nutrients (e.g.
energy, protein, calcium and phosphorus) is 
assessed. This information helps in understand-
ing the deficiencies/excesses of various nutrients
in the ration and the cost of feeding per kg of 
milk production.

18.10.3  �Formulating a Least-Cost 
Balanced Ration

Based on the chemical composition of available 
feed resources (a prerequisite to this is the prepa-
ration of inventories of feed resources that are 
used in a region) and in accordance with the 
nutrient requirement of the animals, the software 
computes a least-cost ration within the given con-
straints. These constraints could include non-
availability or limited availability of green fodder 
and/or compound cattle feed, affordability of
milk producers to purchase specific feed ingredi-
ents from the market, roughage to concentrate 
ratio, stage of lactation, type of feed offered, etc. 
A least-cost ration, with suggested feed ingredi-
ents in proportions as indicated by the software, 
is designed to reduce the costs of feeding and/or
increase milk production.

18.11	 �Implementation of Ration 
Balancing Programme

The RBP has been implemented using individual
animal profiles, and  data generated was based on 
individual animals. The Dairy Board of India has 
implemented a multistate RBP on more than one
lakh dairy animals in different parts of the coun-
try through various end implementing agencies 
(EIAs). The EIAs could be dairy cooperative
societies, service-providing organisations, state 
animal husbandry departments, producer compa-
nies and nongovernment organisations. NDDB 
imparts training to the identified technical offi-
cers and trainers of implementing agencies on the 
latest concepts of animal nutrition and the RBP

software. Technical officers and trainers identify 
potential villages and village-based local resource 
persons who are well versed with dairy hus-
bandry practices, to implement the programme at 
the farmer’s doorstep (Fig. 18.5).

18.12	 �Effect of Ration Balancing

Large-scale implementation of RBP in tropical
feeding systems of India increased net daily 
income by way of increasing daily milk yield 
and/or milk fat level, while decreased the cost of
feeding. In addition, enteric methane emissions 
and manure nitrogen (N) excretion were
decreased, while feed conversion efficiency and 
microbial N synthesis were improved. Balanced 
feeding also helped in improving immunity and 
reducing incidences of parasitism in field ani-
mals. The effect of ration balancing on various 
parameters has been presented in Fig. 18.6.

Fig. 18.5  An officer explaining the concept of ration bal-
ancing to milk producers
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18.12.1  �Improving Efficiency

The ultimate goal of dairy production system is 
to convert available feed resources into healthy 
and high-quality milk at the highest economic 
return, while ensuring proper animal health and 
well-being and using practices that are respectful 
of the environment and acceptable to the con-
sumer. One of the most important parameters to
ensure economic returns of dairy animals is feed 
conversion efficiency/feed efficiency/ feed use
efficiency, a reflection of the efficiency with 
which nutrients from the diet are converted into 
milk. Opportunities to improve feed conversion
efficiency (FCE) are large in tropical countries,
where average productivity of dairy animals is 
very low and mostly fed imbalanced rations. 

Therefore, ration balancing provides a practical 
approach for improving FCE of low-producing 
animals, with available feed resources in the 
region.

18.12.1.1	 �Feed Conversion Efficiency
Feed conversion efficiency can be expressed as 
kg of fat-corrected milk per kg of dry matter 
(DM) intake. In tropical countries, where the
level of production of milking animals is not that 
much high and the returns from milk production 
are marginal, this is primarily due to higher con-
sumption of DM per kg of milk production. Good
FCE is not only of economic importance but also 
a reflection of nutrient management practices fol-
lowed by the farmers. Improving FCE for milk 
production with available feed resources at the 
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disposal of farmers is of paramount importance 
in a tropical region. Improving FCE inevitably 
results in more feed nutrients being converted 
into animal products, with an associated reduc-
tion in nutrients lost to the environment. Average 
achieved FCE of converting feed nutrients into 
milk is considerably lower in ruminants than 
what is possible with the genetic potential of 
many animals (Beever and Drackley 2013; 
Makkar and Beever 2013). However, increased
animal performance as a result of improved 
genetics, nutrition and management has resulted 
in improved FCE over time, albeit at a lower rate 
in ruminants than in monogastrics.

Improving FCE is well established as one of 
the best ways to reduce methane production in an 
individual animal (IPCC 1990). Feed ingredients 
provide the substrates for microbial fermenta-
tion, and differences in feed quality alter the 
amount of energy extracted by the microbes and 
the pattern of VFAs and CH4 production. These 
alterations can impact energy and protein avail-
ability to the animal and, ultimately, the effi-
ciency at which the feed nutrients are used for 
productive functions, including growth and milk 
synthesis (NRC 2001). Further, Colman et  al. 
(2011) have established that there is a negative 
curvilinear relationship between FCE and CH4 
production. As FCE increases, more nutrients are 
directed into milk production with fewer nutri-
ents excretion in the manure. There is consider-
able potential to improve production potential 
and to reduce nutrient losses from the dairy ani-
mals, through dietary manipulation. Improved 
efficiency of nutrient utilisation would allow 
increased productivity and reduced nutrient 
excretion in manure.

In our study, ration balancing has improved 
FCE from 0.61 to 0.74, 0.79 to 0.90 and 0.80 to 
0.91 in local cows (n=569), crossbred cows
(n=6,521) and buffaloes (n =4,534), respectively.
Therefore, through ration balancing, it is possible 
to increase the FCE for milk production in cows 
and buffaloes to produce more milk per kg 
DM. This is useful to increase the profitability of
milk producers and contributes to efficient use of 
scarce feed resources in tropical countries while 
achieving targeted milk production. Achieving 

higher milk production from the same amount of 
feeds would also decrease water and carbon foot-
prints of animal products because the water foot-
print of feed production is very high (Mekonnen
and Hoekstra 2012), and fossil fuel energy is uti-
lised in the production of feed biomass 
(Flachowsky and Kamphues 2012). Shahjalal
et al. (2000) and Castillo et al. (2001) have also 
reported increased FCE for milk production by 
balancing the ration of milking animals.

18.12.1.2	 �Milk Production Efficiency
Undoubtedly, there is a significant potential for 
increased milk production to achieve the genetic 
potential of the animals in tropical countries. 
Milk production potential from ruminants is
linked to genetic merit, balanced nutrition and 
good management practices. If a cow with high 
genetic merit for milk production is fed rations 
that are unable to meet her nutritional require-
ment, she will not produce milk as per her poten-
tials. Feeding nutritionally balanced rations plays 
a vital role in realisation of the genetic potential 
of an animal for milk production.

The implementation of RBP under field con-
ditions has improved daily milk yield from 0.2 to 
1.2 kg and fat level in milk from 1.0 to 9.0 g/kg in
cows and buffaloes. There has been a decrease in 
ration cost by 5–11 % after feeding a balanced
ration. An average increase in the net daily 
income of farmers has been reported by 6–60 %
per animal due to the increase in milk yield and 
milk fat level, as well as a decrease in the cost of 
feeding (Garg et al. 2013a). Solid-not-fat per-
centage also increased in milk when animals 
were fed a balanced ration. Through the ration 
balancing advisory services, it has been possible 
to increase milk production efficiency and reduce 
the cost of milk production. The improvement in 
milk yield and milk fat level in cows and buffa-
loes after feeding a nutritionally balanced ration 
could be due to increased rumen microbial pro-
tein synthesis due to more optimal rumen func-
tions because of the more balanced nutrient 
supply.

Improvement in milk yield due to supplemen-
tation of deficient nutrients, particularly minerals 
in lactating ruminants, has been reported by 
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many authors in tropical countries (Dutta et al.
2010; Haldar and Rai 2003; Khochare et  al. 
2010). The size of response in milk production as 
a result of ration balancing advisory activities 
mainly depends on the type of animal, breed, 
stage of lactation and farmer compliance. Breeds 
with higher genetic potential are expected to 
respond better, in terms of increases in daily milk 
yield, to ration balancing. Similarly, responses in
milk production are dependent on the stage of 
lactation – animals in early lactation responding
better than those in mid and late lactations. Other
contributory issues are genetic potential and 
management, including cleaning of animals 
(important in tropical climate), adequate provi-
sion of fresh drinking water, parasitic load, pres-
ence of mastitis, etc.

18.13	 �Effect of Ration Balancing 
on Methane Emissions

To quantify the impact of ration balancing on 
milk production and methane emissions under 
field conditions, NDDB has undertaken methane 
emission measurement studies in different agro-

climatic regions of the country, using the sulphur 
hexafluoride (SF6) tracer technique. For the 
measurement of CH4 emissions from a large 
number of cows and buffaloes under natural con-
ditions of feeding and management, the SF6 
tracer technique proves to be a more reliable 
technique, as compared to other techniques. The 
SF6 tracer technique is widely applied, economic 
and the only viable technique with minimum dis-
turbance of animals under field conditions 
(Johnson et al. 1994). Methane emission mea-
surements were carried out in 162 early lactating 
cows and buffaloes, before and after feeding a 
balanced ration, and the CH4 emission reduction 
on feeding a balanced ration was measured per 
kg of milk production. Studies indicate that bal-
anced feeding has reduced CH4 emissions (g/kg
MY) by 15–20 % in lactating cows and buffaloes.
An average increase in daily milk yield has been 
observed from 0.4 to 0.7 kg and milk fat percent 
from 0 to 0.5 in different regions of the country 
(Table 18.1). The result of these studies indicates 
that the balanced feeding has the potential for 
improving milk production efficiency and reduc-
ing methanogenesis with an increase in net daily 
income of milk producers (Garg et al. 2012a, b, 

Table 18.1 Effect of ration balancing (RB) on milk yield and methane emissions

Species Milk yield (kg/day) Fat (%) Methane emission (g/kg MY) Reduction (%)

Western region
Cows (n=30) Before RB 11.9a 4.1 19.3a 15.5

After RB 12.4b 4.3 16.3b

Buffaloes (n=22) Before RB 8.5 6.5a 27.3a 17.9
After RB 8.9 6.8b 22.4b

Northern region
Cows (n=20) Before RB 6.5a 4.2 32.8c 19.8

After RB 7.2b 4.3 26.3d

Buffaloes (n=34) Before RB 6.5a 6.5a 36.9a 17.6
After RB 7.0b 7.0b 30.4b

Southern region
Cows (n=30) Before RB 8.4 4.1 22.2a 15.3

After RB 8.8 4.1 18.8b

Central region
Buffaloes (n=26) Before RB 6.1a 6.5a 25.3c 19.4

After RB 6.6b 6.8b 20.4d

a,bValues with different superscript in a column differ significantly (P < 0.05)
c,dValues with different superscript in a column differ significantly (P < 0.01)
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2013b; Kannan et  al. 2010, 2011; Kannan and 
Garg 2009). Mohini and Singh (2010) have also 
reported lower CH4 emissions (197.46 versus
223.45 g/day and 29.92 versus 40.04 g/kg milk
yield) after balancing the ration of cows.

18.14	 �How Ration Balancing 
Reduces Methanogenesis

18.14.1  �Electron Sink

Methane is the main electron sink in ruminal fer-
mentation. Methanogens serve as an essential
electron sink for all microbes, thereby maintain-
ing a low partial pressure of H2 in the rumen 
which in turn promotes maximal yields of ATP to
support microbial growth. It would be beneficial 
both for the efficiency of production and the envi-
ronment to divert reducing equivalents from 
ruminal methanogenesis into alternative electron 
sinks with a nutritional value for the host animal 
(e.g. by enhancing propionate formation). In our
studies, balancing of nutrients has shifted the 
rumen fermentation pattern towards higher 
microbial cell production, which might have 
resulted in lower acetate and butyrate production, 
whereas higher propionate production thereby 

reduced CH4 production. It is reported that ani-
mals on imbalanced rations produce more CH4 as 
most of the dietary OM is fermented to produce
acetate and butyrate, resulting into more CH4 
production (Khochare et al. 2010; Mohini and
Singh 2010). If the rations are balanced for all 
essential nutrients, OM is fermented to produce
more microbial biomass and less of CH4 (Garg
2011; Leng 1991). Changing plane of nutrition 
through balanced feeding has improved nutrient 
use efficiency and thus reduced methanogenesis 
in lactating cows and buffaloes. Therefore, feed-
ing a balanced ration (i.e. closely matching ani-
mal requirements and dietary nutrient supply) 
could be a practical approach for reducing meth-
anogenesis in tropical feeding systems. 
Figure  18.7 describes the inverse relationship 
between microbial N supply and methane 
emissions.

18.14.2  �Microbial Nitrogen Supply

Microbial N supply to the duodenum is an impor-
tant indicator of efficiency of rumen functions. 
Urinary excretion of allantoin has been success-
fully used to estimate microbial protein synthe-
sised in the rumen and subsequently digested in 
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the lower gut of ruminants (Dipu et al. 2006; 
Pimp et al. 2001; Ramgaokar et al. 2008; Srinivas
and Singh 2010). Makkar and Chen (2004) have 
reported that the supply of adequate nutrients 
increases the excretion of urinary purine deriva-
tives, synthesis of rumen microbial N and 
enhances the supply of protein post-ruminally to 
support production. Microbial N synthesis
depends upon a balanced ruminal supply of 
ammonia, energy and carbon (C) skeletons for
amino acid synthesis (Khandaker et al. 2012; 
Wanapat et al. 2009). A deficiency of feed N 
leads to spillage of ATP released on the digestion
of feed C and suboptimum synthesis of microbial 
protein and release of feed C as CH4, while a defi-
ciency of feed C results in non-assimilation of 
ammonia by rumen microbes, again resulting in 
suboptimum microbial N synthesis (Blummel
et al. 2010). In addition, ammonia in the rumen 
passes into the blood through the rumen wall and 
is detoxified by the liver to urea in an energy-
demanding process, which will decrease animal 
productivity. In our studies, an inverse relation-
ship between microbial N supply and methane 
emissions has been observed. An inverse rela-
tionship between microbial protein production 
and its efficiency of production with CH4 emis-
sions has also been reported by many authors 
(Blummel 2000; Waghorn and Hegarty 2011).

18.15	 �Conclusion

Mixed feeding systems in tropical regions are the
most important systems worldwide since they 
produce significant amount of milk and meat. 
The majority of farmers in these systems are
smallholder poor farmers, who lack resources 
and skills to nutritionally balance their animals’ 
diets. Livestock in most of the tropical countries
are fed mainly on by-products of various food 
crops, oil seeds and locally grown fodder. In 
some situations these by-products, especially oil 
seed cakes or meals, are not available in suffi-
cient quantity to meet the entire demand of the 
livestock population. Limited land available for
meeting the needs of an ever-growing human 
population in developing countries cannot be 

spared for growing additional green fodder and 
coarse grains for feeding livestock. Even the 
available resources are not utilised judiciously as
the majority of the animals in these countries are
fed imbalanced rations, resulting in milk yields 
below their genetic potential. If the increased 
demand for milk caused by an increase in popula-
tion, urbanisation and buying capacity is to be 
met, the productivity of dairy animals must be 
improved coupled with greater efficiency of the 
use of the available feed resources. The challenge 
for the tropical countries is to adapt, deploy and 
integrate basic and scientific feeding practices, 
meeting the nutrient requirement of dairy ani-
mals to address the future demand of milk and 
climate change issues.

Feeding is the foundation of livestock systems 
and accounts for more than 70 % of the total cost 
of milk production. Balanced feeding can play a 
pivotal role in improving animals’ productivity 
and reducing methanogenesis in ruminants. A 
ration balancing programme as being imple-
mented in India could likely be replicated in 
other tropical countries and may be a powerful 
way to improve productivity of dairy animals in a 
sustainable manner, while realising the full 
genetic potential of animals to lift smallholder 
farmers out of poverty. Ration balancing improves
the productivity of animals, by way of increasing 
nutrient use efficiency, and thereby reduces 
methanogenesis in ruminants. In view of this, 
optimising rumen functions for higher microbial 
protein synthesis through ration balancing, 
matching the physiological stage of an animal 
and enhancing the overall efficiency of dietary 
nutrients use is considered to be the most practical 
approach for reducing methanogenesis in tropical 
feeding systems.

References

Baker SK (1997) Gut microbiology and its consequences
for the ruminant. Proc Nutr Soc Aust 21:6–13

Baker SK (1999) Rumen methanogens, and inhibition of
methanogenesis. Aust J Agric Res 50:1293–1298

Bayat A, Shingfield KJ (2012) Overview of nutritional
strategies to lower enteric methane emissions in rumi-
nants. In: Maataloustieteen Päivät, pp 1–7

M.R. Garg and P.L. Sherasia



299

Beauchemin KA, McGinn SM, Petit HV (2007) Methane
abatement strategies for cattle: lipid supplementation 
of diets. Can J Anim Sci 87:431–440

Beauchemin KA, McAllister TA, McGinn SM (2009)
Dietary mitigation of enteric methane from cattle. 
CAB Rev 4:1–18

Beever DE, Drackley JK (2013) Feeding for optimal
rumen and animal health and optimal feed conversion 
efficiency: the importance of physical nutrition. In: 
Proceedings of the FAO symposium, 27 November
2012, Bangkok, Thailand. FAO animal production and
health proceedings, No. 16. FAO and Asian-
Australasian Association of Animal Production
Societies, Rome

Blummel M (2000) Predicting the partitioning of fermen-
tation products by combined in vitro gas volume and 
true substrate degradability measurements: opportuni-
ties and limitations. In: Proceedings of the British
Society of Animal Science on gas production: fermen-
tation kinetics for feed evaluation and to assess micro-
bial activity, Midlothian EH260RZ, United Kindom,
pp 48–58

Blummel M, Wright IA, Hegde NG (2010) Climate
change impacts on livestock production and adapta-
tion strategies: a global scenario. In: National sympo-
sium on climate change and rainfed agriculture, 
CRIDA, Hyderabad, India, pp 136–145

Boadi D, Benchaar C, Chiquette J, Massé D (2004)
Mitigation strategies to reduce enteric methane emis-
sions from dairy cows: update review. Can J Anim Sci
84:319–335

Castillo AR, Kebreab E, Beever DE, Barbi JH, Sutton JD,
Kirby HC, France J (2001) The effect of protein sup-
plementation on nitrogen utilization in lactating dairy 
cows fed grass silage diets. J Anim Sci 79:247–253

Chen XB, Gomes TYJ (1992) Estimation of microbial
protein supply to sheep and cattle based on urinary 
excretion of purine derivatives. International Feed 
Resources Unit, Rowett Research Institute Aberdeen,
Aberdeen

Colman DR, Beever DE, Jolly RW, Drackley JK (2011)
Gaining from technology for improved dairy cow
nutrition: economic, environmental, and animal health 
benefits. Prof Anim Sci 27:505–517

Cottle DJ, Nolan JV, Wiedemann SG (2011) Ruminant
enteric methane mitigation: a review. Anim Prod Sci
51:491–514

de Klein CAM, Eckard RJ (2008) Targeted technologies
for nitrous oxide abatement from animal agriculture. 
Aust J Exp Agric 48:14–20

Devendra C, Leng RA (2011) Feed resources for animals
in Asia: issues, strategies for use, intensification and 
integration for increased productivity. Asian-Australas 
J Anim Sci 24(3):303–321

Dipu MT, George SK, Singh P, Verma AK, Mehra UR
(2006) Measurement of microbial protein supply in
Murrah buffaloes (Bubalus bubalis) using urinary 
purine derivatives excretion and PDC index. Asian-
Australas J Anim Sci 19:347–355

Dutta N, Sharma K, Pattanaik AK, Singh A, Narang R
(2010) Effect of strategic supplementation of limiting
macro nutrients on the lactation performance of buf-
faloes. In: Proceedings of the VII animal nutrition
association conference, Bhubaneshwar, India, p 27

Eckard RJ, Grainger C, de Klein CAM (2010) Options
for the abatement of methane and nitrous oxide  
from ruminant production: a review. Livest Sci
130:47–56

Ellis JL, Dijkstra J, Kebreab E, Bannink A, Odongo NE,
McBride BW, France J (2008) Aspects of rumen
microbiology central to mechanistic modelling of 
methane production in cattle. J Agric Sci
146:213–233

FAO (2012) Balanced feeding for improving livestock
productivity – increase in milk production and nutrient
use efficiency and decrease in methane emission, by 
M R Garg. FAO Animal Production and Health Paper
No. 173, Rome

Flachowsky G, Kamphues J (2012) Carbon footprints
for food of animal origin: what are the most prefera-
ble criteria to measure animal yields? Animal 
2:108–126

Garg MR (2011) Methane emission reduction in lactating
animals through balanced feeding. National Training 
Programme Compendium on “Recent advances in
methane estimation and mitigation strategies in rumi-
nants”, NIANP, Bangalore, 5–18 August

Garg MR, Sherasia PL, Shelke SK, Phondba BT (2012a)
Productivity enhancement and methane emission reduc-
tion through ration balancing. Indian Dairyman, 
64(8):54–58. Indian Dairy Association, New Delhi

Garg MR, Kannan A, Phondba BT, Shelke SK, Sherasia
PL (2012b) A study on the effect of ration balancing
for improving milk production and reducing methane 
emission in lactating buffaloes under field conditions. 
Indian J Dairy Sci 65:250–255

Garg MR, Sherasia PL, Bhanderi BM, Phondba BT,
Shelke SK, Makkar HPS (2013a) Effect of feeding
balanced rations on animal productivity, feed 
conversion efficiency, feed-nitrogen use efficiency, 
rumen microbial protein supply, parasitic load, 
immunity and enteric methane emission to milch 
animals under field conditions. Anim Feed Sci
Technol 179:24–35

Garg MR, Sherasia PL, Phondba BT, Shelke SK, Patel CT
(2013b) Effect of feeding balanced ration on milk
production, enteric methane emission and metabolic 
profile in crossbred cows under field conditions. 
Indian J Dairy Sci 66:113–119

Gerber PJ, Steinfeld H, Henderson B, Mottet A, Opio C,
Dijkman J, Falcucci A, Tempio G (2013) Tackling
climate change through livestock – a global assess-
ment of emissions and mitigation opportunities. Food 
and Agriculture Organization of the United Nations
(FAO), Rome

Goel G, Makkar HPS (2012) Methane mitigation from
ruminants using tannins and saponins. Trop Anim 
Health Prod 44:729–739

18  Ration Balancing: A Practical Approach for Reducing Methanogenesis in Tropical Feeding Systems



300

Haldar C, Rai SN (2003) Effects of energy and mineral
supplementation on nutrient digestibility and effi-
ciency of milk production in lactating goats. Indian J 
Anim Nutr 20:244–251

Hegarty R, Gerdes R (1998) Hydrogen production
and transfer in the rumen. Rec Adv Anim Nutr
12:37–44

Herrero M, Thornton PK, Notenbaert AM, Wood S,
Msangi S, Freeman HA, Bossio D, Dixon J, Peters M,
van de Steeg J, Lynam J, Parthasarathy Rao P,
MacMillan S, Gerard B, McDermott J, Sere C,
Rosegrant M (2010) Smart investments in sustainable
food production: revisiting mixed crop-livestock sys-
tems. Science 327:822–825

Hristov AN, Oh J, Firkins JL, Dijkstra J, Kebreab E,
Waghorn G, Makkar HPS, Adesogan AT, Yang W, Lee
C, Gerber PJ, Henderson B, Tricarico JM (2013)
Special topics – mitigation of methane and nitrous
oxide emissions from animal operations: I. A review 
of enteric methane mitigation options. J Anim Sci
91:5045–5069

IPCC (1990) Methane emissions and opportunities for
control – workshop results of intergovernmental panel
on climate change. EPA/400/9-90/007, Canberra

Janssen PH (2010) Influence of hydrogen on rumen meth-
ane formation and fermentation balances through 
microbial growth kinetics and fermentation thermody-
namics. Anim Feed Sci Technol 160:1–22

Johnson KA, Johnson DE (1995) Methane emissions
from cattle. J Anim Sci 73:2483–2492

Johnson KA, Huyler MT, Westberg HH, Lamb BK,
Zimmerman P (1994) Measurement of methane emis-
sions from ruminants livestock using a SF6 tracer tech-
nique. Environ Sci Technol 28:359–362

Jones WJ (1991) Diversity and physiology of methano-
gens. In: Roger JE, Whitman WB (eds) Microbial pro-
duction and consumption of greenhouse gases: 
methane, nitrous oxides and halomethanes. Academic, 
New York

Jones WJ, Nagle DP, Whitman WP (1987) Methanogens
and the diversity of archaebacteria. Microbiol Rev
53:135–177

Kannan A, Garg MR (2009) Effect of ration balancing on
methane emission reduction in lactating animals under 
field conditions. Indian J Dairy Sci 62:292–296

Kannan A, Garg MR, Singh P (2010) Effect of ration bal-
ancing on methane emission and milk production in 
lactating animals under field conditions in Raebareli
district of Uttar Pradesh. Indian J Anim Nutr
27:103–108

Kannan A, Garg MR, Mahesh Kumar BV (2011) Effect of
ration balancing on milk production, microbial protein 
synthesis and methane emission in crossbred cows 
under field conditions in Chittoor district of Andhra 
Pradesh. Indian J Anim Nutr 28:117–123

Kearl LC (1982) Nutrient requirements of ruminants in
developing countries. International Feedstuffs 
Institute, Utah Agricultural Experiment Station, Utah
State University, Logan

Kebreab E, Clark K, Wagner-Riddle C, France J (2006)
Methane and nitrous oxide emissions from Canadian
animal agriculture: a review. Can J Anim Sci
86:135–158

Khandaker ZH, Uddin MM, Sultan MN, Peters KL (2012)
Effect of supplementation of mustard oil cake on 
intake, digestibility and microbial protein synthesis of 
cattle in a straw based diet in Bangladesh. Trop Anim 
Health Prod 44:791–800

Khochare AB, Kank VD, Gadegaonkar GM, Salunke SC
(2010) Strategic supplementation of limiting nutrients
to medium yielding dairy animals at field level. In: 
Proceedings of the VII animal nutrition association
conference, Bhubaneswar, p 30

Leng RA (1982) Modification of rumen fermentation. In:
Hacker JB (ed) Nutritional limits to animal production
from pastures. CAB, Farnham Royal, pp 427–453

Leng RA (1991) Improving ruminant production and
reducing methane emissions from ruminants by strate-
gic supplementation. EPA/400/1-91/004, Washington,
DC

Makkar HPS, Beever D (2013) Optimization of feed use
efficiency in ruminant production systems. In: 
Proceedings of the FAO symposium, 27 November
2012, Bangkok, Thailand. FAO Animal Production
and Health Proceedings, No. 16. FAO and Asian-
Australasian Association of Animal Production
Societies, Rome

Makkar HPS, Chen XB (2004) Estimation of microbial
protein supply in ruminants using urinary purine 
derivatives, IAEA-CN-110, Vienna

Martin C, Morgavi DP, Doreau M (2010) Methane mitiga-
tion in ruminants: from microbe to the farm scale. 
Animal 4:351–365

McAllister TA, Newbold CJ (2008) Redirecting rumen
fermentation to reduce methanogenesis. Aust J Exp 
Agric 48:7–13

McAllister TA, Okine EK, Mathison GW, Cheng KJ
(1996) Dietary, environmental and microbiological
aspects of methane production in ruminants. Can J 
Anim Sci 76:231–243

Mekonnen MM, Hoekstra AY (2012) A global assessment
of the water footprint of farm animal products. 
Ecosystems 15:401–415

Mohini M, Singh GP (2010) Effect of supplementation of
urea molasses mineral block on the milk yield and 
methane production in lactating cattle on different 
plane of nutrition. Indian J Anim Nutr 27:96–102

Moss AR, Jouany JP, Newbold J (2000) Methane produc-
tion by ruminants: its contribution to global warming. 
Ann Zootech 49:231–253

Muñoz C, Yan T, Wills DA, Murray S, Gordon AW (2012)
Comparison of the sulphur hexafluoride tracer and res-
piration chamber techniques for estimating methane 
emissions and correction for rectum methane output 
from dairy cows. J Dairy Sci 95:3139–3148

NRC (2001) Nutrient requirements of dairy cattle, 7th
edn. National Research Council, National Academy of
Sciences, Washington, DC

M.R. Garg and P.L. Sherasia



301

Pimp O, Liang JB, Jelan ZA, Abdullah N (2001) Urinary
excretion of duodenal purine derivatives in Kedah-
Kelantan cattle. Anim Feed Sci Technol 92:203–214

Poulsen M, Schwab C, Jensen BB, Engberg RM, Spang A,
Canibe N, Hølbetg O, Milinovich G, Fragner L, 
Schleper C, Weckwerth W, Lund P, Schramm A, Urich T
(2012) Methylotrophic methanogenic Thermoplasmata
implicated in reduced methane emissions from bovine 
rumen. Nat Commun. doi:10.1038/ncomms2432

Ramgaokar JS, Verma AK, Singh P, Mehra UR (2008)
Effect of dietary protein levels on urinary excretion 
and plasma concentration of purine derivatives in 
crossbred bulls. Anim Nutr Feed Technol 8:25–34

Sansoucy R (1995) Livestock- a driving force for food
security and sustainable development. World Anim
Rev 84–85:5–17

Shahjalal MD, Bishwas MAA, Tareque AMM, Dohi H
(2000) Growth and carcass characteristics of goats
given diets varying protein concentration and feeding 
level. Asian-Australas J Anim Sci 13:613–618

Smith RH, McAllen AB (1971) Nucleic acid metabolism
in the ruminant 3. Amount of nucleic acids and total 
ammonia nitrogen in digesta from the rumen duode-
num and ileum of calves. Br J Nutr 25:181–190

Srinivas B, Singh NP (2010) Optimization of nutrient uti-
lization and microbial nitrogen production in ewes in 

relation to dietary N and energy retention. Indian J 
Anim Nutr 27:208–210

Van Soest PJ (1982) Gastro-intestinal fermentations. In:
Nutritional ecology of the ruminant. Ruminant metab-
olism, nutritional strategies, the cellulolytic fermenta-
tion and the chemistry of forages and plant fibers. 
Cornell University Press, Ithaca, pp 152–177

Van Soest PJ (1994) Nutritional ecology of the ruminant.
Cornell University Press, Ithaca

Waghorn GC, Hegarty RS (2011) Lowering ruminant
methane emissions through improved feed conver-
sion efficiency. Anim Feed Sci Technol
166–167:291–301

Wanapat M (2009) Potential uses of local feed resources
for ruminants. Trop Anim Health Prod 41:1035–1049

Wanapat M, Polyorach S, Boonnop K, Mapato C,
Cherdthong A (2009) Effects of treating rice straw
with urea or urea and calcium hydroxide upon intake, 
digestibility, rumen fermentation and milk yield of 
dairy cows. Livest Sci 125:238–243

Werner GB (1979) Factors affecting growth yields of
micro-organisms in the rumen. Trop Anim Prod 4:1

Yasuo Kobayashi (2010) Abatement of methane produc-
tion from ruminants: trends in the manipulation of 
rumen fermentation. Asian-Aust J Anim Sci
23(3):410–416

18  Ration Balancing: A Practical Approach for Reducing Methanogenesis in Tropical Feeding Systems

http://dx.doi.org/10.1038/ncomms2432


303V. Sejian et al. (eds.), Climate Change Impact on Livestock: Adaptation and Mitigation,
DOI 10.1007/978-81-322-2265-1_19, © Springer India 2015

P.K. Malik (*) 
Bioenergetics and Environmental Sciences Division, 
ICAR-National Institute of Animal Nutrition  
and Physiology, Adugodi, Hosur Road, Bangalore, 
Karnataka 560030, India
e-mail: malikndri@gmail.com

R. Bhatta • C.S. Prasad
ICAR-National Institute of Animal Nutrition and 
Physiology, Adugodi, Hosur Road, Bangalore, 
Karnataka 560030, India
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Abstract

Greenhouse gas (GHG) emissions from livestock is about 7,516 million 
metric tons CO2−eq. year−1 and has multiple components that include 
enteric methane emissions, methane and nitrous oxide emissions from 
manure and carbon dioxide emissions associated with feed production and 
grazing. An uninterruptedly increasing concentration (155 % more than 
preindustrial level), a comparatively high global warming potential and a 
short half-life of methane make it a bit more important than any other 
GHG in the control of global warming and climate change. Enteric meth-
ane mitigation is not only important from a global warming point but also 
for saving animal dietary energy which is otherwise lost in the form of 
methane. Due to the central regulatory role of H2, it is generally referred 
as the currency of fermentation and most of the mitigation strategies 
revolve around its production or disposal in such a way as to ensure the 
conservation of energy into desirable end products. In the chapter, an 
attempt is made to address the prospects of some emerging approaches to 
redirect metabolic H2 away from methanogenesis and serve as potential 
alternate sink for H2 in the rumen for conserving energy. The prospects of 
alternate sinks, for instance, sulphate and nitrate reduction and reductive 
acetogenesis and propionogenesis, are debated in the chapter along with 
the anticipated benefits that can be achieved from the practically feasible 
20 % enteric methane reduction.
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19.1	 �Introduction

Animal agriculture globally affects the environ-
ment through the emission of greenhouse gases. In 
one estimate, ILRI (2011) reported that agriculture 
is accountable for about 25–32 % of greenhouse 
gas emissions, wherein crop and livestock contrib-
ute 14 and 11–18 % of the greenhouse gas emis-
sions, respectively (FAO 2006; PBL 2011). FAO 
(2006) estimated that greenhouse gas emissions 
from livestock is about 7,516 million metric tons 
CO2−eq. year−1, but if we also include the byprod-
ucts in the sector, the emissions reach up to 51 % 
(32,564 million tons of CO2−eq. year−1) of total 
greenhouse gas emissions (Goodland and Anhang 
2009), far more than that estimated by FAO. GHGs 
emissions from livestock sector arise from multi-
ple sources including enteric methane emissions, 
methane and nitrous oxide emissions from manure 
and carbon dioxide emissions associated with feed 
production and grazing. Apart from this, livestock 
production is also accountable for methane pro-
duction from faecal storage and processing and 
nitrogen emission in the form of ammonia and 
nitrates. CH4 emissions from the faecal component 
depends on the storage methods varying from 
lagoons in developed countries to heaps in the 
developing world. In the present chapter, emphasis 
is given to enteric methane emissions as discuss-
ing the emissions associated with excreta and feed 
production is beyond the boundaries of this chap-
ter and will be dealt with elsewhere in the book.

The high global warming potential (GWP) 
of methane, i.e. 25 times more than CO2 (IPCC 
2013) on equal mass basis, uninterruptedly 
increasing concentration {155 % more than its 
preindustrial level (IPCC 2007; Malik et  al. 
2012a)}, and short half-life make methane 
more important than any other GHG in the con-
trol of global warming and climate change phe-
nomenon. As portrayed earlier, livestock are an 
important source of methane, producing 37 %, 

i.e. 103 million tons of anthropogenic methane 
year−1. Enteric methane emissions from live-
stock, as a result of anaerobic fermentation in 
the foregut and large intestine, add a major por-
tion to the anthropogenic methane pool to the 
tune of 90 million metric tons (Clark et  al. 
2005; FAO 2006; Key and Tallard 2012), and 
the rest comes from excreta storage and pro-
cessing systems. Figure 19.1 describes the per-
centage of GHG emissions from livestock 
sector. Of the total enteric methane, 87  % is 
produced in the rumen during the course of 
enteric fermentation and is burped out in the 
atmosphere (Murray et  al. 1976), and the 
remaining 13  % is yielded from hind gut fer-
mentation (Moss et al. 2000). Livestock enteric 
methane mitigation is not only important from 
a global warming perspective but more impor-
tantly due to the significant loss (6–12  %) of 
dietary energy in the form of enteric methane 
(Mathison et  al. 1998; Takahashi 2001; Malik 
et al. 2012a). This loss is sizable especially in 
the developing world, where most countries are 
facing acute feed and fodders shortage and, by 
reducing enteric methane emissions to a signifi-

Fig. 19.1  Percentage of GHG emissions from livestock 
sector (FAO 2006)

Keywords
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cant extent, this saved energy may be utilized 
for additional milk production or feeding of 
extra livestock as exemplified in the subsequent 
section of the chapter.

19.2	 �H2: The Currency 
of Fermentation

Despite all the goods from livestock sector, the 
world’s 3.6 billion ruminants emit 90 Tg CH4 
years−1 due to enteric fermentation. Divergent 
microbes in the rumen act on the ingested feed 
and degrade it into various end products, viz., 
volatile fatty acids, ammonia, microbial protein, 
etc., along with CO2 and H2 as major gases. 
Hydrogen (H2) is a central metabolite in enteric 
fermentation where its partial pressure deter-
mines the intensity of methanogenesis and the 
possible extent of oxidation of feedstuffs (Hegarty 
and Gerdes 1999). H2 due to its central regulatory 
role is also referred as currency of fermentation 
(Hegarty and Gerdes 1999). H2 generated from 
microbial fermentation of feed is used as an 
energy source by methanogenic archaea. Formate 
can be used by methanogens in the rumen, but is 
less important than H2 as CH4 precursor (Hungate 
et al. 1970). H2 removal from the rumen is con-
sidered to play a chief role in continuing and 
improving the rumen fermentation (Hungate 
1967) by eliminating the inhibitory effect of H2 
on microbial degradation of plant material 
(McAllister and Newbold 2008). Though the 
methanogens constitute only a small part of the 
rumen microbial community, they are very cru-
cial in utilizing H2 (Janssen and Kirs 2008). H2 

utilizing methanogen growth rates in the rumen 
and the prevailing H2 concentrations are dynami-
cally linked (Janssen 2010).

Reduced cofactors such as NADH, NADPH 
and free protons are three key states of H2 for 
methanogenesis in the rumen. Concentration of 
dissolved H2 in bulk rumen fluid varies between 
90 and 250 μM at 39 °C (IUPAC 1981). Janssen 
(2010) stated that concentrations of dissolved H2 
diverge over a range of 0.1–50 μM in a normally 
functioning rumen. Rumen H2 concentrations 
reported in various studies for cattle and sheep fed 
on different diets are compiled in Table  19.1 
where it is evidenced that dissolved H2 concentra-
tion in the rumen of both species remains <3.5 μM 
on roughage-based diets. However, the concentra-
tion of H2 on grain-based diets may be higher than 
when the animals are fed on forage diet.

Rumen H2 concentrations do not remain the 
same throughout the day; rather, a high level is 
reported after feeding (Barry et  al. 1977; 
Smolenski and Robinson 1988), and it drops to a 
steady state 1–5 h after feeding depending on the 
fermentation substrates (Czerkawski and 
Breckenridge 1971; Robinson et  al. 1981). 
Pelchen and Peters (1998) anticipated that 100 L 
of H2 is produced daily from the sheep rumen 
which is adequate to generate 25 L of CH4 day−1 
considering that 4 moles of H2 are required 
mole−1 of CH4. Normally, low H2 concentration in 
the rumen reflects utilization of H2 by methano-
gens (Janssen 2010). The conditions resulting in 
increased passage rate and more propionate pro-
duction also lead to a higher H2 concentration in 
the rumen (Stanier and Davies 1981). The 
increased H2 concentration does not account for 

Table 19.1  Rumen H2 concentration in different animal species

Species Diet H2(μM) Reference

Cows Alfalfa 0.4 Olson and Whitehead (1940)
Cows Sweet clover 2.3 Olson and Whitehead (1940)
Cow Alfalfa hay 0.6–1.3 Hungate (1967)
Sheep Hay 0.2–0.7 (Avg. 0.4) Barry et al. (1977)
Sheep Grain 0.2–28 (Avg. 3.3) Barry et al. (1977)
Sheep Processed grass nuts 0.6–3.4 Hillman et al. (1985)
Cattle Forage 1–1.4 Smolenski and Robinson (1988)
Sheep Silage + conc. 15 ppm (breath conc.) Takenaka et al. (2008)
Sheep Silage 2 ppm (breath conc.) Takenaka et al. (2008)
– – 0.1–50 Janssen (2010)
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decrease in CH4; rather, higher H2 concentrations 
affect the fermentation of the feed so that less H2 
is formed and so the CH4 emissions (Janssen 
2010).

19.3	 �Is Rumen Methanogenesis 
an Obligation?

From the discussion so far, it is clear that the 
removal of metabolic H2 generated in anaerobic 
fermentation is essentially required for fermenta-
tion and normal functioning of the rumen. 
Accumulation of fermentative gases, especially 
H2, in the rumen may cause the complete cessa-
tion of fermentation and rumen functioning. 
Therefore, nature has blessed these animals with 
safe disposal mechanisms to take detrimental fer-
mentative gases away from the animal system.

Methane synthesis cannot be understood or 
controlled without understanding all of the pro-
cesses that produce substrates or remove prod-
ucts from the system (Kohn 2015). The principal 
reaction in the rumen which provides energy is 
the conversion of glucose to acetate, but this reac-
tion also produces substantial metabolic H2 as 
shown below:

	 C H O H O CH COOH CO H6 12 6 2 3 2 22 2 2 4+ → + + 	
Another major reaction that produce reducing 

equivalents is the conversion of glucose to 
butyrate:

	 C H O CH CH CH COOH CO H6 12 6 3 2 2 2 22 2→ + + 	
H2 does not accumulate in the rumen system 

as it is readily directed to be used in various path-

ways including formation of methane and propi-
onate (Kohn 2015) as per the reactions illustrated 
below:

	
CO H CH H O Methanogenesis2 2 4 24 2+ → + { } 	



C H O H CH CH COOH

H O Propionogenesis
6 12 6

2
2

2
3 2

2
2

+ →

+ { }
	

Although, there are many sinks for the safe 
disposal of metabolic H2 available in the rumen, 
of all these, methanogenesis is the primary and 
chief route of H2 elimination from the rumen 
(Wolin et al. 1997). Though the sulphate reducers 
are the most efficient in utilizing H2 in the rumen, 
the extent or possibility of this reductive process 
depends on the sulphate availability in the rumen 
(Oren 2012). Sulphate reducers obtain the energy 
from H2 oxidation, and their affinity for H2 is 
much higher than methanogenic archaea 
(Kristjansson et al. 1982). Reductive acetogene-
sis is another pathway for H2 utilization in the 
rumen where the same substrates, i.e. CO2 and 
H2, are converted into acetate. Gibbs free energy 
change (thermodynamics) under standard condi-
tions determines the chance of the three compet-
ing processes, namely, sulphate reduction, 
reductive acetogenesis and methanogenesis for 
utilizing metabolic H2 and the safe removal of H2 
from the rumen (Oren 2012). Thermodynamics 
of all the three major competitive processes is 
given in Fig.  19.2. When sulphate is limited, 
methanogens will dominate the role of H2 
removal from the rumen. The lower energy yield 
of acetogenesis is probably accountable for mak-
ing the reductive acetogenesis a less favourable 

Fig. 19.2  Thermodynamics of three major competitive H2 processes (Oren 2012)
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route for H2 removal from the system in the pres-
ence of methanogens.

In general, methanogenesis is the main route 
of H2 removal from the rumen (Beauchemin et al. 
2008); therefore, methanogenesis is generally 
regarded as necessary but wasteful process from 
the animal nutritionist’s point of view. If we are 
to successfully reduce enteric CH4 emission, H2 
must be disposed through other routes in order to 
keep the rumen functional and the animal alive. 
Propionogenesis and reductive acetogenesis the-
oretically seem promising alternative sinks for H2 
in the rumen as these pathways end up with met-
abolically beneficial products that lead to ener-
getic gain for host animal (Joblin 1999; Molano  
et al. 2008).

Until now, due to the low H2 threshold of 
archaea, methanogenesis is primary hydrogeno-
trophic sink for large H2 clearance from the 
rumen; therefore, this pathway is an obligatory 
but wasteful mechanism leading to a substantial 
loss of feed energy. Complete inhibition of meth-
anogenesis is neither possible nor practical due to 
the highly dynamic and diverse archaeal commu-
nity. Our efforts should focus on targeting the 
prominent methanogens, which have a low 
hydrogen threshold level, and as such do not 
allow the naturally resident acetogens to utilize 
hydrogen. At the same time, efforts should be 
made to identify and promote those acetogens 
with maximum H2-utilizing capacity. The possi-
bilities of all the alternate H2 sinks in the rumen 
are debated in the subsequent sections of the 
chapter.

19.4	 �Enteric Methane Mitigation

Practical strategies to reduce agricultural green-
house gas emissions are urgently sought, particu-
larly for ruminant enteric CH4 (Pinares Patino 
et al. 2009). The most successful strategies will 
be those which lead to a profitable increase in 
animal productivity, as well as reduce enteric 
CH4 emission. Strategic options for controlling 
livestock CH4 production are delineated in 
Fig. 19.3, which clearly demonstrates that enteric 
CH4 emissions and its mitigation are directly 

related with H2 utilization, suppression and diver-
sion towards a productive process. Researchers 
are trying to explore the best possible options for 
the eradication of enteric CH4 emission through 
feeding- and management-based approaches, 
redirecting H2 towards productive process, and 
through biological control of rumen archaea 
(Malik et al. 2012a). Under the anaerobic condi-
tions of the rumen, surplus-reduced cofactors 
must be reoxidized by electron transfer to con-
tinue fermentation in the rumen (Leng 2008). In 
this chapter, an attempt is made to address those 
approaches which have a potential to redirect the 
metabolic H2 (alternate sinks) away from metha-
nogenesis and at the same time lead to an ener-
getic gain for the host animal.

19.4.1	 �Sulphate Reduction

It is clear from the discussion so far that among 
three competitive process, the removal of H2 
through sulphate reduction is thermodynamically 
most favourable provided that adequate sulphate 
is available for receiving the reducing equiva-
lents. The major source of sulphur in grazing 
ruminants is S-containing amino acids in protein. 
Excess sulphur than required for microbial pro-
tein synthesis is reduced to H2S which has lim-
ited solubility and quickly enters the gas phase 
before it is eructated and inhaled into the lungs 
where a proportion is absorbed and converted to 
sulphate in the liver (Leng 2008). H2S levels in 
rumen fluid are low often about 0.1 mM (Leng 
2008).

Sulphur in the form of sulphate-, sulphite- and 
sulphur-containing amino acids is rapidly 
reduced to sulphide (Morvan et  al. 1996) by 
microbial activity, and electron flow is diverted 
away from CO2 reduction thus inhibiting metha-
nogenesis in the rumen (Anderson and Rasmussen 
1998). Sulphate reduction to H2S in the rumen by 
sulphate-reducing bacteria (SRB) is presented in 
Fig. 19.4. Sulphide is present as HS− and/or H2S 
(gaseous form) in the rumen which can be 
absorbed across the rumen wall and later be 
detoxified via oxidation (Drewnoski et al. 2012). 
H2S can be eructated from the rumen; however, 
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eructated H2S may be inhaled and absorbed 
through the lungs and is thought to cause polio-
encephalomalacia (Loneragan et  al. 2005) 
(Fig. 19.4).

Sulphate-reducing bacteria (SRB) dwellings 
in the rumen are strict anaerobes, mostly 
Gram-negative and rod shaped (Cummings et al. 
1995), and show wide population fluctuations in 
sheep, cattle, buffalo and deer (Morvan et  al. 

1996). The number of SRB was found to be 
greater in sheep and cattle than in deer and buf-
falo in a study conducted by Morvan et al. (1996). 
Desulfovibrio spp., namely, D. desulfuricans and 
D. vulgaris, are the most commonly isolated spe-
cies of SRB (Cummings et al. 1995; Gould 1998). 
The total rumen bacterial biomass particularly of 
SRB increases on sulphate inclusion in the diet as 
observed by van Zijderveld et  al. (2010). 
Desulfotomaculum is another sulphate-reducing 
bacteria found in the gastrointestinal tract of 
ruminants; however, Desulfovibrio spp. remain 
the major sulphate-reducing bacteria in the rumen 
(Howard and Hungate 1976).

Van Zijderveld et  al. (2010) reported 16  % 
reduction in CH4 emission from sheep supple-
mented with 2.6 % sulphate. They further stated 
that this level of sulphate supplementation was 
more effective in inhibiting CH4 emission (47 %) 
when given in combination with nitrate. 

Fig. 19.3  Strategic options for controlling the livestock methane (Malik et al. 2015)

Fig. 19.4  Sulphate reduction: an alternate sink for H2 
removal from the rumen (Leng 2008)
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However, the level of 2.6 % sulphate can cause 
disturbances in the O2 absorption in the blood. 
Lower levels of sulphur supplementation appear 
to stimulate fermentation and therefore may 
actually increase the methane output. But, sul-
phate additions at higher level will provide the 
extra sulphur for receiving the reduced equiva-
lents. Silivong et al. (2011) also reported reduced 
CH4/CO2 ratio in crossbred goats fed on Mimosa 
foliage supplemented with sodium sulphate at a 
level of 0.8 %. In one study, it was found that 
methanogenesis cannot be inhibited by sulphate 
levels below 20  mM; the reduction may be 
enhanced when sulphate is >20  mM (Ohashi 
et al. 1996); however, 90 % of the electrons are 
still utilized for methanogenesis even at the 
highest level of sulphate (Ohashi et  al. 1996). 
They concluded that the association of methano-
gens with H2-producing microbes cannot be 
replaced by SRB.

The product of sulphate/sulphur reduction 
(sulphide) is toxic at high concentrations for 
microorganisms as well as for the host animal. 
This toxicity is the major limiting factor in using 
sulphur/sulphate as an alternate H2 sink in the 
rumen. High concentrations of S from dietary 
sources including the byproducts from ethanol 
industry-induced polioencephalomalacia (PEM) 
attributed to the production of H2S gas in the 
rumen (Crawford 2007). Cattle fed on high-
forage diets are less prone to S-PEM than those 
fed on high-concentrate diets (NRC 2005). The 
reason for this was the increase in the gaseous 
form of sulphide (H2S) with decreasing rumen 
pH (Drewnoski et al. 2012) associated with con-
centrate feeding. Other toxicity symptoms 
include reduced rumen motility and nervous and 
respiratory distress (Backman 2012). H2S proba-
bly also blocks cytochrome-c oxidase enzyme in 
the electron transport chain and causes cellular 
energy deficiency (Dorman et al. 2002). However, 
some recent in  vitro work has suggested that 
cytotoxicity caused by H2S may involve a reac-
tive S species that depletes reduced glutathione 
(GSH) and activates oxygen to form reactive 
oxygen species (Truong et al. 2006).

Drewnoski et al. (2012) concluded that factors 
other than S intake alone appear to contribute to 

concentrations of ruminal H2S, and roughage 
level in the diet seems to have a significant effect 
on H2S concentrations. They also reported 
increased concentration of oxidized glutathione 
in the liver of cattle fed with high-S diet, suggest-
ing that this leads to oxidative stress, but further 
investigation is warranted to confirm this 
(Drewnoski et  al. 2012). Passive immunization 
approach that specifically targets sulphate-
reducing bacteria could be one way to tackle H2S 
toxicity in the rumen (DiLorenzo et  al. 2008), 
thus, exploring the use of sulphate/sulphur as a 
potential H2 sink in the rumen without any adverse 
impact on ruminal microbes or host animal is 
warrant under different feeding regimens.

19.4.2	 �Nitrate Reduction

In rumen, nitrate is largely reduced to nitrite by 
NADPH–nitrate reductase enzyme and then to 
ammonia via hydroxylamine (Takahashi 2011). 
The reduction of nitrate to nitrite and ammonia 
yields more energy than the reduction of CO2 to 
CH4 (Ungerfeld and Kohn 2006). The process of 
nitrate reduction in the rumen may be the princi-
pal route for H2 disposal away from the methano-
genesis (Takahashi 1986). Nitrate has a greater 
affinity for H2 than does CO2, and so, when 
nitrate is present in the rumen, nitrite and ammo-
nia formation are favoured over methane produc-
tion (Ungerfeld and Kohn 2006; Nolan et  al. 
2010).

Nitrate reduction in anaerobic systems occurs 
by three distinct pathways: dissimilatory nitrate 
reduction to nitrogen gas (denitrification), dis-
similatory nitrate reduction to ammonia and 
assimilatory nitrate reduction to ammonia (Leng 
2008). Generally, denitrification does not occur 
in the rumen, but when nitrate is present in rumen 
fluid, small amounts of nitrogen oxides may be 
produced (Leng 2008). Dissimilatory nitrate 
reduction is the chief pathway for the production 
of ammonia through the reduction of nitrate and/
or nitrite by reducing equivalents. Dissimilatory 
nitrate reduction occurs when the redox potential 
values in the medium are low (Knowles 1982), 
often in the presence of sulphide (Brunet and 
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Garcia-Gil 2006) or high organic matter concen-
trations (Akunna et  al. 1993). Dissimilatory 
reduction is unaffected by ammonia in the culture 
medium, and rapid conversion of nitrate to 
ammonia occurs even at high concentrations of 
ammonia. Its primary function appears to be to 
reoxidize reduced pyridine nucleotides (e.g. 
NADH). Assimilatory nitrate reductase involves 
enzymes that catalyse the reduction of nitrate to 
nitrite then to ammonia. In this, nitrate is reduced 
to nitrite by NADH reduction, and nitrite is 
reduced to ammonia by assimilatory nitrite 
ammonification which is coupled to ATP forma-
tion (Simon et al. 2002). Wolinella succinogenes 
isolated from the bovine rumen are able to carry 
out assimilatory or respiratory nitrite ammonifi-
cation (Simon et al. 2002) suggesting that nitrate-
reducing bacteria (NRB) can play a role in 
fermentation especially when ammonia is limit-
ing. The predominant pathway of nitrate metabo-
lism in the rumen is uncertain but has always 
been assumed or even asserted to be dissimila-
tory nitrate reduction to ammonia as shown 
below:

	 NO H H O NO3 2 22- ++ ® + 	

 NO H H O NH2 2 36+ ® ++

	

During the course of nitrate reduction, 8 reducing 
electrons are consumed which is theoretically 
adequate to lower the methane production by 
1 mol or 16 g (Leng 2008). In addition, ammonia 
generated from the process will also be an impor-
tant source of fermentable N in protein-deficient 

diets where low rumen ammonia is the major 
constraint for microbial protein synthesis. Since 
2010, many in vivo studies have been conducted 
to investigate the effect of nitrate addition on CH4 
emissions. Findings from these studies are com-
piled and presented in Table  19.2, where it is 
shown that the addition of nitrate in ruminant 
diets reduces in vivo CH4 emissions somewhere 
around 20–40  %. Leng (2008) suggested that 
dietary conditions like easily fermentable carbo-
hydrate, low soluble protein fraction, adequate 
sulphur level and a source of bypass protein 
favour the utilization of nitrate to lower the meth-
ane production. Nitrate and sulphate reductions, 
even if successfully explored as alternative H2 
sinks in rumen, do not incorporate reducing 
equivalents into energy sources available to rumi-
nants (Ungerfeld 2013) as done in reductive 
acetogenesis.

The sudden introduction of nitrate in the diet 
may lead to the oxidation of the ferric iron in hae-
moglobin resulting in methaemoglobinaemia and 
adversely affecting oxygen transport (van 
Zijderveld et al. 2011). The intermediate product 
of nitrate reduction, i.e. nitrite, is possibly toxic if 
exceeding the permissible limit. Recent research 
shows that the apparent toxicity problems associ-
ated with methaemoglobinaemia may be mini-
mized with a 2-week adaptation with gradual 
inclusion of nitrate in the diet and adequate sul-
phur available (Phuc et al. 2009). Gradual intro-
duction of nitrate into the diet allows the rumen 
microbes to adapt and increase their capability to 
reduce nitrite.

Table 19.2  Effect of nitrate addition on in vivo methane emission

Animal species Nitrate source and level Methane reduction (%) Reference

Cattle 5 % potassium nitrate 43 Sophal et al. (2013)
Cattle 22 g nitrate kg−1 DM 32 Hulshof et al. (2012)
Cattle 6 % KNO3 27 Inthapanya et al. (2012)
Cattle 6 % KNO3 30 Phuong et al. (2011)
Cattle 21 g nitrate kg−1 DM 16 van Zijderveld et al. (2011)
Cattle 2.38 % calcium ammonium nitrate ~41 Ascensao (2010)
Sheep 25–30 g NaNO3 Takahashi and Young (1991)
Sheep 2.6 % nitrate 32 van Zijderveld et al. (2010
Sheep 4 % KNO3 23 Nolan et al. (2010)
Goat 5 % CaNO3 –
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19.4.3	 �Reductive Acetogenesis

Acetogenic microbes exist in diverse environ-
ments ranging from sediments, wastewater and 
soils to animal gut systems (Bernalier et al. 1996) 
and are likely to be a natural part of the rumen 
microbiota (Drake et  al. 2008). Due to their 
hydrogenotrophic ability, acetogens received 
significant attention in the last few years and 
could be an alternative sink for H2 in the rumen 
(McSweeney et al. 2009). Acetogens are a phylo-
genetically diverse group of bacteria that have the 
ability to use the acetyl–CoA pathway for the 
reduction of CO2 to acetyl–CoA for energy con-
servation and the assimilation of CO2 into cell 
carbon (Drake et  al. 2008; Gagen et  al. 2015). 
The initiation and escalation of reductive aceto-
genesis in the rumen will not only ensure the 
alternate disposal of H2 away from the methano-
genesis but also result in an energetic gain to the 
host animal due to the formation of acetate which 

is absorbed across the rumen wall (Morvan et al. 
1994; Joblin 1999; Olsson et al. 2006). Although 
reductive acetogenesis is not a significant H2 sink 
in the rumen naturally, in the absence of metha-
nogenesis, acetogens can contribute significantly 
to hydrogen capture and can sustain a functional 
rumen (Fonty et al. 2007; Gagen et al. 2012). The 
reductive pathway through which acetate is pro-
duced on receiving the reducing equivalents is 
known as the Wood–Ljungdahl pathway 
(Ragsdale and Pierce 2008). The microbes capa-
ble of using acetyl–CoA pathway for producing 
the acetate as reduced product of CO2 and H2 are 
known as homoacetogens (Drake 1994).

The reductive acetogenesis pathway contains 
eastern and western branches as shown in 
Fig.  19.5. In reductive acetogenesis, acetogens 
reduce 2 mol of CO2 to acetate by oxidation of H2 
as follows: 2CO2 + 4H2CH3 → COOH + 2H2O. Fl
ow of CO2 to reductive acetogenesis takes place 
through the methyl or carbonyl branch (Fig. 19.5). 

Fig. 19.5  Reductive acetogenesis pathway (Drake 1994; Gagen et al. 2015)
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The methyl branch of the pathway is folate 
dependent, where CO2 is reduced to formate and 
finally to methyltetrahydrofolate (Ragsdale and 
Pierce 2008), while CO2 that enters the carbonyl 
branch is reduced to CO which in turn condenses 
with methyl group to produce acetyl–CoA.

The comparatively low H2 threshold of metha-
nogens and more Gibbs free energy change (−135 
KJ) make the methanogenesis thermodynami-
cally more favourable for H2 disposal than reduc-
tive acetogenesis under normal rumen conditions. 
The H2 threshold of acetogens is 10–100-fold 
higher than methanogens (Breznak and Kane 
1990) despite the fact that the H2-VMax/Km val-
ues of these two groups of hydrogenotrophic bac-
teria are in the same range. H2 thresholds of 
acetogens vary from 340 to 8,060  ppm, and in 
rumen acetogens, it is reported in the range of 
342–4,200  ppm (Breznak and Kane 1990; 
Morvan et al. 1996). Methanogenic archaea never 
allow the H2 partial pressure in the rumen to 
reach a level at which it is available for reductive 
acetogenesis. In a fully functional and developed 
rumen, methanogens outcompete acetogens and 
utilize most of the electrons for methanogenesis. 
Acetogens are apparently dominating hydroge-
notrophic microbes before the establishment of 
archaea in the rumen, and their numbers decrease 
proportionally as methanogens colonize in the 

rumen (Gagen et al. 2012). Reports are available 
which suggest that acetogenesis is a major 
hydrogenotrophic pathway in kangaroos, walla-
bies and termite hindgut (Gagen et  al. 2010; 
Elizabeth and Leadbetter 2011) where it replaces 
methanogenesis. Most reductive acetogens are 
capable of heterotrophic growth and readily uti-
lize substrates other than CO2 and H2 and use 
diverse electron acceptors (Joblin 1999).

An updated list of the rumen acetogens iso-
lated from different ruminant species and com-
piled by Gagen et al. (2015) is given in Table 19.3. 
It is evidenced from the isolated acetogens that 
Blautia, Clostridium, Acetitomaculum and 
Eubacterium spp. constitute the major segment 
of this hydrogenotrophic group, although many 
unidentified acetogens are also isolated from the 
dairy/beef cattle, sheep, lambs, bison, deer, etc. 
(Table 19.3).

Klieve and Joblin (2007) studied the compara-
tive efficiency of ruminal acetogen isolates (Se5, 
Se8, CA6 and SA11), marsupial isolates (YE255, 
YE257 and YE266) and two reference isolates 
(Acetitomaculum ruminis and Eubacterium limo-
sum) for H2 utilization and acetate production in 
H2/CO2 containing rumen fluid medium. From 
the study, they concluded that the marsupial iso-
lates and two of the ruminal isolates (ser5 and 
ser8) are more efficient in utilizing H2 as a 

Table 19.3  Rumen acetogens isolated from different ruminant species

Isolate Source References

Acetitomaculum ruminis Steer rumen Greening and Leedle (1989)
Blautia coccoides (8F) Methanogen-free lambs Fonty et al. (2007)
Blautia producta Calf rumen Bryant et al. (1958)
Blautia schinkii Young lamb Rieu-Lesme et al. (1996)
Clostridium difficile-like Newborn lambs Rieu-Lesme et al. (1998)
Clostridium symbiosum* Methanogen-free lambs Fonty et al. (2007)
Enterococcus gallinarum* Methanogen-free lambs Fonty et al. (2007)
Eubacterium limosum Sheep rumen Genthner and Bryant (1987)
Propionibacterium australiense* Methanogen-free lambs Fonty et al. (2007)
Se8 and Se5 Cluster XIV Clostridia Young lamb Morvan et al. (1994) and Fonty et al. (2007)
Unidentified Dairy or beef cattle Boccazzi and Patterson (2011)
Unidentified Deer Rieu-Lesme et al. (1995)
Unidentified Cow rumen Joblin (1999)
Unidentified Sheep rumen Joblin (1999)
Unidentified coccoid spore-forming bacteria Lambs, llamas and bison Rieu-Lesme et al. (1996)

Adapted from Gagen et al. (2015)
* Isolated as reductive acetogens, but did not retain the acetogenic capacity after subculture
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substrate than the other two ruminal isolates 
(CA6 and SA11). Further, they reported that rec-
ognized acetogen reference (Acetitomaculum 
ruminis and Eubacterium limosum) showed very 
poor ability in using H2. A high population den-
sity of ruminal acetogens was reported in metha-
nogen-free lambs (Fonty et  al. 2007); however, 
H2 capture in methanogen-free lambs was low 
(28–46  %). Reductive acetogenesis was not 
reported a significant part of fermentation in con-
ventional lambs, but contributed 21–25 % to the 
fermentation in methanogen-free meroxenic 
lambs (Fonty et  al. 2007), demonstrating that 
reductive acetogenesis can be an alternate H2 sink 
in the partial or complete inhibition of rumen 
methanogens, and if the rumen ecosystem is 
altered from the early developmental stage, the 
magnitude of reductive acetogenesis may be 
increased to a significant extent. Addition of the 
reductive acetogen Peptostreptococcus productus 
to an in  vitro reactor simulating the human gut 
(inoculated with human faeces) resulted in a 
decrease in methanogenesis to a level below the 
detection limit (Nollet et al. 1997b), but did not 
affect methanogenesis in ruminal incubations 
(Nollet et  al. 1997a). Ruminants should be 
screened at different developmental stages and 
on different feeding regimes to explore the maxi-
mum reductive acetogen population. Molecular 
work done at our institute indicates that the ace-
togens present in Indian sheep are quite different 
from reported acetogens (Malik et  al. 2012b); 
this difference may be attributed to the entirely 
different feeding conditions and geographical 
locations. We should make an effort to suppress 
the methane emission through nutritional or bio-
logical interventions, and at the same time, the 
magnitude of reductive acetogenesis should also 
be augmented through rumen ecosystem 
manipulations.

19.4.4	 �Supplemental Fat

Supplementation of fat and oils mitigates enteric 
CH4 production by redirecting hydrogen towards 
biohydrogenation as an alternate sink to metha-
nogenesis. Furthermore, fatty acids are not fer-

mented in the rumen, and hence they do not 
contribute H2 and other required substrates for 
methanogenesis (Morgavi et  al. 2011). Many 
researchers have observed a 2–4 % reduction in 
CH4 emission for every percent increase in lipid 
content of animal diet (Eugene et al. 2008; Martin 
et  al. 2010; Grainger and Beauchemin 2011). 
Beauchemin et al. (2008) reviewed the effects of 
dietary lipid levels on CH4 emissions and con-
cluded that for each 10 g kg−1 DM fat addition, 
there is a proportional decrease of 0.056 g kg−1 
DMI. The unsaturated fatty acids are converted to 
more saturated end products through biohydroge-
nation in the rumen, and these products flow to 
the intestines. However, disposal of H2 through 
biohydrogenation process in the rumen is always 
debated and usually reported to be very small 
(<5 %) in comparison to methane and propionate 
production (Jenkins et al. 2008).

Addition of fat particularly unsaturated fat to 
the rumen decreases methane production; how-
ever, the extent of methane suppression is dosage 
dependent and influenced by the type of fatty 
acid. The extent of methane reduction through 
lipid supplementation mainly depends on the 
quantity, degree of unsaturation and the chain 
length (Johnson et al. 2002). It appears that the 
effect of degree of unsaturation is relatively 
small, and the effect is mainly due to digestion 
depression (Johnson and Johnson 1995; Mathison 
et al. 1998). Certain oils such as coconut oil seem 
to reduce CH4 possibly by suppressing protozoa 
(Machmuller et al. 1998).

Johnson and Johnson (1995) stated that the 
amount of H2 used in biohydrogenation process 
of unsaturated fatty acids is insignificant for a 
significant reduction in CH4 emissions, and con-
siderable effects of lipids supplementation are 
likely to occur only when basal digestion is 
inhibited. However, Dong et al. (1997) found that 
it is not necessary that CH4 reduction is always 
accompanied with depressed digestion. For 
enteric CH4 reduction, medium-chain fatty acids 
are more effective than long chain fatty acids 
(Johnson and Johnson 2002). Dietary fat supple-
ments, especially those containing unsaturated 
fatty acids, can reduce enteric CH4 emissions, but 
oil production for animal feed is usually 
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associated with increased net greenhouse gas 
emissions (Beauchemin et  al. 2008; Grainger 
et  al. 2010) which should also be taken into 
account. Eicosahexanoic acid (EPA or C20:5) 
and docosahexaenoic acid (DHA or C22:6), the 
major bioactive unsaturated fatty acids found in 
fish oil and marine algae (Givens et  al. 2000), 
decreased CH4 production up to 80 % in in vitro 
studies (Fievez et al. 2003). As stated earlier, fat 
and oil contribute very little towards H2 disposal 
in the course of biohydrogenation, and the meth-
ane-inhibiting action is mainly due to the trigger-
ing of a toxic effect on ruminal microorganisms 
particularly on H2-producing microbes and meth-
anogens, suppressing rumen protozoa liable for 
interspecies H2 transfer to archaea and depressing 
enteric digestion.

19.4.5	 �Propionogenesis 
as an Alternate Sink

Roughage-based diets are typically associated 
with high CH4 production mol−1 of hexose fer-
mented in the rumen as increased acetate 

production leaves more reducing equivalents to 
be utilized in methanogenesis, while the reverse 
happens on concentrate feeding where reducing 
equivalents are incorporated into propionate for-
mation (Czerkawski 1986; Wolin et  al. 1997). 
Both starch and cellulose are hydrolysed to glu-
cose; however, the fermentation pattern of starch 
results in lower acetate to propionate ratio com-
pared to cellulose (Bannink et  al. 2006). When 
methanogenesis is inhibited, reducing equiva-
lents are diverted into alternative electron sinks. 
Dihydrogen incorporation into a useful electron 
sink is a necessary part of an integral methano-
genesis inhibition strategy, because it minimizes 
gaseous digestible energy (DE) losses and avoids 
fermentation inhibition. Some of these alterna-
tive electron sinks are typical to ruminal fermen-
tation, like propionate (Wolin et al. 1997; Janssen 
2010). An outline of the fermentation pathway is 
given in Fig. 19.6, exhibiting the production or 
utilization of electrons during the synthesis of 
volatile fatty acids (VFAs). The partial or com-
plete inhibition of rumen methanogenesis is 
known to increase the partial H2 pressure which 
thermodynamically favours the incorporation of 

Fig. 19.6  Fermentation pathway in the rumen (Adapted from Ungerfeld 2013)
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reducing equivalents into propionate or disposal 
through other alternate pathways. Nevertheless, 
the incorporation of reducing equivalents spared 
from methanogenesis into propionate is not com-
plete (Czerkawski 1986), and H2 accumulates 
especially if CH4 production is strongly inhibited 
as demonstrated in many of the studies (Mitsumori 
et al. 2012).

Ungerfeld (2013) discussed the energetic and 
nutritional consequences of fixing reducing elec-
trons into propionate formation when methano-
genesis is inhibited. Each mol of acetate that is 
not produced from fermentation prevents the 
release of 2 mol of reducing equivalents. For the 
formation of 1 mol of acetate, 2 mol of CO2 is 
reduced with 4 mol of H2 that results in a gain of 
heat of combustion equal to 876  kJ or 219  kJ/
mol H2 (Ungerfeld 2013), whereas incorporation 
of 3 mol of H2 to produce 1 mol of propionate at 
the expense of 1  mol of acetate not being pro-
duced results in a gain in heat of combustion 
equal to (1,529–876 kJ)/3 mol H2 = 218 kJ/mol H2 
in propionate per electron-pair incorporated 
(Ungerfeld 2013).

Incorporation of H2 into either reductive ace-
togenesis or propionate production results in an 
increase in heat of combustion in VFA of about 
12 % with respect to the corresponding fermenta-
tion with CH4 as main electron sink. In totality, 
all the reducing equivalents left behind after the 
inhibition of methanogenesis are not incorpo-
rated into propionate production. Addition of 
metabolism intermediates that finally reduce to 
propionate through succinate or acrylate pathway 
will redirect the reducing equivalents away from 
the methanogenesis (Fig. 19.6) and into propio-
nate production (Ungerfeld et al. 2007). Asanuma 
et al. (1999) concluded that Fibrobacter succino-
genes, Selenomonas ruminantium ssp. ruminan-
tium, Selenomonas ruminantium ssp. lactilytica, 
Veillonella parvula and Wolinella succinogenes 
are accountable for the oxidation of H2 using 
fumarate as a final electron acceptor, suggesting 
that these bacteria compete with methanogens for 
electrons. However, the affinity of these bacteria 
for H2 is lower than the affinity of methanogens 
which restricts the diversion of electrons for pro-
pionate production. Furthermore, microbial 

adaptation to fumarate metabolism is also 
important for rechanneling the electrons for the 
reduction of fumarate to succinate. Biotic agents 
such as fumarate-reducing bacteria which are 
hydrogenotrophs can be used as an alternate sink 
for H2 disposal in rumen. Mamuad et al. (2012) 
isolated a strain of fumarate-reducing bacteria 
that is closely related to Mitsuokella jalaludinii 
from a Korean black goat. This isolate was found 
to harbour the frdA gene, which contains the suc-
cinate dehydrogenase/fumarate reductase flavo-
protein subunit. Recently, Mamuad et al. (2014) 
in a study found that the supplementation of 
Mitsuokella jalaludinii reduces the methane pro-
duction, increases the succinate and changes the 
rumen microbial diversity; however, the differ-
ence in propionate production was not substan-
tial. Therefore, any strategy which simultaneously 
targets the methanogens and ensures the incorpo-
ration of electrons in energy-saving product like 
propionate will certainly reduce enteric CH4 
emission with an energetic gain to host animal.

19.5	 �Anticipated Returns 
from Methane Reduction

Among the GHGs, CO2 remains the major 
anthropogenic GHG accounting for 76 % of the 
anthropogenic emissions, while CH4 is next to 
CO2 adding 16 % (7.8 Gt CO2−eq. year−1) to the 
anthropogenic pool of GHGs (IPCC 2014). 
Livestock is the major source of anthropogenic 
CH4 emissions contributing ~90 Tg methane to 
global emissions. The reduction of enteric CH4 
emission is obligatory not only from a global 
warming point but also required for improving 
the productive efficiency of animals especially 
under the scenario of feed and fodder deficit pre-
vailing in most of the world’s developing coun-
tries today (Malik et al. 2015). Climate change is 
a collective action problem at the global scale, 
because most GHGs accumulate over time and 
mix globally, and emissions by any agent (e.g. 
individual, community, company, country) affect 
the others; hence, the effective mitigation of 
GHGs requires cooperation between continents, 
area and communities (IPCC 2014).
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The reimbursements arising from the 20  % 
reduction in enteric CH4 emission are projected 
theoretically here in Table 19.4. A 20 % reduc-
tion in CH4 emission will reduce the emission of 
CO2−eq. GHG by around 450 Tg year−1. Apart 
from this, 20 % reduction in methane emissions 
could also produce ~210 million metric tons 
additional milk production or fulfil the 
maintenance requirement for energy of about 60 
million adult cattle worldwide through saved 
energy from methane (Table 19.4). In this way, a 
20 % reduction looks very promising especially 
for the developing world where acute shortage of 
feeds and fodders is a general phenomenon.

19.6	 �Conclusion

Strategies that lead to a significant reduction in 
enteric methane mitigation and also increase the 
animal productivity are urgently sought. 
Researchers worldwide are trying to explore the 
best possible option for controlling the CH4 emis-
sion in practically possible and natural ways. As 
rumen methanogenesis is directly related to H2 
production in rumen, redirecting H2 through 
energy conservative sinks which divert H2 from 
the methanogenesis will certainly have an impact 
in reducing enteric methane emission to a desir-

able level. Sulphate and nitrate reduction, reduc-
tive acetogenesis, fat supplementation and 
intensifying propionogenesis are some of the 
ways to ensure the fermentative H2 disposal 
through these alternative sinks in the rumen. 
These alternate sinks can be a potential contriv-
ance in the rumen for plummeting methane emis-
sion. In addition, clearance of H2 through 
pathways like reductive acetogenesis and propi-
onogenesis also has the advantage of energy con-
servation into end products which are useful for 
the host animal. Although, the thermodynamics 
of the competitive process, low H2 threshold level 
of archaea and sometimes toxic intermediary 
compounds (in case of nitrate) are a few of the 
major concerns which need to be addressed 
through continuous research in these areas. There 
is a need to design or formulate the combination 
of interventions which can target the rumen 
archaea and promote/intensify the other competi-
tive process (alternate sinks) in the rumen for 
reducing electron clearance.
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Abstract

This study focuses on greenhouse gas (GHG) emission from livestock 
manure. In addition to the global warming potential of the GHGs (e.g., 
CH4, N2O, NO, CO2), ammonia (NH3) emissions contribute to global 
warming when NH3 is converted to nitrous oxide (N2O). Therefore, this 
chapter addresses in detail the GHG and NH3 emissions from livestock 
manure and their mitigation strategies. This chapter illustrates several mit-
igation strategies for reducing emissions from manure management con-
tinuum, for example, manure storage abatement techniques, use of 
additives, manipulation of manure pH, implementation of inhibitors, 
anaerobic treatment, thermochemical conversion of manure, and imple-
mentation mitigation policies (e.g., emission tax, emission cap, livestock 
extensification). Additionally, several innovative mitigation strategies 
were discussed, for instance, manure treatment methods to produce value-
added products and bioenergy and abate emissions, the biorefinery 
approach, and life cycle analysis to improve the productivity and use of 
resources and abate emissions.
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20.1	 �Introduction

The United Nations Framework Convention on
Climate Change (UNFCCC) adopted the Kyoto
protocol (the protocol set binding obligations on 
industrialized countries to reduce their emissions
of GHG) which is aimed at achieving the stabili-
zation of GHG concentrations in the atmosphere
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at a level that would prevent dangerous anthropo-
genic interference with the climate system. Under
this protocol, several countries committed them-
selves to a reduction of the GHGs (e.g., CH4, 
N2O, NO, CO2). The protocol was adopted on 
December 11, 1997, in Kyoto, Japan, and entered
into force on February 16, 2005. As of September
2011, 191 states had signed and ratified the pro-
tocol. Following the adoption of the United
Nations Economic Commission for Europe
(UNECE) Gothenburg protocol, the members
struggled to achieve significant reduction in 
national ammonia (NH3) emissions. The 
Gothenburg protocol is a multi-pollutant protocol 
designed to reduce acidification, eutrophication, 
and ground-level ozone by setting emission ceil-
ings for several pollutants including NH3. Sectors
that are sources of emissions include energy gen-
eration; industrial processes and product use; 
agriculture, forestry, and other land uses; and 
waste. Agriculture (with its two main sectors: 
plant and animal production) is one of the main 
sources of GHG emissions and the main source 
of NH3 emissions. The reduction of emissions is 
subject to international conventions, which 
include reporting of emission levels in accor-
dance with guidelines. Thus, reducing GHG and 
NH3 emissions from the agricultural sector is 
essential. Consequently, it is crucial to develop 
mitigation strategies to reduce GHG and NH3, 
which should be preceded by inventorying these 
emissions. There are two emission inventory 
guides: the air pollutant emission inventory 
guidebook of the European Environment Agency
(EEA) and the Cooperative Programme for
Monitoring and Evaluation of the Long-Range
Transmission of Air Pollutants in Europe (EMEP)
and the guidelines of the Intergovernmental Panel 
on Climate Change (IPCC).

Livestock and manure are the major sources of
GHG and ammonia emissions from the animal 
production sector. Livestock manure manage-
ment is a source of nitrous oxide (N2O) emis-
sions. N2O is produced as part of the nitrogen 
cycle through nitrification and denitrification of 
organic nitrogen substances contained in live-
stock manure and urine. Livestock manure is also
a source of methane (CH4) emissions, which are 

produced during the anaerobic decomposition of 
manure. Enteric fermentation and manure man-
agement account for 35–40 % of the total anthro-
pogenic CH4 emissions and 80 % of CH4 release 
from agriculture (FAO 2006). Livestock activities
account for 65 % of the global anthropogenic
N2O emissions, and this represents 75–80 % of
the total emission from agriculture (FAO 2006). 
CH4 and N2O are GHG with global warming 
potentials (GWP) of 23 and 296 times that of
CO2, respectively (IPCC 2007a). The contribu-
tion that manure management makes to total 
national agricultural emissions of N2O and CH4 
may vary, but can exceed 50 % in countries
reporting to the UNFCCC in 2009 (Chadwick
et al. 2011). About 94 % of global anthropogenic
emissions of NH3 to the atmosphere originate 
from the agricultural sector of which close to 
64 % is associated with livestock management
(FAO 2006). However, Reinhardt-Hanisch (2008) 
stated that around 75 % of NH3 emissions come 
from livestock production. Excessive levels of
NH3 emissions contribute to the eutrophication 
and acidification of water, soils, and ecosystems 
(Schuurkes and Mosello 1988). In addition to the 
global warming potential of the GHGs, NH3 
emissions contribute to global warming when 
NH3 is converted to N2O (Berg 1999; Sommer
et al. 2000). It is important to consider that indi-
rect N2O losses (i.e., derived from NO3

− leaching 
and NH3 volatilization) can at times be larger
than direct N2O losses (Chadwick et al. 2011). As 
a result, reducing NO3

− leaching and NH3 volatil-
ization should also contribute to reductions in
total N2O emissions.

Manure management affects the potential for 
N2O and NH3 emissions and the balance between 
both gases. The interaction between N2O and 
NH3 may be positive (e.g., both emissions are 
reduced by an airtight cover during storage and 
increased by composting) or negative (e.g., direct 
N2O emissions from soil will potentially increase 
if losses of NH3 are prevented during storage or 
field application). Emissions of N2O and NH3 
negatively affect N use efficiency and the GHG 
balance of livestock production. A precise deter-
mination of overall N2O and NH3 emissions 
requires consideration of the complex interactions 
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between C and N transformations at each stage of 
the manure management chain. This needs to be 
done in a time scale that is relevant for manage-
ment practices such as retention time in housing 
and storage, treatment to optimize nutrient man-
agement, and timing of field application (Petersen 
and Sommer 2011). The heterogeneity in the dis-
tribution of O2 demand and supply affects the 
determination of N2O emissions from field-
applied manure.

Manure is animal excreta (feces and urine) 
collected from animal buildings, whereas slurry 
is a mixture of scraped animal excreta and flush-
ing water and is collected from animal buildings. 
Hence, slurry is a mixture of manure and water. 
On the other hand, litter is animal excreta and 
bedding material collected from animal buildings 
(Samer 2011a). Livestock excreta stored in
manure stores, in housing, in feedlots, or in cattle 
hardstandings are the most important sources of 
GHG and NH3 in the atmosphere. The storage of 
dry manure produces large emissions of N2O, 
while the storage of liquid manure produces large 
emissions of CH4 (Janzen et al. 2008). A detailed 
knowledge of the processes of GHG and NH3 
mass transfer from the manure and its transport to 
the atmosphere will contribute to the develop-
ment of emission abatement techniques and 
housing designs that will contribute to the reduc-
tion of gaseous emissions into the atmosphere 
(Sommer et al. 2006). Inventories have shown 
that stored animal manure, animal housing, and 
exercise areas account for about 69–80 % of the
total emission of NH3 in Europe (ECETOC 1994; 
Hutchings et al. 2001).

Several algorithms for calculating CH4 and 
N2O emissions from manure management have 
been developed. The biogenic emissions of CH4 
and N2O from animal manure are stimulated by 
the degradation of volatile solids (VS) which
serve as an energy source and a sink for atmo-
spheric oxygen. Algorithms which link carbon 
and nitrogen turnover in a dynamic prediction of 
CH4 and N2O emissions during handling and use 
of liquid manure (slurry) have been developed. 
These algorithms include (1) a sub-model for
CH4 emissions during storage that relates CH4 
emissions to VS, temperature, and storage time

and estimates the reduction in VS and (2) a
second sub-model that estimates N2O emissions 
from field-applied slurry as a function of VS,
slurry N, and soil water potential, but emissions 
are estimated using default emission factors. 
Additionally, simple algorithms to account for 
ambient climatic conditions may significantly 
improve the prediction of CH4 and N2O emis-
sions from animal manure (Sommer et al. 2004, 
2006). Several algorithms have been developed
for determining NH3 emission from buildings 
housing cattle and pigs and from manure stores.

Cattle production (beef and dairy) produces 
the greatest portion of GHG emissions. The small 
ruminant share is approximately 12.3 %. The
total GHG emission from livestock’s enteric and 
manure CH4 and manure N2O is 9.45 kg CO2 
equivalent per kg body weight. The respective 
values for cattle, pigs, and poultry are 5.45, 3.97,
and 3.25, respectively (Zervas and Tsiplakou
2012). Taking into account the positive and nega-
tive impacts of small ruminant production sys-
tems to the environmental aspects in general, it is 
recommended that a number of potentially effec-
tive measures should be taken and the appropri-
ate mitigation technologies should be applied in 
order to reduce GHG emissions to the atmo-
sphere. This needs to be achieved with no adverse 
effects on livestock intensification and productiv-
ity of small ruminant production systems. Growth 
in livestock populations is projected to occur 
mainly in intensive production systems, where 
the largest potentials for GHG mitigation may be 
found. Ongoing intensification and specialization
of livestock production leads to increasing vol-
umes of manure that needs to be managed. 
Emissions of CH4 and N2O result from a multi-
tude of microbial activities in the manure micro-
environment. These emissions depend not only 
on manure composition and local management 
practices with respect to treatment, storage, and 
field application but also on ambient climatic 
conditions (Petersen et al. 2013). The diversity of 
manure properties and environmental conditions 
calls for the development of a modeling method 
for improving the estimation of GHG emissions 
and for predicting the effects of management 
changes on GHG mitigation.
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A livestock farm is a complex system with 
different interacting components. Generally, 
whole-farm approaches distinguish at least an 
animal component and a soil–crop component.
Whole-farm models are able to give an accurate 
representation of the internal cycling of materials 
and its constituents as well as the exchanges 
between the farming system and its environment 
(Schils et al. 2007). Further research is needed to
understand the factors limiting livestock produc-
ers adopting mitigating strategies to reduce emis-
sions since a whole-farm system approach can 
provide a modeling framework to evaluate the 
feasibility and cost-effectiveness of abatement 
measures (Carew 2010). A whole-farm approach 
is a powerful tool for the development of cost-
effective GHG mitigation options as it reveals 
relevant interactions between the various farm 
components.

The main objective of a number of current 
research projects is the evaluation of the conse-
quences of predicted climate change on different 
aspects of the environment and human life. These 
studies base their estimations on the current pre-
dictions of GHG emissions and temperature rise 
reported in the literature that will determine the 
extent of the consequences (Kuczynski et al.
2011). The assessment of climate change requires 
a global perspective and a very long time horizon
that covers periods of at least a century. As the 
exact knowledge of future anthropogenic GHG 
emissions is impossible, emission scenarios 
become a major tool for the analysis of potential 
long-range developments. According to IPCC 
(2007b), scenarios are a plausible and often sim-
plified description of how the future may develop, 
based on a coherent set of assumptions about 
driving forces and key relationships. Scenarios
are images of the future, or alternative futures. 
They are neither predictions nor forecasts. Rather,
each scenario is one alternative image of how the 
future might unfold. Emission scenarios are a
central component of any assessment of climate 
change. Scenarios facilitate the assessment of
future developments in complex systems that are 
either inherently unpredictable or have high sci-
entific uncertainties.

The large difference between predictions of 
the different scenarios indicates the complexity 

involved in making such predictions and the large 
amount of uncertainty inherent in climate change 
models (Kuczynski et al. 2011). A general global 
warming trend was presented in the IPCC report 
(2007c): (a) for the next two decades, a warming 
of about 0.2 °C per decade is projected for a range
of emission scenarios; (b) if GHG emissions are 
kept constant at current rates, a further global 
warming trend would occur over the next two 
decades at a rate of about 0.1 °C per decade, due
mainly to the slow dynamic response of the 
oceans; (c) continued GHG emissions at or above 
current rates would cause further warming and 
induce many changes in the global climate system 
during the twenty-first century that would very 
likely be larger than those observed during the 
twentieth century (IPCC 2007c). Regarding the
geographical distribution of the climate change, 
projected warming in the twenty-first century 
shows scenario-independent geographical pat-
terns similar to those observed over the past sev-
eral decades (Kuczynski et al. 2011). Furthermore,
the Special Report on Emissions Scenarios (SRES
2000) projected global average surface warming 
and developed relevant emission scenarios.

Therefore, it is crucial to consider climate 
change, global warming, emission scenarios, emis-
sion inventories, livestock population and geo-
graphical distribution, farm components and 
farming systems, and manure management and 
handling system when developing mitigation strat-
egies for reducing noxious gas emissions. The 
objective of this chapter was to discuss the different 
mitigation strategies for reducing GHG and NH3 
emissions from livestock manure, mitigation poli-
cies, and industrial (animal production as an indus-
try) and geographical focus mitigation potentials.

20.2	 �Theoretical Considerations

20.2.1	 �Biochemical Analysis 
of Manure

The biochemical analysis of dairy manure pro-
vided details of the typical pollution parameters 
(Table 20.1), the chemical composition of fresh 
manure (Table 20.2), and the organic compounds 
(Table 20.3).
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20.2.2	 �Nitrous Oxide and Ammonia

Nitrous oxide is an important GHG primarily 
produced by microbial nitrification and denitrifi-
cation processes. Emissions of N2O also occur 
indirectly when nitrogen (N) is lost through NH3 
volatilization or nitrate (NO3

−) leaching and sub-
sequently converted to N2O in another location. 
Direct and indirect N2O emissions represent an 

unproductive N loss from agricultural systems, 
and therefore, reducing emissions has benefits for 
GHG mitigation and improving N use efficiency 
(VanderZaag et al. 2011). The main sources of 
N2O are nitrogen fertilizers, land-applied animal
manure, and urine deposited by grazing animals.

20.2.2.1	 �Nitrification 
and Denitrification

Nitrification is the bacterial oxidation of ammo-
nium salts to nitrites (NO2

−) and further oxidation 
of nitrites to nitrates (NO3

−) leads to N2O emis-
sions. On the other hand, denitrification is the 
loss or removal of nitrogen or nitrogen com-
pounds. Precisely, denitrification is the bacterial 
reduction of nitrates or nitrites which results in 
the emission of NO, N2O, and N2 into the air 
(Fig. 20.1). It is crucial to consider that the opti-
mal temperature range for nitrification is 
30–35 °C; in contrast, however, the optimal tem-
perature for denitrification is 10 °C or lower.
Therefore, cooling manure to 20 °C would reduce
N2O emissions.

20.2.2.2	 �Nitrogen Cycle
The bacterial decomposition of manure, feces, 
and urine generates NH3 and N2 which follows a 
cycle known as the nitrogen cycle. Figure 20.2 
shows the nitrogen cycle through which amino 
acids, peptone, peptide, NH3, NO2

−, NO3
−, N2, 

and bacterial protein are generated by bacterial 
decomposition of manure.

Intensification of livestock production in 
many parts of the world has led to increasing 
atmospheric N in connection with storage and 
field application of manure (Petersen and 
Sommer 2011). Both types of emissions are 
influenced by manure organic matter content via 
mechanisms such as composting, crust forma-
tion, mineralization–immobilization turnover,
and water retention.

20.2.2.3	 �Total Ammoniacal Nitrogen
Ammoniacal nitrogen (NH3-N) is a measure for 
the amount of NH3 in manure, liquid organic 
wastes, and sewage. The total ammoniacal nitro-
gen (TAN) is the amount of nitrogen that is ready 
to be transformed to ammonium (NH4

+). 
Ammonium is an ionized form of NH3, where

Table 20.1  Pollution parameters of dairy manure

Parameter
Production (kg/1,000 kg
body weight)

Concentration 
(mg/L)

Total 
solids

12.0 130,000

Volatile 
solids

10.0 110,500

BOD 1.6 20,000
COD 11.0 136,000
Total 
nitrogen

0.4 5,000

Table 20.2  Chemical composition of fresh manure 
(Abdelsalam et al. 2015)

Parameter Fresh manure

TS (%) 17.0
VS (%) 13.1
Ash (%) 3.9
Organic carbon (% from VS) 44.5
Total nitrogen 1.7
C/N ratio 1:26
pH 6.87

Table 20.3  Organic compounds in dairy manure

Parameter Value (% TS)

Crude protein 13.2
 � True protein 12.6
 � Nonprotein 0.6
Crude fiber 11.5
 � Neutral detergent fiber 7.6
 � Acid detergent fiber 3.9
Carbohydrate 74.0
 � Cellulose 23.4
 � Hemicellulose 19.3

Lignin 14.9
 � Cell walls 6.2

Sugar 10.2
Fat 1.7
Gross energy (MJ/kg TS) 15.9
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	 NH H O NH OH3 2 4+ ↔ ++ −

	

Therefore, the NH3 increases with increasing 
alkalinity of dissolved ammonium in water, 
whereas ammonium ions are formed with 
increasing acidity of dissolved NH3 in water. The 
total ammoniacal (ammonium) nitrogen is mea-
sured in g N kg−1 fresh mass or in mg NH3-N L−1. 
For instance, the typical liquid manure scraped 
from a dairy farm, after separation from the sol-
ids, is ca. 1,600 mg NH3-N L−1.

20.2.2.4	 �Total Kjeldahl Nitrogen
The Kjeldahl method or Kjeldahl digestion is a
method used for the quantitative determination of 
nitrogen in chemical substances. The total 

Kjeldahl nitrogen (TKN) is the sum of organic
nitrogen, NH3, and NH4

+ in the chemical analysis 
of manure, wastewater (e.g., sewage), water, or 
soil.

20.2.3	 �Methane

The rumen is the most important source of CH4 
production, especially in cattle. Less, but still
substantial, amounts of CH4 are produced from 
cattle manure. In pig and poultry production, 
most CH4 originates from manure. Anaerobic 
decomposition of manure produces mainly CH4 
and CO2 with traces of hydrogen sulfide (H2S),
H2, N2, and NH3 as shown in Fig. 20.3.

Fig. 20.1  Chemical 
processes of nitrification 
and denitrification

Fig. 20.2  Nitrogen cycle 
(Translated and amended 
after Hartung 1995 and 
Jensen 1974)
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20.2.4	 �Diffusion and Convection 
Mass Transfer

The GHGs (CH4, N2O, NO, and CO2), NH3, H2S,
and volatile organic compounds (VOCs) include 
volatile fatty acids (VFAs) that are transferred
within manure through diffusion and from 
manure to ambient air by convection mass trans-
fer (Fig. 20.4). Generally, this process follows the 
concept of mass transfer which is the transfer of 
mass from high concentration to low concentra-
tion. This involves molecular and convective 
transport of atoms and molecules within physical 
systems, following Fick’s law of diffusion and
Newton’s viscosity law which deals with molecu-
lar momentum transport.

The release of gases from manure can be min-
imized by controlling the following factors: (1)
minimizing release surface area, (2) separating
urine and feces, (3) limiting storage period, (4) 
lowering the temperature of the manure, (5) low-
ering nitrogen concentration in manure, and (6)
decreasing air velocity and volumetric airflow 
rate above surface. In addition to the previous 
factors, lowering the pH value of the manure is 
crucial to reduce NH3 emissions.

20.2.5	 �Manure Management 
Continuum

The stages of the manure management contin-
uum are animal housing, exercise yards or corrals, 

manure storage and treatment, and land spreading 
of manure (Fig. 20.5). Chadwick et  al. (2011) 
stated that the sources of pollutants are as fol-
lows: (1) housing, (a) slurry handling system
with no bedding and (b) solid manure handling 
system with straw, sawdust, or wood shavings as 
bedding materials; (2) manure storage, (a) slurry 
stored in lagoons and aboveground tanks and (b) 
solid manure stored in field heaps or heaps in 
yards; (3) treatment, (a) slurry treatment, e.g., 
aeration, separation, and anaerobic digestion, and 
(b) solid manure treatment, e.g., active compost-
ing and anaerobic digestion; and (4) spreading, 
(a) slurry spreading as either surface spreading 
(broadcasting, trailing hose/shoe) or injection 
(shallow open/closed slot, deep) and (b) solid 
manure spreading with or without incorporation 
(plow, harrow, and tines).

20.3	 �Mitigation Strategies

Manure management involves various technolo-
gies for collection, handling, storage, treatment, 
and land application (Powell et  al. 2010) which 
are chosen based on the size of the herd, soil type,
climate, and other factors such as available labor 
(Tomasula and Nutter 2011). Liquid manure stor-
age facilities are sources of gaseous emissions of 
NH3 and GHGs especially CH4 and N2O. CH4 is 
the most predominant GHG emission from liquid 
manure storage facilities (Samer et al. 2014a; 
Berg et al. 2006a). Therefore, several studies have 

Fig. 20.3  Anaerobic decomposition of manure
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investigated different mitigation strategies for 
reducing GHG and NH3 emissions from the dif-
ferent stages of the manure handling continuum. 
Emissions occur at all stages of manure manage-
ment: from buildings housing livestock, during 
manure storage, following manure application to 
land, and from urine deposited by livestock on 
pastures during grazing. Ammoniacal nitrogen
(total ammoniacal nitrogen, TAN) in livestock 
excreta is the main source of NH3. At each stage 
of manure management, TAN may be lost, mainly 

as NH3, and the remainder passed to the next 
stage. Hence, measures to reduce NH3 emissions 
at the various stages of manure management are 
interdependent, and the accumulative reduction 
achieved by combinations of measures is not sim-
ply summated. This TAN flow concept enables 
rapid and easy estimation of the consequences of 
NH3 abatement at one stage of manure manage-
ment (upstream) on NH3 emissions at later stages 
(downstream) and gives unbiased assessment of 
the most cost-effective measures. It is important 

Fig. 20.4 Release of CH4, 
N2O, NO, CO2, NH3, H2S,
VOCs, and VFAs from
manure storage

Fig. 20.5  Manure 
management continuum
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to remember that NH3 can be converted to N2O at 
any stage of manure management.

The EMEP/EEA air pollutant emission inven-
tory guidebook provides GHG emission abate-
ment measures for animal production and manure 
management in the form of best available tech-
nique (BAT) for each case, type of manure, land 
use, limits of applicability, emission reduction 
(%), and availability for different farms (EMEP/
EEA 2009). On the other hand, the Executive
Body for the Convention on Long-Range
Transboundary Air Pollution (2007a, b) provided 
a guidance document on control techniques for 
preventing and abating emissions of NH3. 
Moreover, the European Commission (2003) pro-
vided an integrated pollution prevention and control 
(IPPC) reporting on the BAT for intensive rearing 
of poultry and pigs.

The changes in manure management can 
induce significant changes in CH4 and N2O emis-
sions and carbon sequestration, and the effect of 
introducing environmental technologies may 
vary significantly with livestock farming practice 
and interact with climatic conditions. Shortening
the in-house manure storage time reduces GHG 
emissions by 40 %. The largest GHG reductions
can be obtained with a combination of slurry sep-
aration and incineration, the latter process con-
tributing to a positive GHG balance of the system 
by substituting fossil fuels. The amount and com-
position of volatile solids (VS) and nitrogen
pools are the main drivers in performing the cal-
culations. Nevertheless, the GHG emission esti-
mates will be unrealistic, if the assumed manure 
management or climatic conditions do not prop-
erly represent a given country or region. The 
mitigation potential of specific manure manage-
ment strategies and technologies varies depend-
ing on current management and climatic 
conditions (Sommer et al. 2009). Several mitiga-
tion measures were reported (Petersen and 
Sommer 2011), such as reduced N intake, slurry 
acidification, anaerobic digestion, slurry separa-
tion, slurry store with crust, slurry store with lid, 
manure heap with airtight cover, acidification 
with slurry separation and using a cover, and 
anaerobic digestion with a cover. Previous stud-
ies (Samer et al. 2014a; Wheeler et al. 2011a, b; 

Reinhardt-Hanisch 2008; Berg et al. 2006a) have 
evaluated different treatments and additives for 
reducing gaseous emissions from manure and 
slurry in laboratory using glass jars or plexiglass 
tanks and a multi-gas monitor.

20.3.1	 �Diet Manipulation

The most promising options for reducing GHG 
emissions at the livestock management level 
involve either the improvement of animal pro-
duction through dietary changes and genetic 
improvement or the reduction of the replacement 
rate. The control of the protein intake of animals 
is an effective means to reduce gaseous emissions 
of nitrogen (Novak and Fiorelli 2010). Nitrogen 
(N) excretion rates, which affect N2O emissions 
from manure, are based on dry matter intake 
(DMI) through diet (Vergé et al. 2012). Therefore, 
diet manipulation to improve animal N utilization
efficiency is one of the most effective measures 
to reduce livestock NH3 emissions compared to 
housing and manure storage techniques (Carew 
2010). Similarly, it is an effective measure to
reduce N2O emissions. On the other hand, the 
reliance of beef production on roughages makes 
enteric CH4 a major term in the GHG budget of 
beef cattle (Capper 2012; IPCC 2006). There is 
currently no effective mitigation for enteric CH4 
emissions (Cottle et  al. 2011). However, more 
grain in the cattle diet reduces the intensity of 
enteric CH4 emissions (Capper 2012). Lowering
the pH of feed also reduces NH3 emissions.

On the other hand, the primary source of NH3 
is nitrogen in the feed. The better nitrogen is uti-
lized by an animal, the less nitrogen will be
excreted by the animal. It is recommended that 
the exact amount of amino acids in the diet be 
provided to meet the nitrogen requirements of the 
animals. However, these requirements change 
with age and weight (CIGR 1994). Model calcu-
lations underlined the relationship between farm 
gate N surplus and GHG emissions and thus the 
possibility to use N surpluses as an indicator for 
GHG emissions (Schils et al. 2007). Generally, 
the reduction of N surplus reduces the emissions 
of NH3 and N2O.
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20.3.2	 �Manure Storage Techniques

Considering the manure handling chain, mitiga-
tion options involve housing, storage, and appli-
cation. An optimized lifetime efficiency of dairy
farms reduces GHG emissions by up to 13 %
compared to baseline model farms. The frequent 
removal of manure from animal housing into out-
side covered storage reduces farm GHG emis-
sions by up to 7.1 %. Scraping of fouled surfaces
is not an effective option since the reduction in 
GHG emissions from animal housing is more 
than outweighed by increased emissions from the 
storage and after field application (Weiske et al. 
2006). For housing, an increase in the amounts of
straw used for bedding reduces NH3 emissions, 
while the limitation of CH4 emissions from deep 
litter is achieved by avoiding anaerobic condi-
tions. During the storage of solid manure, com-
posting could be an efficient mitigation option, 
depending on its management. Addition of straw 
to solid manure was shown to reduce CH4 and 
N2O emissions from manure heaps. During the
storage of liquid manure, emptying the slurry 
store before late spring is an efficient mitigation 
option to limit both CH4 and NH3 emissions. 
Addition of a wooden cover also reduces these 
emissions more efficiently than a natural surface 
crust alone, but may increase N2O emissions 
(Novak and Fiorelli 2010). Technologies that 
have been proposed to reduce CH4 emissions 
include cooling the emissions from manure 
stored in lagoons or tanks, using lined and cov-
ered manure storage, separating solids from 
slurry, and capturing emitted CH4 (Smith et al.
2007). Synthetic cover, solid cover (lid, tent), and
floating crust for liquid storage decrease NH3 
emissions but might increase N2O emissions. 
Using airtight covers (FYM, fiber fraction) for
heaps decreases both NH3 and N2O emissions.

Adjusting the housing system and the manure 
management has the potential to decrease the 
emissions. For instance, using organic laying hen
husbandry in aviary systems instead of single-
tiered systems has the potential to reduce emis-
sions of NH3, N2O, and CH4; further reductions 
might be realized by changes in litter manage-
ment (Dekker et al. 2011). Regarding manure

management, daily flushing of slurry from cattle 
houses would reduce the total annual CH4 and 
N2O emissions by 35 % CO2 equivalent, and 
cooling of pig slurry in-house would reduce the 
total annual CH4 and N2O emissions by 21 %
CO2 equivalent (Sommer et al. 2004). CH4 emis-
sions can be significantly reduced by complete 
slurry removal between the fattening periods and 
subsequent cleaning of the slurry pits in pig hous-
ing. Additionally, the release of CH4 from indoor 
slurry storage can be influenced by the availabil-
ity of oxygen and volatile solids, pH value, sub-
strate temperature, retention time, and presence 
of inhibiting compounds. These factors should be 
further investigated to develop suitable emission 
abatement techniques. Special considerations 
should be given to the avoidance of increasing 
specific gas emissions while abating another one 
(Haeussermann et al. 2006). For instance, abating
agricultural emissions of NH3 may cause releases 
of N2O from this sector up to 15 % more than in
the case of no NH3 control (Brink et  al. 2001). 
Increased knowledge of the factors that affect 
emissions from livestock housing may lead to a 
better understanding of daily (between different 
days) and diurnal (within a specific day) varia-
tions in emissions, an improvement of mitigation 
methods, and a refinement of emission models. 
Animal activity, animal weight, indoor air tem-
perature, relative humidity, air velocity, and volu-
metric airflow rate have influence on CO2, CH4, 
and NH3 emissions. Emission variations
emphasized the need for measurements during
different times within the day and during the 
growing period in order to obtain reliable data for 
assessing abatement techniques (Ngwabie et  al. 
2011).

In order to mitigate N2O emissions from 
manure stores, the following are the best mitiga-
tion methods: keeping the stores anaerobic (e.g., 
cover and compact), adopting a slurry-based sys-
tem compared to a straw of deep litter-based sys-
tem, and adding additional straw to immobilize
ammonium N.  On the other hand, in order to 
mitigate CH4 emissions from manure stores, the 
following are the best mitigation methods: instant 
removal of slurry from the slurry store, minimiz-
ing slurry volume stored during summer months, 
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cooling slurry, aerating solid manure heaps and 
composting, anaerobic digestion, and enhancing 
crust formation (Chadwick et al. 2011).

Mathematical models and computer programs 
were developed to be implemented in constructing 
manure tanks and manure handling systems (Samer
2011a, Samer et al. 2008a) as well as biogas plants 
(Samer 2010). The location of such systems in the 
farm vicinity was specified to be downwind to 
avoid gas transmission and immission into the 
different farm facilities. A minimum distance was 
specified between the farm and any adjacent 
residential communities, roads, and ecosystems 
(Samer et al. 2008b). On the other hand, manure pits 
for temporary manure storage in livestock buildings 
form another effective source of gaseous emissions as 
shown in different emission inventories (Samer
2013a). Airflow profiles affect the gas emission 
rates which increase with the increasing air volu-
metric flow rates and air velocities, where free air-
streams allow more gas release through convection 
mass transfer (Samer et al. 2011a, 2014b; Samer
2012a; Samer and Abuarab 2014). Additionally, 
gaseous emissions increase with increasing tem-
peratures (Samer et al. 2011b, 2012; Samer 2011b). 
The implementation of proper waste management 
which is safe to the surroundings fulfills the green 
building specifications (Samer 2013b). While bio-
filters, air scrubbers, and urine/feces separation 
techniques offer potential opportunities to lower 
emissions (Carew 2010), these options are expen-
sive and impractical to implement in commercial 
farms. Samer (2014) prototyped a biological–
chemical filter, by implementing nanotechnology 
and laser radiation, for reducing gas, odor, and dust 
emissions from livestock buildings.

A survey should be accomplished for farms in 
a specific focus on different manure management 
systems. This allows the effects of the variability 
of farm and manure management parameters 
among farms on the GHG and NH3 emissions to 
be fully taken into account. Weighing the emis-
sion factors per animal for several livestock cat-
egories and different farm classes can be used to 
develop emission inventory and to upscale avail-
able national inventory (Reidy et al. 2008a). The 
stratified sampling and the individual farm calcu-
lations allow the comparison of emissions from 

specific regions and altitudes and the study of the 
variability among farms. This approach permits a 
more detailed analysis of the regional distribution 
of GHG and NH3 emissions as well as a more 
robust and standardized monitoring of the future
development of emissions. The emission inven-
tory can be then analyzed and implemented to
develop effective GHG and NH3 mitigation strat-
egies focusing on the largest emission sources.

Uncertainties of estimated emission factors
(EF) should be assessed in order to update the
annual CH4 and N2O emissions. Additionally, 
emissions from manure management have the 
largest uncertainty due to the high natural vari-
ability of manure. The more animal accurate data 
are available, the lowest uncertainty is expected. 
This is the case in the intensified production sys-
tems (Merino et al. 2011). Several flow models
were used to calculate GHG and NH3 emissions 
from litter-based systems and slurry-based sys-
tems. The variability of emissions found in prac-
tice is likely to be much greater for straw-based 
systems than for slurry-based systems. The dif-
ferences in estimates of NH3 emissions decreased 
as estimates of immobilization and other N losses
increased. Since immobilization and denitrifica-
tion depend also on the C:N ratio in manure, 
there would be advantages to include C flows in 
mass flow models. This would also provide an 
integrated model for the estimation of emissions 
of CH4, non-methane VOCs, and CO2. Estimation
of these would also enable an estimate of mass 
loss, calculation of the N and TAN concentra-
tions in litter-based manures, and further valida-
tion of model outputs (Reidy et al. 2008b, 2009). 
GHG emissions from slurry are mainly caused by 
CH4 emissions during storage and by N2O emis-
sions after field application. NH3 emissions 
mainly occur after field application. Mitigation of 
GHG emissions can be achieved by reducing 
slurry dry matter content and degradable organic 
matter content.

20.3.3	 �Additives

Liquid manure storage facilities are sources of
gaseous emissions of NH3 and GHGs especially 
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CH4 and N2O.  Additives can reduce gaseous 
emissions from swine waste lagoons and pits. 
The additives have the potential to reduce CH4 
emissions from anaerobic swine lagoons (Shah
and Kolar 2012). Amendments can be practical 
and cost-effective for reducing NH3 and GHG 
emissions from dairy manure. Amendment prod-
ucts that act as microbial digest, oxidizing agent,
masking agent, or adsorbents can significantly 
reduce NH3 by more than 10 %. Microbial digest/
enzymes with nitrogen substrate are effective in
reducing CH4 fluxes. For both CH4 and CO2 
fluxes, aging the manure slurry for 30 days can
significantly reduce gas production (Wheeler 
et  al. 2011b, c). Some amendments can also
reduce odor emission; this is dependent on the 
storage period.

The effectiveness of the microbial digest addi-
tive for reducing odor and pollutant gas emission 
from a swine gestation–farrowing operation was
evaluated (Rahman et al. 2011), where the addi-
tive was used to treat the deep pits to be com-
pared with other untreated pits. However, no 
significant differences were found in terms of 
odor, NH3, and H2S concentrations and emissions
between treated and untreated units. Overall, this 
microbial treatment has very little effect in reduc-
ing odor, NH3, and H2S emissions.

20.3.4	 �Manipulating the pH Value 
of Manure

Manipulating the balance between NH3 and NH4
+ 

by lowering the pH of slurry is another measure 
that may be used to reduce emissions (Stevens
et al. 1989; Oenema and Velthof 1993; Hendriks 
and Vrielink 1997; Kroodsma and Ogink 1997; 
Martinez et al. 1997; Beck and Burton 1998; 
Pedersen 2003). CH4 and NH3 emissions can be 
controlled by slurry pH. Manipulating the pH of 
slurry has an effect on the balance between NH3 
and NH4

+. The pH of untreated slurries ranges 
between 7 and 8. From former investigations, it is
known that a slurry pH of around 5.5 can reduce
NH3 emission by 80–90 % (Al-Kanani et al.
1992; Berg et al. 2006a, b; Husted et al. 1991; Li
et al. 2006; Pain et al. 1990; Stevens et al. 1989). 

The pH level influences the activities of microor-
ganisms. Higher CH4 production occurs, when 
the pH is between 6 and 7 (Lay et al. 1997). A 
slurry pH below 6 is necessary to reduce CH4 
emission and below 5 to impede CH4 formation 
(Berg et. al 2006a, b). A slurry pH below 4.5
nearly avoids NH3 emission (Hartung and Phillips 
1994). Whereas the use of inorganic acids has 
several disadvantages, organic acid use is a prom-
ising possibility for the reduction of NH3, CH4, 
and N2O emissions (Berg and Hoernig 1997; 
Berg and Pazsiczki 2003; Berg 2003).

Manure treatment with acidic liquid biowastes 
is an effective mitigation measure for emissions 
from manure as they naturally contain organic acids. 
The hypothesis of treating manure with acidic 
liquid biowastes (e.g., wastes of citrus and milk 
industries) is that the organic acids in the liquid 
biowastes will reduce the pH of manure which 
consequently mitigates gaseous emissions. 
Eventually, this process is an integrated waste
management system of both manure and acidic 
liquid biowastes. Therefore, Samer et al. (2014) 
investigated the possibility of reducing gas emis-
sions (CH4, N2O, and NH3) from dairy manure by 
adding low-pH food industry wastes and found it 
to be an effective emission abatement technique.

20.3.5	 �Inhibitors

The effect of NI dicyandiamide (DCD) on the
transformation of N to nitrate (NO3

−) was investi-
gated by Giltrap et  al. (2010). These authors 
showed that there was a reduction in N2O emis-
sions from a grazed pasture system receiving cow
urine. The application of DCD decreased the
nitrification rate. Based on this study, an issue 
can be raised: can the DCD be used as an inhibi-
tor of N2O emissions from floors inside livestock 
buildings?

The use of urease inhibitors has been shown to 
be effective in reducing NH3 emissions from cat-
tle and pig slurry. The basic investigations con-
ducted by Reinhardt-Hanisch (2008) on urease 
inhibitors afforded an important contribution to 
the expansion of knowledge in this area. This will 
lead to the development of new techniques to 
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reduce the NH3 emissions from livestock housing. 
The following chemical equations (Fig. 20.6) 
illustrate how NH3 is produced from urea which 
is excreted in urine, where the urease is an impor-
tant catalyst to form NH3. Therefore, urease 
inhibitors were designed to inhibit the urease not-
ing that urease is an enzyme that catalyzes the
hydrolysis of urea, forming NH3 and CO2.

20.3.6	 �Covering Materials for Manure 
Storage Facilities

Different materials for covering liquid manure
storage facilities have been investigated and are 
in use for mitigating odor and NH3 emissions 
(Sommer et al. 1993; Williams 2003). These 
materials also abate CH4 and N2O emissions. 
Different materials for covering liquid manure
storage facilities to reduce gaseous emissions 
were investigated on a laboratory scale: perlite, 
lightweight expanded clay aggregate, and 
chopped straw – both used individually and com-
bined with lactic acid or saccharose, respectively 
(Berg et  al. 2006a). Covering pig manure with 
pulverized lignite (Figs. 20.7 and 20.8) reduces 
NH3 emissions by 70 % and odor emissions by
50 % with no mitigation of GHG (Berg and
Samer 2010). N2O is typically emitted at one-
tenth the rate of CH4. However, N2O emission 
can be increased by using commonly used cover 
materials (straw and granules) which are effec-
tive at reducing NH3 emissions. The higher N2O 

emission rates occur when manure tank has a dry 
encrusted surface. Hence, the strongest encrusta-
tion delivers the highest N2O emission fluxes 
(Berg et al. 2006a). Adding water to the encrusted 
surface, simulating rainfall, could reduce N2O 
emission.

20.3.7	 �Anaerobic Treatment

Anaerobic digesters (ADs) break down organic
wastes using bacteria that produce CH4, which 
can be collected and combusted to generate 
electricity. ADs also reduce odors and pathogens
that are common with manure storage, and the 
digested manure can be used as a fertilizer. ADs
are likely to become competitive in producing 
electricity in 2025 in Europe, when they receive
CH4 reduction credits and electricity from fossil 
fuels becomes more expensive (Zaks et al. 2011). 
Anaerobic digestion is the most promising way to 
reduce the overall GHG emission from manure 
storage and land spreading, without increasing 
NH3 emissions (Novak and Fiorelli 2010). 
Anaerobic digestion increases NH3 emissions 
and decreases N2O emissions.

Several studies discussed the plan and design
of biogas plants and household units (Samer
2010, 2012b). Anaerobic digestion of manure 
demonstrated that biogas production could be a 
very efficient and cost-effective option to reduce 
GHG emissions. The efficiency of this mitigation 
measure depends on the amount and quality of 

Fig. 20.6  Chemical 
equations show how 
ammonia is produced  
from urea
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organic matter used for co-digestion and how 
much of the thermal energy produced is exploited. 
A reduction of GHG emissions by up to 96 % can
be achieved when all thermal energy produced is 
used to substitute fossil fuels (Weiske et al. 2006). 
In order to comprehensively estimate the signifi-
cance of biogas utilization on rural energy devel-
opment and GHG emission reduction, Yu
et al. (2008) analyzed all types of energy sources,
including straw, fuelwood, coal, refined oil, elec-
tricity, liquefied petroleum gas (LPG), natural
gas, and coal gas, which were substituted by bio-

gas, based on the amount of consumption. Energy
substitution and manure management working in 
combination, i.e., coupled issues of environment 
and energy, reduce the GHG emission efficiently. 
By the employment of biogas digesters, reduc-
tion of GHG (CH4, N2O, and CO2) was estimated 
to be 49.7 % of CO2 equivalents (CO2 eq.).

The effects of anaerobic digestion on mitigat-
ing GHG emissions are mainly through replacing 
fossil fuel consumption followed by reductions 
in emissions due to reduced inorganic fertilizer
production and manure management. Kaparaju

Fig. 20.7 Laboratory
experiments (Berg and 
Samer 2010)

Fig. 20.8  On-site 
experiments (Berg and 
Samer 2010)
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and Rintala (2011) estimated renewable energy 
production from farms producing 2,000 m3 of 
dairy cow, 2,000 m3 of sow, and 2,500 m3 of pig 
manures which would be 62.8, 21.8, and
47.7 MWh of electricity year−1 and 115.2, 36.3,
and 79.5 MWh of heat year−1, respectively, in a 
CHP unit. Adoption of AD technology could
avoid annually 177, 87.7, and 125.6 Mg of CO2 
eq. emissions from dairy, sow, and pig farms, 
respectively.

The generally positive impacts of anaerobic 
and aerobic treatments on the reductions of CH4 
and volatile organic compounds (VOCs) are well 
known. However, the effects of anaerobic and 
aerobic treatments vary over the time of storage, 
especially for VOCs. In order to achieve significant 
reductions in VOC emissions, the storage time of 
anaerobic digester or aerobic reactor effluent 
should be limited to no more than 84 days (Zhang
et al. 2008). Slurry separation increases both NH3 
and N2O emissions. Although composting of 
solid manure increases NH3, it decreases N2O 
emissions. Using airtight cover for manure heaps
reduces the emissions of both NH3 and N2O.

Anaerobic digestion of slurry and organic waste 
produces CH4 at the expense of VS. Algorithms
and models predicted a 90 % reduction of CH4 
emissions from outside stores with digested 
slurry and more than 50 % reduction of N2O 
emissions after spring application of digested 
slurry as opposed to untreated (Sommer et al.
2004, 2006). Anaerobic digestion of livestock 
manures offers both treatment of manure and 
production of CO2 neutral renewable energy. It 
supports the reduction of GHG emissions due to 
the replacement of fossil fuels, manure manage-
ment, and inorganic fertilizer use and its
production.

20.3.8	 �Thermochemical Conversion 
of Manure

Thermochemical conversion (TCC) uses high 
temperatures to break apart the bonds of organic 
matter and reform the intermediates into oil, gas, and 
char (Cantrell et al. 2008; Wingsley 2007). There 
are three types of TCC: pyrolysis, gasification, 

and direct liquefaction. Pyrolysis involves burn-
ing biomass in the absence of oxygen at tempera-
tures greater than 400 °C. The products of
pyrolysis are bio-oil and biochar. The bio-oil 
maybe converted to diesel fuel, and the biochar 
has a value as a substitute for activated carbon 
and as a soil amendment which may enhance soil 
carbon sequestration (Tomasula and Nutter 
2011). Thermochemical conversion of livestock 
manures offers both treatment of manure and 
production of CO2 neutral renewable energy (bio-
oil). This process supports the reduction of GHG 
emissions, where (1) fossil fuels are replaced by
biocrude oil, (2) manure management is replaced 
by thermochemical treatment, and (3) inorganic 
fertilizer production and use is replaced by
biochar production and use.

20.3.9	 �Manure Incorporation 
into Soils

Emission mitigation strategies for reducing emis-
sions from the land spreading of manure offer the 
greatest potential to achieve target levels (Hyde 
et al. 2003). At the application stage, NH3 emis-
sions may be reduced by spreading manure dur-
ing the coolest part of the day, incorporating it 
quickly and in narrow bands. The mitigation 
options for crop production focus on limiting 
CO2 and N2O emissions. The introduction of 
perennial crops or temporary leys of longer dura-
tion is a promising option to limit CO2 emissions 
by storing carbon in plants or soils. Reduced till-
age or no tillage and the incorporation of crop 
residues also favor carbon sequestration in soils, 
but these practices may enhance N2O emissions. 
Besides, the improvement of crop N use effi-
ciency through effective management of manure 
and slurry, by growing catch crops or by delaying 
the plowing of leys, is of prime importance in the 
reduction of N2O emissions. In terms of grass-
land and grazing management, permanent con-
version from arable to grassland provides high 
soil carbon sequestration, while increasing or 
decreasing the livestock density seems not to be 
an appropriate mitigation option (Novak and 
Fiorelli 2010). Potential mitigation strategies are 

20  GHG Emission from Livestock Manure and Its Mitigation Strategies



336

shifting autumn manure application to spring and 
incorporating all manure within 1 day of applica-
tion. If both mitigation strategies are adopted, 
N2O emissions from field-applied manure could 
be reduced by 17 % (VanderZaag et al. 2011).

Rapid incorporation of manure into arable
land is one of the most cost-effective measures to 
reduce NH3 emissions, while covering manure 
stores and applying slurry by injection are more 
cost-effective than measures to reduce emissions 
from buildings. These measures are likely to rank 
high in most European countries (Webb et al.
2005). Land spreading technique to inject or
incorporate manure into the soil is one of the 
most effective measures to reduce livestock NH3 
emissions compared to housing and manure 
storage techniques (Carew 2010). Although 
direct injection reduces NH3 emissions, it might 
increase N2O emissions. On the other hand, the 
use of trail hoses, pre- or post-application cultiva-
tion, reduction in slurry viscosity, choice of 
application rate and timing, and slurry injection 
are considered as emission reduction techniques. 
The most effective methods of reducing NH3 
emissions were concluded to be the incorporation 
of the animal slurry and farmyard manure or 
slurry injection. Incorporation should be as close 
to the application as possible, especially after 
slurry application, as loss rates are high in the 
first hours after application. Injection is a very 
efficient reduction technique, provided the slurry 
is applied at rates that can be contained in the fur-
rows made by the injector tine (Sommer and
Hutchings 2001). Manure application by trail 
hose and injection, respectively, reduces farm 
GHG emissions on average by 0.7 and 3.2 %
compared to broadcasting (Weiske et  al. 2006). 
Generally, trail hose application reduces both 
NH3 and N2O emissions.

20.4	 �Mitigation Policies

There are several mitigation policies that are use-
ful in the reduction of GHG emissions such as 
emission tax, emission cap, nitrogen fertilizer
tax, and livestock extensification. Emission caps
and taxes would directly address GHG emissions 

from agricultural systems (N2O, CH4, and CO2) 
by applying market mechanisms to reduce com-
pliance costs. Nitrogen taxes would provide an 
incentive for the control of N2O emissions and 
thus reduce GHG emissions. Livestock extensifi-
cation, i.e., limitation of livestock unit density 
(LUD) by achieving a 20 % decrease of the initial
LUD in order to reach the GHG emission reduc-
tion goal, is so far mainly seen as a measure to 
increase environmental protection and to reduce 
surplus production, but it would also effectively 
reduce GHG emissions in the agricultural sector. 
A tax on the emission of GHGs from agricultural 
production (E-tax) will raise production costs
according to the specific GHG emissions of the 
production chains. The farmers will therefore 
tend to reduce emissions where this is cheaper 
than paying the tax. Emission caps are quite simi-
lar to E-taxes, except that the regulator (i.e., the
state) defines an upper emission level and does 
not receive taxes (Neufeldt and Schaefer 2008). 
Other measures, such as carbon sequestration or 
biofuel production, have been suggested in the 
context of GHG mitigation in the agricultural 
sector.

To mitigate livestock CH4, incentive policies 
based on producer-level emissions are generally 
not feasible because of high administrative costs 
and producer transaction costs. In contrast, incen-
tive policies based on sectoral emissions are 
likely administratively feasible, even in develop-
ing countries. There are two sectoral mitigation 
policies of global agriculture: “carbon tax” and 
“emission trading scheme” based on average 
national CH4 emissions per unit of commodity. 
Consequently, the composition and location of 
livestock production and emissions may change 
in response to the policies. This illustrates the 
importance of global mitigation efforts: when 
policies are limited to Annex 1 countries,
increased CH4 emissions in non-Annex 1 coun-
tries offset approximately two-thirds of Annex 1
emission reductions. While non-Annex 1 coun-
tries face substantial disincentives to enacting 
domestic carbon taxes, developing countries 
could benefit from participating in a global 
sectoral emission trading scheme. Key and
Tallard (2012) illustrated one scheme in which 
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non-Annex 1 countries collectively earned USD
2.4 billion annually from CH4 emission permit 
sales when CH4 is priced at USD 30/t CO2 eq.

20.5	 �Geographical Focus 
Mitigation Potentials

Emissions are higher in areas characterized by
intensive livestock production with diet manipu-
lation and land spreading offering the greatest 
potential for abatement options (Carew 2010). 
One key issue is to inventory the gaseous 
emissions, and as a consequence emission data-
bases will be available for making decisions on 
implementing suitable mitigation strategies. The 
objectives of such investigations are to develop 
national emission inventories for domestic live-
stock and to identify possible abatement tech-
niques to reduce these emissions. The inventory 
can be developed using data derived from farm 
surveys and national statistical records in a coun-
try over several years, as well as Tier 1 and 2
emission factors for enteric fermentation and 
manure management as proposed by the 
Intergovernmental Panel on Climate Change 
(IPCC). When an emission inventory is devel-
oped, it can be then used to develop abatement/
mitigation strategies for livestock farms. This 
depends on the implemented farming system at a 
farm level as well as at a national level. The miti-
gation strategy will then focus on abating the 
highest emission levels that are released through 
determined stages of manure management (from 
barn to field), thus adhering to the commitments 
imposed by the Gothenburg and Kyoto
protocols.

20.6	 �Industrial Focus Mitigation 
Potentials

Considering animal production as an industry 
(whole-farm system) allows developing effective 
industrial focus mitigation policies. The potential 
for reducing GHG in systems that are used to pro-
duce livestock commodities can be explored by 
implementing a life cycle analysis. Improvements 

in productivity and efficient use of resources are 
the best options for reducing GHG (Audsley and 
Wilkinson 2014). A life cycle assessment (LCA),
also known as life cycle analysis, of a product or 
process begins with an inventory of the energy 
and environmental flows associated with a prod-
uct from “cradle to grave.” It provides information 
on the raw materials used from the environment, 
energy resources consumed, and air, water, and 
solid waste emissions generated. GHGs and other 
wastes, sinks and emissions may then be assessed 
(Sheehan et al. 1998). The net GHG emissions 
calculated from an LCA are usually reported per
unit of product or as the carbon footprint 
(Tomasula and Nutter 2011).

Considerable GHG mitigation can be achieved 
by farming with high precision and applying 
optimal animal management to maximize effi-
ciency and minimize wastage (Beukes et al.
2010). Schader et al. (2013) quantified GHG 
emissions and energy consumption at farm level 
using a life cycle assessment approach. It was 
found that the farms’ total GHG emissions could 
be determined by technical means and agronomic 
measures. Technical means include the use of 
photovoltaics and heat recovery from milk cool-
ing devices. The agronomic measures include 
conversion to full-grazing systems, composting
livestock manure, and the use of dual-purpose 
cattle breeds.

20.7	 �Discussion

The Kyoto protocol, an international treaty, sets
binding obligations on the ratifying countries to 
achieve the stabilization of GHG concentrations
in the atmosphere at a level that would prevent 
dangerous anthropogenic interference with the 
climate system. The Gothenburg protocol, a con-
vention on long-range transboundary air pollu-
tion, is a multi-pollutant protocol aimed at 
reducing acidification and eutrophication by set-
ting emission ceilings for several pollutants, 
where NH3 is one of them. In addition to the 
global warming potential of the GHGs (e.g., CH4, 
N2O, NO, CO2), NH3 emissions contribute to 
global warming when NH3 is converted to 
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N2O. Therefore, the emission sources should be 
first identified, and the emission factors and rates 
should be quantified in order to develop suitable 
and effective mitigation strategies for reducing 
harmful gas emissions. Therefore, national emis-
sion inventory should be developed by each 
country, where databases on anthropogenic emis-
sions will be available for making decisions on 
developing and implementing effective mitiga-
tion strategies. Several sectors that are sources of
emissions should be considered while inventory-
ing emissions, and they are energy; industrial 
processes and product use; agriculture, forestry, 
and other land uses; and waste. Agriculture is 
divided into two main sectors, which are plant 
production and animal production. In this study, 
the animal production sector was considered. 
Emissions from animal production are generated
from enteric fermentation and manure.

Manure, farmyard manure, and slurry are an 
inevitable consequence of livestock products gen-
erated from housed animals. These manures are 
recycled back to land for plants to use the nutrients 
they contain. However, since they contain inor-
ganic N, microbially available sources of C and 
water, they provide the essential substrates 
required for the microbial production of N2O and 
CH4 (Chadwick et al. 2011). These GHGs can be 
produced and emitted at each stage of the “manure 
management continuum,” namely, the livestock 
housing (barn, corral), manure tanks, manure 
piles, and manure spreading to land. On farm man-
agement, decisions interact with environmental 
controls such as temperature and water availability 
of key microbial processes (i.e., nitrification, deni-
trification, methanogenesis, CH4 oxidation), 
affecting the magnitude of emissions at each stage 
of the manure management continuum.

Potential manure treatment methods 
(Fig. 20.9) to produce value-added products and 
bioenergy are as follows: gasification, pyrolysis, 
biogas production, composting, biodiesel pro-
duction, and fermentation for animal feed pro-
duction. These different treatment methods are 
effective emission abatement techniques.

Reduced fertilizer nitrogen input, optimal fer-
tilizer form, nitrification inhibitor addition, land
drainage management, and reduced land com-

paction by restricted grazing are the best ways to
mitigate N2O emissions from farmland, whereas 
management of bedding material and solid 
manure reduces N2O emissions from housing and 
storage. Mitigation measures for N2O interact 
with other important environmental issues, like 
reduction of nitrate leaching and NH3 emission. 
On the other hand, the most effective mitigation 
strategies for CH4 comprise a source approach, 
i.e., changing animals’ diets toward greater effi-
ciencies. CH4 emissions can also be effectively 
reduced by optimal use of the gas produced from 
manures, e.g., for energy production. Frequent and
complete manure removal from animal housing, 
combined with on-farm biogas production, is an 
example of an integrated on-farm solution 
(Monteny et al. 2006). From the point of view of
animal science, options found to reduce GHG in 
livestock production are increased fertility, 
fecundity, and longevity of breeding females, 
increased annual milk yield per dairy cow, 
improved feed conversion ratio (FCR) in meat
animals, and immediate incorporation of slurry 
following its application to land giving reduc-
tions ranging between 7 % and 21 % (Audsley
and Wilkinson 2014).

The average GHG emission on the commer-
cial dairy farms is 1.08 kg CO2 equivalents per 
kg milk. A total mitigation of 310–360 g CO2 
equivalents per kg milk is achievable (Vellinga 
et al. 2011). Farmers tend to choose mitigation
options that are relatively simple and either cost-
effective or with only relatively small additional 
costs. The most promising mitigation options 
with respect to cost-effectiveness are less 
replacement of dairy cattle and replacement of 
concentrates by single by-products grown in the 
vicinity of the farm. The preferred mitigation 
options are an increase of the milk production 
per cow, replacement of concentrates with single 
by-products, the use of more maize in animal
feeding, heat reuse from milk by a heat pump, 
and reduction of the fertilizer N input.

Manure treatment with low-pH food industry 
wastes contains organic acids that reduce the 
pH (value equal to 4.5) of the manure which
inhibits the bacterial activities. Most of the bac-
terial activities are impeded at a pH of 4.5, and
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consequently, this mitigates the gaseous emis-
sions from manure. Manure treatment with bio-
materials avoids the disadvantages of the 
mineral and inorganic additives which contami-
nate the soils and increase salt content when the 
manure is distributed as fertilizer for plants.
This treatment provides cost-effective and safe 
biofertilizers (manure treated with food indus-
try wastes) free of soil contaminants with lower 
GHG and NH3 emissions (Samer et al. 2014a). 
Consequently, this process is an integrated 
waste management of both manure and food 
industry wastes. Important outcomes are com-
plying with the Kyoto protocol by mitigating
the emissions of GHGs and conforming to the 
Gothenburg protocol by abating the NH3 emis-
sions which allow revising and updating the 
present emission inventories accordingly when 
implemented by respective farms. Further
investigations should be carried out to deter-
mine the effectiveness of this technique to miti-
gate gas emissions from pig and poultry 
manures.

Eventually, it is crucial to determine the emission
rates, fluxes, and factors before and after deploy-
ing an emission abatement technique. This allows 
an evaluation of the developed technique. A key 
issue is amending the present emission inventory 

of a geographic area when the new emission 
abatement technique is deployed. On the other 
hand, GHG emissions from manure have large 
uncertainties, and it is difficult to assess the effec-
tiveness of GHG mitigation strategies under the 
changing climate conditions in the future. 
Improving the efficiency and economic feasibil-
ity of animal production is essential to cover the 
food demand, whereas adopting mitigation strat-
egies to reduce GHG emissions is crucial. Such
strategies will be required to ensure that animal 
production will be able to satisfy the growing 
global demand for food with a minimal impact on 
the environment.

The problems associated with the current 
development and production systems, i.e., agro-
industrial systems, are resource use inefficiency, 
energy use inefficiency, high production costs, 
unsustainable development, and high environ-
mental risk as GHG emissions, air and water pol-
lutants (e.g., NH3), and detrimental wastages. 
A solution would be the implementation of the 
biorefinery approach and amending the present 
agro-industrial systems to bioindustrial systems. 
Precisely, redesigning the current animal produc-
tion systems of dairy cattle, beef cattle, poultry, 
sheep, and pig by applying ecological models, 
where the natural indigenous systems that provide 

Fig. 20.9  Manure treatment to produce value-added products and bioenergy and abate emissions
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sustainable models are mimicked, to provide 
integrated bioindustrial systems that apply the 
concept of sustainable development which con-
sists of the following concepts: eco-efficiency or 
eco-design, cleaner production, zero emission,
industrial ecology, implementation of life cycle 
analysis, and integrated biosystems (industrial 
symbiosis, i.e., integrated bioindustrial systems). 
This would be achieved by designing the agro-
industrial infrastructures as a series of inter-
locking man-made ecosystems through (1)
maximizing energy use efficiency; (2) reducing
cost, i.e., improving economical feasibility; 
(3) reducing environmental risk, i.e., reduction 
of emissions and wastes; (4) identifying new 
opportunities, i.e., conversion of waste into 
value-added products and bio-products; and 
(5) maximizing resource (e.g., raw materials) use
efficiency, i.e., sustainability.

The bioindustrial systems can be integrated 
through (1) designing cyclical production and
consumption systems by increasing efficiencies 
of resource and energy uses and providing 
energy and resources required for future 
growth, (2) creating a more ecologically sound 
and healthy environment by generating less 
waste at each level of production and convert-
ing waste into value-added products, and (3) 
placing more emphasis on improving socioeco-
nomic development by providing new technol-
ogies and products as well as employment 
opportunities.

The biorefinery approach is a promising emis-
sion abatement strategy. The concept of biorefin-
ery is transforming an environmental risk into 
economic opportunities, e.g., the conversion of 
biowaste into bioenergy, biofertilizers, and value-
added bioproducts. A biorefinery is a facility that 
integrates biomass conversion processes and 
equipment to produce fuels, power, heat, and 
value-added chemicals from biomass. The 
International Energy Agency, Bioenergy Task 42
on Biorefineries, has defined biorefining as the 
sustainable processing of biomass into a spec-
trum of bio-based products (food, feed, chemi-
cals, and materials) and bioenergy (biofuels, 
power, and/or heat). The advantages of the biore-
finery approach are as follows:

1. By producing multiple products, a biorefinery
takes advantage of the various components in 
biomass and their intermediates therefore 
maximizing the value derived from the bio-
mass feedstock.

	2.	 A biorefinery could, for example, produce one 
or several low-volume, but high-value, chemi-
cal or nutraceutical products and a low-value, 
but high-volume, liquid transportation fuel 
such as biodiesel or bioethanol.

	3.	 At the same time, a biorefinery generates elec-
tricity and process heat, through combined 
heat and power (CHP) technology, for its own 
use and perhaps enough for sale of electricity 
to the local utility.

	4.	 The high-value products increase profitability, 
the high-volume fuel helps meet energy needs, 
and the power production helps to lower 
energy costs and reduce GHG emissions from 
traditional power plant facilities.
The following issues related to biorefining 

processes should be addressed:
1. Risk of an excessive consumption of food

crop
2. Risk of deterioration of organic quality and

mineral content of soil
3. Excessive utilization of fertilizers and pesti-

cides to improve production levels
	4.	 Competition between food and biorefinery
5. Risk of deforestation on the long run

Therefore, the biorefinery approach should be 
deployed with the perspective that is imple-
mented as annexed facility to amend an agro-
industrial system to a bioindustrial system, where 
the biorefinery treats the biowastes to produce 
bioenergy, value-added products, and bioprod-
ucts and to reduce the GHG emissions from the 
agro-industry. It is crucial to avoid the implemen-
tation of biorefinery as a stand-alone system, 
where in this case it would compete with food 
production, deteriorate the natural resources, and 
lead to deforestation.

20.8	 �Conclusions

According to the issues discussed in this chapter, 
it can be further concluded that:
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(a) Developing mitigation strategies to reduce
GHG and NH3 emissions from livestock 
manure should be preceded with developing 
national emission inventories. This will pro-
vide databases on emission sources from 
which potential emission abatement strate-
gies can be drawn and relevant emission 
abatement techniques can be applied.

(b) Understanding of the processes of CH4, 
CO2, N2O, NO, and NH3 mass transfer from 
the manure and transport to the free atmo-
sphere will contribute to the development of 
emission abatement techniques and housing 
designs and will contribute to the reduction 
of gaseous emissions to the atmosphere.

	(c)	 It is crucial to determine the emission rates, 
fluxes, and factors before and after deploy-
ing a mitigation strategy. This allows an 
evaluation of the developed strategy. A key 
issue is amending the present emission 
inventory of a geographic area when the new 
mitigation strategy is deployed. Special con-
siderations should be given to avoid increas-
ing specific gas emissions while abating 
another.

	(d)	 Mitigation strategies for GHG emissions 
mainly focus on one gas and are treated as 
separated activities. The whole-farm 
approach with the full accounting of GHG 
emissions should be considered including 
the relevant direct and indirect emissions of 
CH4, N2O, and CO2 (including carbon 
sequestration), the potential trade-off with 
NH3 volatilization, and nitrate leaching. The
livestock farm should be considered as a 
chain consisting of animal, housing, manure, 
soil, crop, and feed.

	(e)	 It is crucial to consider the manure manage-
ment systems inside the livestock buildings 
(e.g., slatted floor, manure scrapper, litter-
based system), floor type, building design, 
and ventilation system where these parame-
ters have discernible influence on the emis-
sion flow rates. Therefore, each farm should 
be treated as a special case, where some 
farms may have applied emission abatement 
techniques and other farms may have not 
applied. Therefore, farm survey is necessary 

to be taken into consideration when invento-
rying the emissions and before developing 
mitigation strategies to reduce GHG and 
NH3 emissions from livestock manure.

	 (f)	 Thermochemical conversion and anaerobic 
digestion of livestock manures offer both 
treatment of manure and production of CO2 
neutral renewable energy and support reduc-
tion of GHG emissions due to the replace-
ment of fossil fuels, manure management, 
and inorganic fertilizer use and production.

(g) Optimization of the N content of the diet of
the animal is an efficient mitigation method 
that potentially affects all phases of the 
manure management continuum, as this 
reduces N excretion/unit product produced. 
Diet formulation might also be used to
reduce CH4 emissions from the rumen and 
the manure store.

(h) Reduced fertilizer nitrogen input, optimal
fertilizer form, nitrification inhibitor addi-
tion, land drainage management, and 
reduced land compaction by restricted graz-
ing are the best ways to mitigate N2O emis-
sions from farmland. Management of 
bedding material and solid manure reduces 
N2O emissions from housing and storage. 
Mitigation measures for N2O interact with 
other important environmental issues, like 
reduction of nitrate leaching and NH3 emis-
sion. Efficient use of manure as sources of
N, P, and K reduces the use of inorganic fer-
tilizers and thus reduces N2O emissions 
associated with the manufacture and use of 
inorganic fertilizers. It also reduces fossil
fuel use and associated CO2 emissions from 
the manufacturing and transportation of 
inorganic fertilizers.

	 (i)	 Most effective mitigation strategies for CH4 
comprise of a source approach, i.e., chang-
ing animals’ diets toward greater efficien-
cies. CH4 emissions can also be effectively 
reduced by the optimal use of the gas pro-
duced from manures, e.g., for energy pro-
duction. Frequent and complete manure
removal from animal housing, combined 
with on-farm biogas production, is an exam-
ple of an integrated on-farm solution.
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(j) Land application of livestock manure can
increase the C content of soils. Any increase 
in soil C content can offset some of the GHG 
emissions associated with manure 
management.

	(k)	 The potential for reducing GHG in systems 
which are used to produce livestock com-
modities can be explored by implementing a 
life cycle analysis. Improvements in produc-
tivity and use of resources are the best 
options for reducing emissions. Considerable 
GHG mitigation can be achieved by farming 
with high precision, maximizing efficiency
and minimizing waste.

	 (l)	 The biorefinery approach should be 
deployed with the perspective that is imple-
mented as annexed facility to amend an 
agro-industrial system to a bioindustrial sys-
tem, where the biorefinery treats the bio-
wastes to produce bioenergy, value-added 
products, and bioproducts and to reduce the 
GHG emissions from the agro-industry.

	(m)	 It is crucial to evaluate the consequences of 
predicted climate change on different 
aspects on the environment and human life. 
Precisely, it is important to answer two ques-
tions: (a) How would animal production (as 
an industry) increase global warming by 
emitting GHGs? (b) How would global 
warming and climate change negatively 
affect animal production systems?
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    Abstract  

  The total global GHG emission from agriculture, considering all direct 
and indirect emissions, is between 17 % and 32 % of the total human-
induced GHG emissions, including land use changes. It is estimated that 
livestock production is responsible for 15–24 % of GHG emissions. Cattle, 
pigs and poultry are the major world livestock, and European countries 
have one of the highest livestock densities in the world. The dairy cow and 
beef cattle sectors are the largest sources of agriculture GHG emissions, 
with CH 4  from enteric fermentation and N 2 O from agricultural soils being 
the most important. However, agriculture could contribute signifi cantly to 
GHG emission mitigation. In the EU, livestock farming contributes 
approximately 10 % of the total global GHG emissions. The European 
livestock sector is expected to remain dynamic in the forthcoming years. 
The possibility of predicting and modelling emissions from livestock farm 
GHGs is important due to the increasingly restrictive European standards. 
This chapter presents various modelling approaches to predict livestock’s 
contribution to GHG emissions in the EU.  
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21.1         Introduction 

21.1.1     The Sources of Methane 
and Nitrous Oxide Emissions 
from Animal Production 
and Its Signifi cance 

 The main greenhouse gas (GHG) emissions from 
agriculture are primarily direct emissions from 
crop and livestock production and those associ-
ated with land use changes. Indirect emissions 
from other sectors of the economy that are pro-
ducing goods for agriculture are also signifi cant. 
The main environmental pressures from agricul-
ture are changes in land use and land cover, the 
CH 4  emission from ruminants and the emissions 
of reactive nitrogen (Stehfest et al.  2013 ). 

 The total global contribution of agriculture, 
considering all direct and indirect emissions, is 
between 8.5 and 16.5 Pg CO 2 -eq., which repre-
sents between 17 % and 32 % of the global 
human-induced GHG emissions, including land 
use changes (Kolasa-Więcek  2012 ). It is 
 estimated that livestock production is responsible 
for 15–24 % of greenhouse gas emissions – 
mainly methane (CH 4 ) and nitrous oxide (N 2 O) 
(Steinfeld et al.  2006 ). 

 In the EU, livestock farming has an important 
effect on global warming by producing approxi-
mately 10 % of the total global GHG emissions 
(Lesschen et al.  2011 ). Digestive and excretion 
processes are responsible for the most relevant 
sources of GHG emission from livestock produc-
tion. Animal manure is, apart from deforestation, 
the largest source of GHGs. Ruminant production 
of GHGs is considered in terms of both CH 4  and 
N 2 O emissions and monogastric animals (pigs 
and poultry), mainly N 2 O and NH 3  (Wall et al. 
 2008 ). Emissions from farms with ruminants are 
especially high due to CH 4  emissions from enteric 
fermentation and manure handling and because of 
the often intense nitrogen (N) cycling on such 
farms (Oenema et al.  1998 ; Olesen et al.  2006 ). 
Global livestock production accounts for about 
80 % of global land use (Stehfest et al.  2013 ). 
Cattle are an important source of CH 4  because of 
their large population and high CH 4  emission rate 

due to their ruminant digestive system (Dong 
et al.  2006 ). Livestock production is responsible 
for 35–40 % of anthropogenic CH 4  emissions, 
mainly from ruminants (cows and goats) and to a 
lesser extent from monogastric animals. CH 4  is 
produced in a fermentation process by anaerobic 
methanogenic bacteria (Dong et al.  2006 ). 
Methane emissions also occur during decomposi-
tion of manure in open lagoons. In turn, approxi-
mately 29 % of emissions originate from manure 
management (Verburg et al.  2008 ). N 2 O is an 
important pollutant because of the high global 
warming potential and its long retention in the 
stratosphere (Olivier et al  1998 ). In agriculture its 
emissions have intensifi ed mainly due to the 
higher productivity of nitrifi cation and denitrifi ca-
tion processes in agricultural soils by escalating 
the use of nitrogen fertilisers. It is estimated that 
agriculture and rural areas are responsible for over 
80 % of N 2 O emissions. 

 Agricultural activity is a source of direct (use 
of nitrogen fertilisers, emissions of organic nitro-
gen in animal faeces, land management, sewage 
sludge storage) and indirect (evaporation of pre-
cipitation, surface runoff and nitrogen leaching 
into groundwater and surface water) emissions of 
N 2 O. The main sources of N 2 O are primarily 
emissions from chemical and natural fertilisers. 

 It has been estimated that 10–12 % of global 
greenhouse gas emissions caused by anthropo-
genic human activities comes from food produc-
tion (International Trade Center  2007 ). However, 
the uncertainties in the emissions are large and so 
is the variation in time and space of fl uxes from 
different sources. This makes the identifi cation 
and implementation of effective measures to 
reduce emissions from agriculture diffi cult 
(Oenema et al.  1998 ). 

 GHG emissions from agriculture in the EU are 
presented in Fig.  21.1 : (a) CH 4  emission from 
enteric fermentation and (b) CH 4  and N 2 O emis-
sions from manure management.    

21.2     Animal Population in EU 

 The major populations of livestock in the EU 
over the last 50 years are presented in Fig.  21.2 .  
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 A particularly dynamic increase in livestock 
population is visible until the 1990s. Due to the 
number of policy instruments, mechanisms and 
regulations implemented in European agricul-
ture, among others, through the European 
Common Agricultural Policy and the EU Nitrate 
and Water Framework Directives, livestock 
 numbers have stabilised or reduced since the 
1990s. 

 The downward trend in the population of rumi-
nants – cattle and sheep – is noted. A dynamically 
rising cattle population signifi cantly increased 
from 103 million animals in 1961 to 120 million 
animals in 1975 and reduced to 87 million by 
2012. The sheep and goat population also dropped 
signifi cantly from over 158 million animals in 
1989 to around 111 million in 2012. During the 
observed years, the pig population increased 
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  Fig. 21.1    GHG emissions from agriculture in the EU (Source: UNFCCC)       
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rapidly – from 96 million in 1962 to 171 million 
in 1988, followed by a gradual reduction and sta-
bilisation to 150 million in 2012. Poultry produc-
tion has been growing steadily since 1961 and 
will overtake pig production by 2020. 

 The European livestock sector is expected to 
remain in fl ux in the forthcoming years, espe-
cially in regions that are currently characterised 
by high livestock densities. It is anticipated that 
there will be a decrease in livestock numbers 
within these regions over the coming years 
(Neumann et al.  2009 ). 

 Dynamic changes in animal management sys-
tems and the lack of systematic research into the 
percentage of livestock in particular areas (of 
high density) are common reasons for not includ-
ing them in the calculation of GHG emissions. In 
many countries, the calculations of the variability 
of emissions resulting from the implementation 
of new technologies reducing GHG and ammo-
nia emissions and intensifi cation of animal hus-
bandry are not taken into account. 

 On a global scale, CH 4  emissions from enteric 
fermentation are expected to increase 32 % by 
2020, and the major sources will be China, Brazil, 
India, the USA and Pakistan (Rosegrant et al. 
 2008 ). A signifi cant part of the released emis-
sions arises from the natural life processes of ani-
mals. It is diffi cult to reduce these emissions 
other than by limiting the size of the population. 

 The possibility of predicting and modelling 
GHG emissions from livestock farms is impor-

tant given the increasingly restrictive European 
standards. The importance is compounded by the 
increasing demand for animal products. This 
chapter presents various modelling approaches of 
livestock contributions to GHG emission in 
the EU. 

 The advantages of using prediction models 
among others are knowledge of the values of the 
explanatory variables in the forecast period, the 
simplicity of calculation, ease of extrapolation 
model for future periods and easiness of 
forecasting.  

21.3     Modelling Approaches 
of GHGs on Livestock Farms 
in the EU 

 Potentially livestock production has negative 
effects on the environment by, among others, 
GHG emissions, expansion of agricultural land, 
deforestation and eutrophication of water. Studies 
conducted in the 27 member states of the EU 
(EU-27) indicate the existence of signifi cant dif-
ferences among farms in animal productivity and 
environmental performance and the associated 
GHG emissions. 

 Studies conducted with MITERRA-Europe 
model indicate the importance of livestock num-
bers. MITERRA-Europe model is an environ-
mental assessment model calculating greenhouse 
gas emissions (CH 4 , N 2 O, CO 2 ) from agriculture 
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  Fig. 21.2    Animal population in the EU between 1961 and 2012 (Source: FAO  2014 )       
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in the EU-27. It takes into account emissions 
from enteric fermentation, manure management, 
direct and indirect N 2 O soil emissions, fertiliser 
production and cultivation of organic soils, lim-
ing and fossil fuel use. The MITERRA-Europe 
model is partly based on the models GAINS 
(Greenhouse Gas and Air Pollution Interactions 
and Synergies) and CAPRI (Common 
Agricultural Policy Regionalised Impact), com-
plemented with an N leaching module, a soil C 
module and a module for mitigation (Lesschen 
et al.  2011 ). The input data is obtained from 
databases from FAO and Eurostat, e.g. livestock 
numbers, crop areas, animal production and 
emission factors from IPCC and GAINS and 
spatial environmental data (e.g. soil and climate 
data). The highest GHG emissions in the EU 
come from dairy (195 Tg CO 2 -eq.) and beef pro-
duction (192 Tg CO 2 -eq.). In the European live-
stock sector, the main source of GHG was enteric 
fermentation (36 %) followed by N 2 O soil emis-
sions (28 %). On a per kg product basis, beef had 
the highest GHG emission with 22.6 kg CO 2 -eq./
kg; dairy had 1.3 kg CO 2 -eq./kg emission, pork 
production with 3.5 kg CO 2 -eq./kg, poultry 
(meat) production with 1.6 kg CO 2 -eq./kg and 
egg production with 1.7 kg CO 2 -eq./kg. The 
modelling results indicated the existence of sig-
nifi cant differences in greenhouse gas emissions 
per unit product in the EU countries. The reasons 
for this variation, inter alia, are differences in 
animal production systems, the type of feed used 
and nutrient use effi ciencies. There is also a con-
siderable uncertainty in the base data and meth-
odology used, such as assumptions surrounding 
allocation of feedstuffs to livestock species 
(Lesschen et al.  2011 ). 

 As a result of the reforms of the European 
Common Agricultural Policy, the European live-
stock sector has changed quickly in recent years. 
Further changes are expected in the near future. 
Multi-scale modelling approach was used to 
determine spatial and temporal dynamics of live-
stock distribution by accounting for drivers at dif-
ferent spatial scales. The model can provide a 
basis for assessing the environmental impact of 
livestock farming in a wide spatial scale. The 
assessment was carried out for six types of ani-
mals. Four contrasting scenarios are presented: 

globalisation to regionalisation, low level of 
regulation and the dominance of market mecha-
nisms to a higher degree of governmental regula-
tion. The results indicate that in most of the old 
member states of the EU, a decrease in the num-
ber of livestock is expected. In the new EU mem-
ber states, an increase in cattle, pigs and poultry 
and a decline in sheep and goats are projected. It 
is expected that there will be an increase in live-
stock density both within and outside the current 
livestock ‘hotspot regions’ in the absence of 
legislation. 

 Environmental pressure as a consequence of 
high livestock densities is also possible to stay in 
regulated scenarios where environmental policies 
are applied and income support continues to be 
stable over time on account of path dependencies 
in the livestock sector. But in opposition to the 
nonregulated scenario, it is less probable that new 
areas with high risk of negative environmental 
infl uences owing to livestock farming will make 
grow. 

 Another model simulating GHG emissions is 
IMAGE (Integrated Model to Assess the Global 
Environment). It is a global ecological- 
environmental model for the study of the long- 
term environmental effects of human activities. 
IMAGE imitates the GHG emissions based on 
regional production of food, animal products and 
timber and also takes into account local climatic 
conditions and terrain. IMAGE simulates the 
changes in land cover (Neumann et al.  2011 ; 
Kram and Stehfest  2006 ). The model simulates 
how many animals are needed to and how much 
feed they need. IMAGE output is based on 
regional conditions, such as livestock demand for 
feed and grass, and calculates the required area of 
grassland (Bouwman et al.  2005 ; Neumann et al. 
 2011 ). 

 Changes in the number of animals at the 
national level were determined using the LEITAP 
model. The LEITAP model is based on the GTAP 
model (Hertel  1997 ). It is a multiregional, multi- 
sectorial, static, applied general equilibrium 
model based on a neoclassical microeconomic 
theory. With the use of this model, the demand 
for livestock numbers and agricultural land was 
calculated for European countries for 2010, 
2020 and 2030 (Neumann et al.  2011 ). LEITAP 
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contains international and European agricultural 
policies in detail. 

 In view of the growing demand for meat and 
animal products, economic models were used in 
other studies which allowed testing various 
options for reducing the agriculture impact on the 
environment. Some of the options explored were 
changes in diet, increased production effi ciency 
and limiting of food wastage. Two models 
(IMPACT and the mentioned LEITAP) were both 
used to integrate with model IMAGE. These are 
used in studies taking into account capabilities 
for the reduction of poverty and natural resources 
protection (Rosegrant et al.  1995 ). Model 
IMPACT (International Model for Policy 
Analysis of Agricultural Commodities and 
Trade) enables researchers to defi ne the relation-
ships between the demand for food, food produc-
tion, resource availability, commodity prices, 
trade and food safety in different spatial scales 
and time horizons. 

 The outputs from these models showed reduc-
tions in agricultural land use and greenhouse gas 
emissions, as well as in agricultural commodity 
prices (Stehfest et al.  2013 ). The model perfor-
mance proves that for most alternatives fewer 
gains were obtained than the theoretical environ-
mental gains owing to price feedbacks contribut-
ing to increased consumption and less intensive 
production. Furthermore, the effects were larger 
than expected because of decreased consumption 
in Europe. 

 Dairy cattle and beef are in terms of quantity 
of output and economic value extremely impor-
tant to the EU (Neumann et al.  2011 ). Dairy 
farms are the largest sources of GHG emissions 
in EU-27 directly followed by the beef sector 
(Lesschen et al.  2011 ). For dairy farm systems in 
Europe, the models presented above simulate the 
internal and external fl ows of materials and nutri-
ents and calculate the associated GHG emissions. 
The whole-farm approach, established in these 
models, guarantees that the interactions between 
the relevant themes are considered. The impact of 
changes in one component of the farm is not lim-
ited to a specifi c subsystem, but they are carried 
by the entire farm system (Schils et al.  2007a ). 

 For estimating GHG emissions from dairy 
farms in the EU, a model (FarmGHG) was created. 

The model estimates CH 4  and N 2 O emissions 
released during farm management and CO 2 , CH 4  
and N 2 O emissions resulting from imported 
energy, feed, fertiliser, etc. It is commonly used 
to estimate N 2 O emissions and is based on the 
more complex algorithms for CH 4  emissions 
from enteric fermentation and manure manage-
ment. The model was proposed as a chance to 
reduce emissions of GHGs through the quantifi -
cation of effects of management practices. Five 
European agro-ecological zones for both organic 
and conventional systems were considered. 
Studies indicate that reducing greenhouse gas 
emissions from agricultural production can be 
achieved by increasing the N use effi ciency of 
agricultural sector (Olesen et al.  2006 ). 

 Other studies showed that the emission of 
CH 4  from fermentation is affected by diet com-
position and cannot be entirely eliminated with-
out adverse effects on the production of 
ruminants (Moss et al.  2000 ) because CH 4  is the 
fi nal product of fermentation in the rumen 
(Petersen et al.  2007 ). Modelling has shown that 
an increase in feed consumption reduced CH 4  
emissions (Danfær and Weisbjerg  2006 ). 
Emissions were also lower when feed quality 
improved. It was also shown that the emission of 
CH 4  can be reduced by increasing the fat content 
and by increasing starch at the expense of sugar 
in the diet. 

 A model which simulates GHG emissions 
from dairy farms is DairyWise. This is an empiri-
cal model which integrates all major subsystems 
of a dairy farm into one whole-farm model. The 
model inputs include general farm management, 
herd type, cropping plan, soil characteristics, 
grass and feed management, buildings and equip-
ment (Schils et al.  2007a ). DairyWise calculates 
CH4 emission from enteric fermentation with 
emission factors expressed as on the basis of kg 
DM uptake. Emissions from manure manage-
ment are calculated from stored manure and 
slurry excreted during grazing. DairyWise simu-
lates direct and indirect N 2 O emissions, con-
nected with later denitrifi cation of leached nitrate. 
Direct emissions are simulated with emission 
factors for N inputs through fertilisers, manure 
application, biological fi xation, urine excreted 
during grazing, crop residues and peat oxidation. 
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The module calculates an additional N 2 O 
emission when grassland is ploughed. The indi-
rect N 2 O emissions are calculated with emission 
factors from the modelled nitrate and ammonia 
emissions (Schils et al.  2007b ). 

 The model of Sustainable and Integrated 
Management Systems for Dairy Production 
(SIMS-Dairy) simulates through ‘score matri-
ces’ sustainability farm attributes of biodiver-
sity, landscape, product quality, soil quality and 
animal welfare (del Prado et al.  2006 ). The 
model concentrates on the strategic and tactical 
levels of management and is able to optimise 
dairy management factors in order to fi nd a 
more sustainable system (del Prado and 
Scholefi eld  2006 ). The model is capable among 
others to explore the possible impact of mitiga-
tion options on pollutants such as CH 4 , N 2 O, 
NH 3 , NO x , NO 3  and P. The simulation of farm 
GHG losses includes those emissions from the 
soil (as N 2 O), those emissions from animal 
excreta as manure or urine and dung deposited 

during grazing (as N 2 O and CH 4 ) and those 
emissions from the rumen (as CH4) (Schils 
et al.  2007b ). 

 The FarmSim model (FARM SIMulation) 
simulates GHG emissions taking into account 
nine interacting modules (Saletes et al.  2004 ). 
FarmSim contains import, export and internal 
product fl ows between the various components of 
the farm system. The model includes the PASIM 
model (GHGs exchanged over the different 
grassland types on the farm) and integrates the 
IPCC methodology Tier 1 and Tier 2 (emissions 
from croplands and cattle housing). Many details 
are used as inputs: farm structure (area and type 
of crops and of grasslands, herd types), the herd 
(number of animals per type), the grasslands 
(grazing and cutting dates, stocking rates, organic 
and inorganic fertiliser applications), the crops 
and the feeding and waste management systems 
(Schils et al.  2007b ). A general overview of 
above-mentioned models is presented in 
Table  21.1 .

   Table 21.1    Overview of models   

 Model  General characteristics 

 MITERRA- 
Europe  

 The MITERRA-Europe is a tool for integrated assessment of N emissions from agriculture on 
EU-27 level. The effects of N measures and policies can be quantitatively assessed and both 
ancillary benefi ts and trade-off of measures and policies can be identifi ed 

 IMAGE  The model was designed to simulate the dynamics and interconnections between three major 
subsystems of the globe, namely, climate, biosphere and society 

 LEITAP  Computable general equilibrium model, covering all economic sectors, although at different levels 
of detail 

 IMPACT  The model was designed to examine alternative futures for global food supply, demand, trade, 
prices and food security. Model provides both fundamental, global baseline projections of 
agricultural commodity supply, demand, trade, prices and malnutrition outcomes along with 
cutting-edge research results on quickly evolving topics such as bioenergy, climate change, 
changing diet/food preferences and many other themes 

 FarmGHG  The FarmGHG is a model of carbon (C) and N fl ows on dairy farms. The model includes N balance 
and allows calculation of environmental effect balances for greenhouse gas emissions (CO 2 , CH 4  
and N 2 O) and eutrophication (nitrate and NH 3 ) 

 DairyWise  The DairyWise is an existing empirical model integrating all major subsystems of a dairy farm into 
one whole-farm model. The central component is the FeedSupply model that balanced the herd 
requirements, as generated by the DairyHerd model, and the supply of homegrown feeds, as 
generated by the crop models for grassland and corn silage 

 SIMS-Dairy  The SIMS-Dairy modelling framework at the farm level, which integrates existing models for N 
and P and equations to simulate NH 3  losses from manure application and predict CH 3  losses and 
cows’ nutrient requirements, uses ‘score matrices’ for measuring attributes of biodiversity, 
landscape aesthetics, product quality, soil quality and animal welfare and an economic model 

 FarmSim  The model was designed for projecting the probable economic and nutritional impacts of 
alternative technologies, farming systems, livestock management programmes, marketing 
arrangements, crop mixes, risk management schemes and environmental remediation programmes 
on a representative crop/livestock farm 

21 Modelling of GHGs in Livestock Farms and Its Signifi cance



354

21.4        Conclusion 

 Expansion of livestock production worldwide 
will continue to contribute GHG emissions. 
Cattle, pigs and poultry are the major world live-
stock, and the EU has one of the highest livestock 
densities in the world. In animal production, the 
dairy and beef sectors are the largest sources of 
GHG emissions due to CH 4  being produced from 
enteric fermentation and N 2 O production from 
agricultural soils. 

 Especially important are the increasing envi-
ronmental concerns and changing consumer 
awareness. In order to mitigate the agriculture 
impact particularly on livestock sector, many 
mechanisms and institutional policy instruments 
are able to be adopted. 

 Various models are used to assess the techni-
cal, environmental and fi nancial implications of 
alternative farm management strategies, under 
changing external conditions. Based on model 
results, future development pathways towards 
more sustainable animal production are possible.     
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    Abstract  

  Livestock production is thought to be adversely affected by detrimental 
effects of extreme climatic conditions. Consequently, adaptation, mitigation 
and amelioration of detrimental effects of extreme climates have played a 
major role in combating the climatic impact in livestock production. While 
measures to reduce the growth of greenhouse gas emissions are an important 
response to the threat of climate change, adaptation to climate change will 
also form a necessary part of the response. The salient adaptation strategies 
are developing less sensitive breeds, improving water availability, improv-
ing animal health, promoting women empowerment, developing various 
policy issues, establishing early warning systems and developing suitable 
capacity building programmes for different stakeholders. Developing adap-
tation strategies is therefore an important part of ensuring that countries are 
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well prepared to deal with any negative impacts that may occur as a result 
of climate change. The integration of new technologies into the research 
and technology transfer systems potentially offers many opportunities to 
further the development of climate change adaptation strategies. Adapting 
to climate change and reducing GHG emissions may require signifi cant 
changes in production technology and farming systems that could affect 
productivity. Many viable opportunities exist for reducing CH 4  emissions 
from enteric fermentation in ruminant 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 accommodate cultural factors that affect livestock own-
ership and management. This chapter also elaborates on ameliorative strat-
egies that should be given consideration to prevent economic losses 
incurred due to environmental stresses on livestock productivity. Reducing 
the impact of climatic stresses on livestock production requires multidisci-
plinary approaches which emphasise animal nutrition, housing and animal 
health. Therefore, emphasis should be given to all three aspects of adapta-
tion, mitigation and amelioration strategies to sustain livestock production 
under the changing  climate scenario.  

  Keywords  

  Adaptation   •   Amelioration   •   Climate change   •   Livestock and mitigation  

22.1         Introduction 

 While there is still much uncertainty surrounding 
the potential magnitude and likely impacts of cli-
mate change (CC), there is consensus in the 
global scientifi c community that some CC is 
already occurring and that further change is inev-
itable (IPCC  2013 ; Quere et al.  2014 ). CC is evi-
dent in both a change in average temperature and 
rainfall and changes in the frequency and severity 
of extreme weather events, such as frosts, heat-
waves, droughts and fl ood (IPCC  2001 ). It is con-
sidered likely that continued greenhouse gas 
emissions at or above current rates will result in 
further global warming in this century (WMO 
 2014 ). Moreover, even if the atmospheric con-
centrations of all greenhouse gases and aerosols 
are stabilised at 2,000 levels, global temperatures 
are projected to continue rising (IPCC  2007 ). 

 While measures to reduce the growth of green-
house gas emissions are an important response to 
the threat of CC, adaptation to CC will also form a 
necessary part of the response (Gerber et al.  2013 ). 
In this context, adaptation refers to strategies that 

act to reduce the adverse impacts of CC. Developing 
adaptation strategies is therefore an important part 
of ensuring that countries are well prepared to deal 
with any negative impacts that may occur as a 
result of CC. Given limited resources, adaptation 
strategies must target those populations most vul-
nerable to global change and equip those unable to 
adapt—generally the poorest—with the tools and 
incentives that will enable them to do so. 
Adaptation to climate variability has been an 
ongoing necessity for the agricultural sector. 
Existing strategies to manage climate variability 
present opportunities for meeting the challenges 
of future CC. Reducing the impact of CC on live-
stock requires a multidisciplinary approach with 
emphasis on animal nutrition, housing and animal 
health. It is important to understand the livestock 
responses to environment and analyse them in 
order to design modifi cations of nutritional and 
environmental management thereby improving 
animal comfort and performance. So a range of 
technologies are needed to match the different 
economic and other needs of livestock farmers. It 
is therefore important that we gear up all efforts to 
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enhance the resilience of the farms and livestock 
through dissemination—adoption of various cop-
ing strategies and mechanisms so that the produc-
tion and productivity levels of the farm and 
livestock are maintained even in challenging cli-
matic  conditions. While efforts are on to prevent 
further CC through livestock sectors by develop-
ing suitable mitigation strategies, equally impor-
tant is to reduce the impact of already occurred CC 
on livestock population by developing suitable 
amelioration strategies. These consorted efforts 
need to be implemented simultaneously if we 
intend to sustain livestock production under the 
changing climate scenario. This chapter will 
address the salient adaptation, mitigation and 
amelioration strategies available to improve live-
stock production under CC perspectives.  

22.2     Climate Change Affecting 
Livestock Economy 

 Several studies have shown signifi cant and alarm-
ing negative impacts of CC and adaptation of 
livestock farmers in different parts of the world 
(Deressa et al.  2005 ; Kabubo-Mariara  2007 ). 
Various research fi ndings indicate that the dam-
aging effects of global temperature are increas-
ing, and most damages are predicted to occur in 
the region already faced average high tempera-
tures and low precipitation, frequent droughts 
and scarcity of both ground and surface water 
(IPCC  2001 ). Previous studies on CC and adapta-
tion of livestock farmers have shown that CC 
affects livestock farming directly and indirectly 
(Kabubo-Mariara  2008 ). Direct effects have been 
observed to include retardation of animal growth, 
low-quality animal products including hides and 
skins and animal production in general. Indirect 
effects include general decline in quantity and 
quality of feedstuffs, for example, pasture, for-
age, grain severity and distribution of different 
species of livestock, and other effects such as 
increase in livestock diseases and pests. In par-
ticular, extreme temperatures resulting in drought 
have had devastating effects on livestock farm-
ing, and the vulnerable rural poor have been left 
with marginal pasture and grazing lands (Kabubo- 

Mariara  2005 ). The impacts of CC not only infl u-
ence natural systems, habitats and species but 
also human economy and society. Therefore, 
governments must act in time to adapt to these 
changes in order to reduce damage in both natu-
ral and social systems and in this way avoid 
unnecessary costs associated with late action.  

22.3     Signifi cance 
of Understanding the Impact 
of Climate Change 
on Livestock Production 

 Potential direct and indirect impacts of CC on 
livestock production have not been thoroughly 
explored. Changes in crop availability and qual-
ity, which have been the primary focus of previ-
ous studies, affect animal production through 
changes in feed supplies. Analyses of direct 
impacts of CC on livestock production are few. 
Changes in climate would directly lead to reduc-
tions in summer-season milk production and con-
ception rates in dairy cows. Because voluntary 
feed intake (VFI) is the primary factor infl uenc-
ing the production capacity of livestock, accurate 
prediction of the feed consumption of livestock 
under heat stress is a precursor to accurate assess-
ment of changes in production resulting from 
changes to a warmer climate. Quantifi cation of 
potential impacts of CC on livestock production 
allows producers to gain a better understanding 
of the magnitude of the changes in production 
levels faced under CC. Projected economic losses 
resulting from temperature-induced reductions in 
production may justify mitigation of these tem-
perature increases through changes in manage-
ment practices, such as installation of shades or 
sprinklers in feedlots or evaporative cooling of 
barns. 

 CC represents one of the greatest environmen-
tal, social and economic threats facing the planet 
today. In developing countries, CC will have a 
signifi cant impact on the livelihood and living 
conditions of the poor. Increasing temperatures 
and shifting rain patterns reduce access to food 
and create effects that impact regions, farming 
systems, households and individuals in varying 
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ways. Additional global changes, including 
changed trade patterns and energy policies, have 
the potential to exacerbate the negative effects of 
CC on some of these systems and groups. Thus, 
analyses of the biophysical and socioeconomic 
factors that determine exposure, adaptation and 
the capacity to adapt to CC are urgently needed 
so that policymakers can make more informed 
decisions.  

22.4     Salient Adaptation 
Strategies for Livestock 
to Cope Up to Changing 
Climate 

 Table  22.1  describes the various adaptation strat-
egies for livestock sector to counter the impact of 
climate change. Effective adaptation to climate 
variability and climate change is dependent on 
access to climate information for the coming sea-
sons and years, to enable communities to make 
decisions for now and the future. Flexible plan-
ning in the face of a continuously changing cli-
mate—a key element of adaptive capacity—needs 
to be informed by climate forecasts and the 
effects of uncertainties and risks on different vul-
nerable groups and socio-economic sectors, so as 
to identify a range of response options. Scenario 
development of how livelihoods and sectors 
would be affected by probable climate futures 
contributes to making livelihoods more climate 
resilient and can be a fi rst step towards mitigating 
the effects of climate-related disasters on com-
munities. Figure  22.1  describes the different 
adaptation, mitigation and amelioration strate-
gies to sustain livestock production under the 
changing climate scenario.

22.4.1        Genetic Development 
of Less Sensitive Breeds 

 Genetic improvement is an evolutionary action; 
evolution should be defi ned as a continuous pro-
cess of adaptation of the populations of organisms 
to the ever-changing geological, biological and 
climatic conditions. Because of the almost infi nite 

number of combinations of environmental fac-
tors, organisms must have a great variety of 
genetic types that can deal with a range of cli-
matic, nutritional or other conditions. In a word, 
any population must be genetically heteroge-
neous—i.e. with a great genetic diversity—in 
order to be able to survive under the challenge of 
the changing environment. This is the basis for the 
livestock genetic improvement. Genetic selection 

   Table 22.1    Livestock adaptation strategies under ensu-
ing CC scenario   

 Parameters for 
livestock adaptation 

 Respective livestock adaptation 
strategies 

 Production 
adjustments 

 Change in quantity and timing 
of precipitation 

 Breeding strategies  1. Identifying and strengthening 
local breeds that have adapted to 
local climatic stress and feed 
sources 
 2. Improving local genetics 
through cross-breeding with 
heat and disease-tolerant breeds 

 Market responses  1. For example, promotion of 
interregional trade and credit 
schemes 

 Institutional and 
policy changes 

 1. Removing or introducing 
subsidies, insurance systems 
 2. Income diversifi cation 
practices 
 3. Livestock early warning 
systems 

 Science and 
technology 
development 

 1. Understanding of the impacts 
of CC on livestock 
 2. Developing new breeds and 
genetic types 
 3. Improving animal health 
 4. Enhancing soil and water 
manage 

 Capacity building 
for livestock keepers 

 1. Understanding and awareness 
of CC 
 2. Training in agroecological 
technologies and practices 

 Livestock 
management systems 

 1. Provision of shade and water 
to reduce heat stress from 
increased temperature 
 2. Reduction of livestock 
numbers in some cases 
 3. Changes in livestock/herd 
composition 
 4. Improved management of 
water resources 
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has been a traditional method to reduce effects of 
environment on livestock by development of ani-
mals that are genetically adapted to hot climates. 
There are additional possibilities for meeting this 
goal. Identifi cation of specifi c genes that control 
traits related to thermotolerance makes it possible 
to select for thermal resistance without inadver-
tently selecting against milk yield. Possibly, there 
are also genes controlling cellular resistance to 
heat shock. Integration of marker-assisted selec-
tion into animal breeding systems should make 
selection for traits conferring thermotolerance 
more rapid. Functional genomics research is pro-
viding new knowledge about the impact of heat 
stress on livestock production and reproduction. 
Using functional genomics to identify genes that 
are up- or downregulated during a stressful event 
can lead to the identifi cation of animals that are 

genetically superior for coping with stress and 
towards the creation of therapeutic drugs and 
treatments that target affected genes. 

 There is genetic variation among animals for 
cooling capability, which suggests that more 
heat-tolerant animals can be selected genetically. 
In spite of livestock being reared in tropical envi-
ronment, there are local indigenous breeds of 
livestock which can effectively perform counter-
ing environmental extremes. These local breeds 
can perform well in adverse climatic condition 
like high temperature, drought and feed scarcity. 
Therefore, even under the changed climate sce-
nario, the rich animal germplasm available may 
help to sustain the livestock productivity. Cross- 
breeding offers another opportunity. However, 
extensive cross-breeding studies have shown 
little heterosis for heat tolerance. Additional 

  Fig. 22.1    Strategies to sustain livestock production under changing climate scenario       
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studies are needed to examine variability in heat 
tolerance of high yielding animals. Possibly 
improved herds could be developed when 
selected for milk yield and heat tolerance under 
local conditions. 

 In addition, there is a need to take up breeding 
programmes to develop CC-ready breed which 
performs better under stress due to climatic 
 variability by using available rich germplasm. The 
recent advancement in global expression technolo-
gies (whole-genome arrays, RNA sequencing) is 
poised to be effectively utilised to identify those 
genes that are involved in key regulatory/meta-
bolic pathway for thermal resistance and thermal 
sensitivity. Gene knockout technology will also 
allow better delineation of cellular metabolic 
mechanism required for acclimatisation to thermal 
stress in sheep and goat. By knowing the various 
genes responsible for thermotolerance, we can 
change the genetic structure of animal and drift 
towards superior thermotolerant ability.  

22.4.2     Improving Water Availability 

 Water scarcity has become globally signifi cant 
over the last 40 years or so and is an accelerating 
condition for one to two billion people world-
wide (MEA  2005 ). Water and its availability and 
quality will be the main pressures on, and issues 
for, societies and the environment under CC 
(Wilk and Wittgren  2009 ). Nomadic people 
migrate seasonally to fi nd water and grazing for 
their herds. Since ancient times, agricultural 
civilisations have invented techniques for water 
storage, transfer and irrigation (Wilk and Wittgren 
 2009 ). In general terms, the projected impacts of 
CC on water resources are a continuation of the 
impacts that have already been observed. At the 
same time, there are uncertainties of various 
magnitudes associated with the projections. The 
fi ndings of several global models should be 
examined to reduce this uncertainty, especially in 
regard to regional or local effects (Wilk and 
Wittgren  2009 ; Thornton and Herrero  2010 ). 

 As more and more stresses are placed on our 
natural resources through effects of CC, a 

renewed use of water harvesting would have 
positive outcomes (Masike  2007 ). Water harvesting 
is a technique of developing surface water 
resources that can be used in dry regions to pro-
vide water for livestock, for domestic use, and for 
agroforestry and small-scale subsistence farming 
(Thames and Cluff  1982 ). Water harvesting offers 
a method of effectively developing the scarce 
water resources of arid regions. It is also a rela-
tively inexpensive method of water supply that 
can be adapted to the resources and needs of the 
rural poor. A successful harvesting system must 
be (a) technically sound, properly designed and 
maintained, (b) economically feasible for the 
resources of the user and (c) capable of being 
integrated into the social traditions and abilities 
of the users. 

 The simplest technique is to use water- 
ponding dikes which slow down surface runoff, 
allow infi ltration and increase soil moisture, and 
promote signifi cant vegetation growth for habitat 
cover and forage. The advantages of water- 
ponding dikes are that they are simple to install 
and cost-effective and make use of water that 
would be lost to evaporation. The use of stock 
tanks as water sources on rangeland for cattle 
grazing is a traditional method that has one of 
the least expensive construction costs among a 
variety of possible methods. In arid regions, it 
places reliance on trapping surface runoff that 
will otherwise be lost back into the atmosphere 
through evaporation. By confi ning this surface 
runoff in a pond with small surface area and 
water depth of up to 2 m, evaporation and infi ltra-
tion losses are both reduced over what would 
normally occur if the water was spread out and 
infi ltrated into a stream bed. 

 The principles of integrated water resources 
management (IWRM) should be promoted and 
guide climate adaptation strategies. IWRM pro-
vides a useful framework for planning well- 
coordinated and targeted adaptation measures 
to CC. It is a systematic process to the sustain-
able development and equitable allocation of 
water resources through a holistic approach to 
water management. Successful IWRM strate-
gies include, among others, capturing societal 
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views, reshaping planning processes, coordi-
nating land and water resources management, 
recognising water quantity and quality link-
ages, combining the use of surface water and 
groundwater, protecting and restoring natural 
systems, addressing impediments to the fl ow of 
information, and considering CC (Wilk and 
Wittgren  2009 ). 

 National adaptation programmes for action 
need to be integrated with other national develop-
ment plans and adopt a river basin perspective, 
including transboundary cooperation in cases of 
multinational rivers. The local level is crucial in 
climate adaptation, and institutional reforms must 
be crafted accordingly. Mechanisms should be put 
in place to make sure that adaptation efforts 
respect, protect and promote fundamental human 
rights. Fresh and fl exible funding should be found 
to speed up investment in water management of 
vulnerable developing countries, in particular the 
least developed countries, to meet both the present 
Millennium Development Goals and the conse-
quences of observed and projected CC.  

22.4.3     Improving Animal Health 

 As a result of globalisation and CC, the world is 
currently facing an unprecedented increase of 
emerging and re-emerging animal diseases and 
zoonoses (animal diseases transmissible to 
humans). A changing climate will cause changes 
in the patterns of endemic diseases in livestock. 
Indeed, a better understanding of the effect of CC 
on animal health and production is crucial and 
good for recommendations on how to lessen its 
potential impact. Unfortunately, the determinants 
of resilience and adaptation that already reduce 
this impact are often poorly understood even 
though they are not unique but are needed regard-
less. For example, adaptive capacity could be 
increased in the broader context of developing 
appropriate policy measures and institutional 
support to help the livestock owners to cope with 
all animal health problems. In fact, the develop-
ment of an effective and sustainable animal 
health service, with associated surveillance and 

emergency preparedness systems and sustainable 
animal disease control and prevention pro-
grammes, is perhaps the most important and most 
needed adaptive strategy. This will safeguard 
livestock populations from the threats of CC and 
climate variability. 

 Improving the governance of animal health 
systems in both the public and private sector is 
the most effective response to this alarming situ-
ation. The recently experienced animal disease 
crises have provided a clearer understanding of 
the benefi ts to the international community of 
applying the appropriate animal health policies 
and programme in order to safeguard public 
health and ensure food safety. 

 The animal health service of FAO addresses 
four animal health-related issues: transboundary 
diseases, vectorial diseases, veterinary public 
health (including food safety) and veterinary ser-
vices. The latter must join forces and encourage 
the more active participation of the private sector 
defi ning complementary roles for each with spe-
cifi c responsibilities in order to improve and/or 
maintain the overall sanitary status of a country. 
The following points are very valuable if one 
considers tackling disease outbreaks that arise as 
a result of CC:
    (a)    Improved monitoring and surveillance are 

required to detect changing patterns of dis-
eases and to respond accordingly.   

   (b)    Improved diagnosis, forecasting and effec-
tive vaccines to protect our livestock from 
this increasing threat of disease.   

   (c)    Combine hazard maps with vulnerability 
maps for better prioritisation of areas/popu-
lations for interventions.   

   (d)    Development of ideal decision support 
frameworks involving development of risk 
maps for targeted surveillance and develop-
ment of prediction models for outbreaks.   

   (e)    Institutional measures need to be sensitised 
for disease surveillance, and integration of 
experts of climate and health working groups 
needs to be prioritised for developing disease 
control technologies.   

   (f)    Potential interventions are needed in 
developing livestock value chain involving 
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development of diversifi ed livelihood options 
and safety nets comprising insurance schemes.   

   (g)    Understanding in depth the epidemiology of 
important disease-causing pathogens and 
diagnostics should be interfaced with very 
sophisticated geographic information system 
technology and both statistically and process- 
based modelling approaches to produce risk 
maps for disease at an appropriate temporo   - 
spatial scale (e.g. Bergquist and Rinaldi 
 2010 ; Fox et al.  2012 ).   

   (h)    Validate models and quantify trends, through 
improved surveillance, ideally active rather 
than passive, of animal health disease issues, 
whether exotic or endemic. This places a 
requirement on improved diagnostic capa-
bilities, with the potential to be rapid, high- 
throughput and cost-effective at an 
appropriate regional/national/international 
scale (Skuce et al.  2013 ).   

   (i)    In the context of the endoparasites and ecto-
parasites specifi cally, vaccines to protect ani-
mals from infection, although not a complete 
solution, would be highly desirable. However, 
development of such vaccines has proven to 
be extremely technically demanding for a 
number of reasons (e.g. Vercruysse et al. 
 2007 ).      

22.4.4     Female Empowerment 

 Division of rights and responsibilities affects 
incentives and ability to adopt new technologies 
and practices to increase production and produc-
tivity. We need to understand this better to 
develop appropriate technologies and design 
more effective interventions. In recent years, 
there have been increasing concerns about CC 
and its impacts on food security and on human 
lives. While much of the earlier discussions on 
CC centred on scientifi c and technical aspects 
such as greenhouse gas emissions, ozone deple-
tion and environmental impacts of global warm-
ing, attention is now increasingly encompassing 
the economic and social aspects of CC. Women 
and the poor are likely to be most affected by 
CC. The constraints they face in crop-livestock 

systems are not being adequately addressed in 
research programmes due to the lack of a system-
atic approach and low capacities to integrate gen-
der in a meaningful way. 

 Participatory research involving women in 
livestock sector should be increased. Women 
play important roles as producers of food, man-
agers of natural resources, income earners and 
caretakers of household food and nutrition secu-
rity. The control of assets including livestock and 
income derived from these assets by women has 
positive consequences for their decision-making 
within the household and for household well- 
being. Women play a much stronger role than 
men in the ecosystem management services and 
food security. Women are powerful agents of 
change and their leadership is critical. They have 
a signifi cant role in dealing with issues such as 
energy consumption, deforestation, burning of 
vegetation, population growth, economic growth, 
developing scientifi c research and technologies 
and policy making, among others. 

 Women play a critical but often overlooked 
role in livestock production. Livestock are the most 
important asset for women. But unfortunately, 
most of the livestock are owned by men. With 
respect to livestock, women are heavily involved 
in small ruminant production, and it is easy for 
them to get into production. They need informa-
tion on improved feeding practices, management 
practices and marketing. Hence, consorted efforts 
are needed in defi ning the complexities and 
changes associated with livestock ownership. 
This will ensure closing of gender asset gap. 
Considerable efforts are also needed to defi ne the 
exact role of women in livestock keeping and 
encouraging women’s participation in livestock 
markets. Further efforts are needed to integrate 
women, livestock, nutrition and health. Proper 
mechanisms should be put in place for securing 
women’s access and control of livestock and 
other assets. This can be easily achieved by creat-
ing index-based livestock insurance for women 
and women-owned livestock as well as by 
developing a separate fund for both women and 
livestock. Promoting women’s participation in 
both formal and informal livestock and livestock 
product markets can easily improve the confi -

V. Sejian et al.



367

dence of women to take livestock as their primary 
livelihood activities.  

22.4.5     Developing Policy Issues 

 The successful implementation of adaptation 
strategies to CC requires government support in 
terms of support by developing various policy 
issues. According to Antle ( 2010 ), there are two 
sets of policies that need to be developed. The 
fi rst set of policies for designing adaptation 
 strategies comprises (a) agriculture subsidy and 
trade policies, (b) production and income insur-
ance policies and disaster assistance, (c) soil and 
water conservation policies and ecosystem ser-
vices, (d) environmental policies and agricultural 
land use, (e) tax policies, (f) energy policies and 
(g) greenhouse gas mitigation policies. The sec-
ond set of policies is concerned to facilitate adap-
tation. This comprises (a) estimating adaptation 
costs and reassessing impacts, (b) identifying 
adaptation strategies and related research needs, 
(c) identifying and estimating the vulnerability of 
ecosystem services to CC and adaptive responses, 
(d) providing public information about long-term 
climate trends and their economic implications 
and (e) implications of climate change and miti-
gation policies for agriculture and food sector.  

22.4.6     Climate Change 
Communication and Early 
Warning System 

 Strengthening climate information and early 
warning systems (EWS) for climate-resilient 
development and adaptation to CC is to help 
farmers respond to both short-term/rapid-onset 
climatic hazards (e.g. cyclones, fl oods and 
storms) and long-term/slow-onset hazards (e.g. 
drought and long-term CC). To enhance the resil-
ience of the population and the national economy, 
urgent action and measures needed to be taken to 
address the defi ciencies and strengthen CC early 
warning system. The expected outcomes from 
the early warning systems are (a) enhanced 
capacity of hydrometeorological services and 

networks for predicting CC events and risk fac-
tors, (b) effective, effi cient and targeted delivery 
of climate and CC information including early 
warnings and (c) improved and timely prepared-
ness and responses of various stakeholders to 
forecast climate-linked risks and vulnerabilities. 
Further, the success of the early warning system 
depends on the following four elements: (1) risk 
knowledge, systematically collecting data and 
undertaking risk assessments; (2) monitoring and 
predicting, developing hazard monitoring and 
early warning services, including weather and 
hydrological monitoring equipment, improving 
forecast capabilities and the use of these tech-
nologies within agricultural advisories, fl ood-
risk monitoring and supply chain management; 
(3) disseminating information, communicating 
risk information and reliable warnings to potentially 
affected locations through traditional and new 
media; and (4) responding to warnings, building 
national and community response capabilities to 
act effectively when warnings are received.  

22.4.7     Capacity Building Programme 

 The success of adaptation strategies depends 
upon how effectively those strategies are being 
transferred to the ultimate target groups, the poor 
and marginal farmers. There is a need to improve 
the capacity of livestock producers and herders to 
understand and deal with climate change increas-
ing their awareness of global changes. In addi-
tion, training in agroecological technologies and 
practices for the production and conservation of 
fodder improves the supply of animal feed and 
reduces malnutrition and mortality in herds. 
Developing suitable capacity building programme 
(CBP) is very crucial for successful implementa-
tion of adaptation strategies. CBP should address 
in detail the basic understanding of climate 
change science, climate change impacts on 
biodiversity and ecosystems and implication for 
conservation and sustaining eco- services and 
strategies for assessing vulnerability and adapta-
tion. Figure  22.2  describes the various approaches 
and components of CBP. CBP (a) should be 
country driven and issue based, (b) should occur 
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within a framework of integrated interdisciplin-
ary problem solving, (c) is much more than train-
ing which requires institutional strengthening 
and human resource development and (d) should 
encourage potential for interaction and dialogues 
among diverse stakeholder groups. Building 
capacity of different stakeholders in parallel with 
the above adaptation strategies would help widen 
research and development communities to put 
climate, vulnerability and adaptation information 
into active use for pro- poor development.    

22.5     Mitigation Strategies 
to Reduce Livestock- 
Contributed Climate Change 

22.5.1     Management Strategies 

 Any methane reduction strategies must be confi ned 
to the following general framework, viz. develop-
ment priority, product demand, infrastructure, 
livestock resource and local resources (Sejian 
et al.  2012a ). The most attractive emission miti-

gation projects must balance the needs in all of 
these areas, so that no one factor creates a con-
straint on continued improvement in production 
effi ciency and the resulting CH 4  emission reduc-
tions (Hristov et al.  2013 ). Within this frame-
work, CH 4  emission mitigation options for enteric 
fermentation can encompass a wide range of 
activities across these areas. However, underly-
ing these activities must be specifi c options for 
improving the production effi ciency of the live-
stock. Without these options, CH 4  emissions can-
not be reduced. Best management practices are 
defi ned as those that (a) minimise and mitigate 
impacts and risks to the environment by main-
taining or improving quality of soil, water, air 
and biodiversity; (b) ensure the health and sus-
tainability of natural resources used for agricul-
ture production; and (c) support long-term 
economic and environmental viability of the agri-
culture industry. There are several management 
strategies that may be employed for livestock to 
reduce enteric methane emissions. Adoption of 
the basic livestock management principles offers 
the best opportunity of improving production 

  Fig. 22.2    Different approaches for capacity building programme       
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effi ciency while also reducing emissions. Within 
the context of these fundamental livestock man-
agement principles, specifi c techniques for 
improving production effi ciency and reducing 
CH 4  emissions include the following (USEPA 
 1993 ): (1) enhanced nutrition through mechani-
cal and chemical feed processing, (2) balanced 
nutrition through strategic supplementation, 
(3) intake of production-enhancing agents, 
(4) improved production through enhanced 
genetic characteristics, (5) increased production 
effi ciency through improved reproduction and (6) 
improved grassland and rangeland management. 

22.5.1.1     Animal Manipulation 
by Reducing Livestock 
Numbers 

 The countries which are committed to reduce the 
enteric methane emission from the livestock, 
reducing animal number is the best possible way, 
but it is totally unacceptable for those countries 
which rely heavily on livestock production for 
their national economy (Sejian et al.  2011a ). 
Shifting of old-age cattle from heifers in the cat-
tle herds can effi ciently increase the productivity 
and decrease the enteric methane production due 
to high intake and passage rate of ingested feed 
materials that can lead to lower enteric emission. 
Hegarty ( 2001 ) points out that if animal numbers 
do not decrease in response to the improved pro-
ductivity, then emissions from the sector will 
increase rather than decrease. Sheep population 
has been reduced from 57.9 million in 1990 to 
45.2 million in 2000, while dairy cattle and beef 
cattle population has increased slightly. The net 
outcome was a decline in ruminant CH 4  emission 
from 1.45 to 1.31 Tg/year from 1990 to 2000 
(Sejian et al.  2011a ). The application of biotech-
nological aids can meet out the loss of reduced 
animal number, for example, the use of recombi-
nant bST (bovine somatotropin) leads to an 
increase in milk production up to 10–20 %, and 
therefore, animal number can be reduced to lower 
the total enteric emission (Clemens and Ahlgrimm 
 2001 ). Kirchgessner et al. ( 1995 ) estimated that 
overall CH 4  emissions could be decreased by 
reducing animal numbers while maintaining milk 
production.  

22.5.1.2     Animal Breeding with Low 
CH 4  Emissions 

 Genetic selection of animals that consume less 
feed or produce less CH 4  per unit of feed is a 
management strategy that may be used to reduce 
enteric CH 4  emissions. Pinares-Patino et al. 
( 2007 ) established that there are differences 
between individual animals in the quantity of 
CH 4  they emit per unit of dry matter intake. This 
fi nding has resulted in the establishment of 
research programmes aimed at exploiting these 
differences. Animal effects on fermentation 
could be via the saliva, feed processing (e.g. 
comminution) or fl ow rate through the rumen. 
It is possible that the animal’s impact on fermen-
tation is genetically determined, and if this is the 
case, it may be possible to obtain markers that 
can be used to select low methane emitters.  

22.5.1.3     Increasing the Effi ciency 
of Livestock Production 

 Improving the effi ciency of ruminant animal 
performance will generally lead to a reduction of 
CH 4  emitted per unit of animal product. There are 
two aspects of this: genetic improvement of the 
animals themselves to achieve more product per 
unit of feed intake, as has been achieved with 
pigs and poultry, and nutritional manipulation via 
increased feed intake and appropriate feed com-
position. This can be achieved in three ways: (a) 
increasing feed intake: increasing feed intake 
decreases the methane emission per unit of feed 
intake. Kirchgessner et al. ( 1995 ) reported that as 
milk yield increases, methane emitted per unit of 
milk yield decreases. By feeding animals ad libi-
tum, it is possible to both maximise effi ciency 
and reduce methane emission per unit of product. 
This is because as intake increases, the methane 
emission associated with the essential, but non- 
productive, requirements for maintenance is 
diluted. By improving animal production effi -
ciency, emissions per unit product can be reduced 
by 25–75 % depending on animal management 
practices (Bowman et al.  1992 ). In addition, 
improved productivity can allow managers to 
reduce the size of the herd necessary to produce a 
certain quantity of product (O’Mara  2004 ); (b) 
nutritional manipulation: as described above, 
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decreasing dietary fi bre and increasing starch and 
lipid will reduce methane emission. Generally, 
diets of higher digestibility have these character-
istics. Generally, dairy cows were given feeds of 
increasing digestibility to achieve the same level 
of milk production. The animals would have 
eaten less of the higher digestibility diets and 
thus produced less total methane and reduced 
methane emitted per unit of milk produced. 
Improving the nutritive value of the feed given to 
grazing animals by balancing the diet with con-
centrates, or by breeding-improved pasture 
plants, should result in reduced methane emis-
sion; and (c) metabolic effi ciency by production- 
enhancing agents: production-enhancing agents 
are available for use to increase production effi -
ciency in cattle. Bovine somatotropin (bST) for 
dairy cows is a naturally occurring growth hormone 
produced by the pituitary gland. Recombinant 
bST, an identical molecule, is produced biotech-
nologically and has been shown to increase milk 
production in US dairy cows. In general, the use 
of bST leads to an increase in milk production of 
10–20 %, and therefore, animal numbers can be 
reduced to lower total enteric emissions (Clemens 
and Ahlgrimm  2001 ). Johnson et al. ( 1996 ) esti-
mated that the use of bST to improve US dairy 
cattle productivity could result in decreased CH 4  
emissions (% of GEI) by about 9 %.  

22.5.1.4     Grazing Management 
 Implementing proper grazing management prac-
tices to improve the quality of pastures will 
increase animal productivity and lower CH 4  per 
unit of product. McCaughey et al. ( 1997 ) 
observed that CH 4  production was greatest for 
steers continuously grazing at low stocking rates 
(1.1 steer ha–1; 306.7 L d–1) and least for steers 
grazing continuously at high stocking rates (2.2 
steers ha–1; 242.2 L d–1). At higher stocking 
rates, forage availability and intake are low. 
When pastures were rotationally grazed, stocking 
rates had no effect on CH 4  production (L d–1) 
(McCaughey et al.  1997 ). At low stocking rates 
(1.1 steer ha–1), CH 4  production (L ha–1 d–1) 
was 9 % lower on rotational grazing than contin-
uous grazing (McCaughey et al.  1997 ). 
Measurements of CH 4  production from grazing 

beef cows indicated a 25 % reduction in CH 4  
losses with alfalfa-grass pastures (7.1 % of GEI) 
compared to grass-only pastures (9.5 % of GEI) 
(McCaughey et al.  1999 ). Early grazing of 
alfalfa-grass pastures reduced CH 4  production (% 
GEI) by 29–45 % in steers compared to grazing 
at mid and late seasons (Boadi et al.  2004 ). In 
most productive husbandry systems, the herbage 
digestibility tends to be maximised by agricul-
tural practices such as frequent grazing and use 
of highly digestible forage cultivars. 
Consequently, in these systems, the primary fac-
tor which modifi es the C fl ux returned to the soil 
by excreta is the grazing pressure, which varies 
with the annual stocking rate, i.e. mean number 
of livestock units per unit area (Soussana et al. 
 2004 ). Secondary effects of grazing on the C 
cycle of a pasture include: (1) the role of excretal 
returns which, at a moderate rate of grazing 
intensity, could favour nutrient cycling and 
increase primary production, especially in 
nutrient- poor grasslands (De Mazancourt et al. 
 1998 ) and (2) the role of defoliation intensity and 
frequency and of treading by animals, which both 
reduce the leaf area and then the atmospheric 
CO 2  capture.  

22.5.1.5     Improving Nutrition 
 Methane production was reduced (−7 % and 
−40 %) by increasing DMI and the proportion of 
concentrate in the diet (Rowlinson et al.  2008 ; 
Kingeston-Smith et al.  2010 ). The use of more 
digestible forage (less mature and processed for-
age) resulted in a reduction of methane produc-
tion (−15 % and −21 %). Methane production 
was lower with legume than with grass forage 
(−28 %). Legumes generally have higher dry 
matter intakes and produce more milk solids. 
This reduces methane emissions per unit of milk 
or meat production. Methane emissions are also 
commonly lower with higher proportions of for-
age legumes in the diet, partly because of the 
lower fi bre content, the faster rate of passage, and 
in some cases, the presence of condensed tannins 
(CTs) (Beauchemin et al.  2008 ). Forage quality 
has a signifi cant impact on enteric CH 4  emissions 
(Ulyatt et al.  2002 ; Sejian et al.  2011b ). There is 
also evidence that using clovers and grasses with 
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high water-soluble carbohydrates (WSC) in 
animal diets can directly reduce methane emissions 
(Lovett et al.  2004 ). It has been demonstrated that 
increasing the WSC content in perennial ryegrass 
by 33 g/kg reduces methane production in vitro 
by 9 % (Rowlinson et al.  2008 ). Also, increasing 
the proportion of concentrate in the diet will gen-
erally reduce rumen pH and as methanogens are 
pH sensitive; this will also tend to reduce meth-
ane emission. The proportion of concentrate 
within the diet has been reported to be negatively 
correlated with methane emissions (Lovett et al. 
 2005 ; McAllister and Newbold  2008 ). An 
increase in feeding level also was reported to 
induce lower CH 4  losses. This is caused mainly 
by the rapid passage of feed out of the rumen 
(Mathison et al.  1998 ; Hegarty  2001 ). Grinding 
or pelleting of forages to improve the utilisation 
by ruminants has been shown to decrease CH 4  
losses per unit of feed intake by 20–40 % when 
fed at high intakes (Johnson et al.  1996 ). The 
lowered fi bre digestibility, decreased ruminally 
available organic matter and faster rate of pas-
sage associated with ground or pelleted forages 
can explain the decline in CH 4  production 
(Le-Liboux and Peyraud  1999 ). In summary, 
there are several promising strategies to reduce 
methane emissions through forage selection, but 
these need further investigation, particularly at a 
whole-farm level.  

22.5.1.6     Improved Grassland 
and Rangeland Management 

 Increasing the digestibility of cell walls in forages 
has been suggested as a means to lower CH 4  losses, 
but in fresh grass and grass silage, the scope of this 
approach appears to be rather limited. There is evi-
dence that fresh grass results in lower CH 4  losses 
than grass silage, but no direct comparisons exist 
between fresh grass and grass silage. Mainly for-
age diets are often supplemented with sugar-based 
concentrates to provide a rapidly available source 
of energy for the rumen microbes or to increase the 
palatability of the diet DM and hence stimulate the 
digestibility (Mills et al.  2001 ). CH 4  production in 
ruminants tends to increase with maturity of for-
age fed, and CH 4  yield from the ruminal fermenta-

tion of legume forages is generally lower than the 
yield from grass forages (McAllister et al.  1996 ; 
Moss et al.  2000 ). Shifting the animals from grass 
to legume plant species tends to decrease the 
enteric emission due to lower proportion structural 
carbohydrates and faster rate of passage which 
shifts the fermentation pattern towards higher pro-
pionate production (Johnson and Johnson  1995 ). 
Continuous grazing of improved pasture managed 
with a high stocking rate (2.2 steers ha-1) resulted 
in 21 % lower daily CH 4  emissions as compared to 
the low stocking rate (1.1 steers ha-1) when mea-
sured as emissions per animal per day, but these 
differences were not evident when measured as 
emissions per unit gain or as % GEI (McCaughey 
et al.  1997 ).  

22.5.1.7     Longevity/Extended 
Lactation 

 Extended lactation can reduce the energy demand 
of cows and methane by approximately 10 %. 
Extended lactation has other benefi ts, such as 
reducing peak workload; cow health problems 
(due to less calving) and less heifer replacements 
are required. Milk in the extended lactation phase 
is higher in milk solids, making the milk more 
valuable per litre and there may be price incen-
tives for milk produced outside peak supply 
months. Extended lactation is always considered 
as an option for herd, and selected breeds suited 
for extended lactation. The longer the cows stay 
in a herd, the lower the number of replacements 
required, and thus, the lower the total farm meth-
ane emissions. An example of a 100-cow farm is 
where the average number of lactations varies 
from 2.5 to 5. It is assumed that dairy cow emis-
sions are 118 kg/year, while the rearing of a 
replacement heifer to calve at 2 years old results 
in methane emissions of 100 kg. This shows that 
total farm emissions of CH 4  from enteric fermen-
tation decline from 15,800 to 13,800 kg/year 
(0.127 less) as the average number of lactations 
increases from 2.5 to 5. This does not factor in 
the higher yield of the older cows which would 
further reduce emissions per kg of milk. Thus, 
any measures which reduce involuntary culling 
should be encouraged.   
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22.5.2     Nutritional Interventions 

 Methanogenesis is essential for an optimal per-
formance of the rumen because it avoids hydro-
gen accumulation, which would lead to inhibition 
of dehydrogenase activity involved in the oxida-
tion of reduced cofactors. Fermentation is an oxi-
dative process, during which reduced cofactors 
(NADH, NADPH, FADH) are reoxidised (NAD1, 
NADP1, FAD1) through dehydrogenation reac-
tions releasing hydrogen in the rumen. As soon 
as produced, hydrogen is used by methanogenic 
archaea, a microbial group distinct from 
 Eubacteria , to reduce CO 2  into CH 4  according 
to the depicted equation. Acetate and butyrate 
production results in a net release of hydrogen 
and favours CH 4  production, while the propio-
nate formation is a competitive pathway for 
hydrogen use in the rumen. It was established 
that CH 4  production can be calculated from stoi-
chiometry of the main volatile fatty acid (VFA) 
formed during fermentation (Demeyer and Fievez 
 2000 ). The metabolic pathways involved in 
hydrogen production and utilisation as well as 
the methanogenic community are important fac-
tors that should be considered when developing 
strategies to control CH 4  emissions by ruminants. 
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 utilisation towards pathways producing 
alternative end products benefi cial for the animal 
and/or an inhibition of the methanogenic archaea 
(numbers and/or activity). Table  22.2  describes 
the potential mitigation strategies to reduce 
enteric methane emission.

22.5.2.1       Feeding Management 
 Feeding management is one of the most impor-
tant strategies for CH 4  mitigation in ruminants. 
An integrated approach that considers the rumen 
microbiota, the animal and the diet seems the 
best approach to fi nd a long-term solution for 
reducing enteric CH 4  production by ruminants. 
Both the amount of digestible nutrients ingested 
and the composition of the diet were found to be 
major factors governing methane production 

(Blaxter and Clapperton  1965 ). The developed 
equations (Yates et al.  2000 ), demonstrate that 
increasing the energy density of the diet (e.g. by 
increasing ratio of concentrates to forage) 
decreases methane production per unit of digest-
ible energy ingested. Increasing energy density 
also increases productivity, thereby also contrib-
uting to decreased carbon per unit of product.  

22.5.2.2     Inducing Acetogenesis 
and Feeding Probiotics 

 Reductive acetogenesis is a natural mechanism of 
hydrogen utilisation that coexists with methano-
genesis in the gastrointestinal tract of many ani-
mals. This pathway is also the dominant one in 
several hindgut-fermenting mammals (human, 
rabbit, hamster, rat) but also in foregut ferment-
ing such as kangaroos (Klieve and Joblin  2007 ). 
The fi nal product of the reaction, acetate, has the 
additional advantage of being a source of energy 
for the animal. However, in the rumen environ-
ment, acetogens are less numerous and less effi -
cient than methanogens in the competition for 
reducing equivalents. This is probably because 
acetogens need a higher concentration of hydro-
gen in the medium to reduce CO 2  into acetate 
than that required for methanogens to reduce CO 2  
into CH 4 . In addition, the former reaction is ther-
modynamically less favourable (Weimer  1998 ). 
Attempts to increase the natural rumen popula-
tion of acetogens have been assayed but without 
success (Van Nevel and Demeyer  1996 ). The use 
of acetogens as probiotics has also been tested by 
several authors with and without the addition of 
methanogen inhibitors to favour competition 
(Nollet et al.  1998 ; Lopez et al.  1999 ). Live yeast, 
the most commonly used probiotic in ruminant 
production, has not been extensively tested for 
their effect on CH 4  production (Chaucheyras- 
Durand et al.  2008 ). The few reports available 
used strains selected for effects other than CH 4  
reduction, and the results are contradictory 
(Doreau and Jouany  1998 ; Chaucheyras-Durand 
et al.  2008 ).  

22.5.2.3     Defaunation 
 Defaunation is the complete removal of protozoa 
from the rumen ecology and consequently 
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reduces methane release by 20–30 % (Kreuzer 
et al.  1986 ). Association and cross-feeding 
between ruminal protozoa and archaea have been 
established and are the basis for suggesting 
defaunation as a CH 4  mitigation strategy. 
Defaunation also markedly increases the total 
bacterial number, whereas it reduces the number 
of methanogens which may be due to the loss of 
preferable colonisation sites for them at which 
they associated ecto- and endosymbiotically with 
protozoa. Ruminal protozoa may also play an 
important role in methane production, particu-
larly when cattle are fed high-concentrate diets. 
Ruminal methanogens have been observed 
attached to protozoal species suggesting possible 
interspecies hydrogen transfer. However, the 
response in CH 4  production to partial or complete 
defaunation has been variable. Morgavi et al. 
( 2010 ) calculated 10 % decrease in CH 4  produc-
tion due to defaunation, but the data from that 
study were extremely variable. Research with 
beef cattle reported no effect on rumen methano-
gen abundance despite a 65 % difference in pro-
tozoal numbers between a high-forage and a 
high-starch, lipid-supplemented diet (Popova 
et al.  2011 ). Similarly, a 96 % reduction in rumi-
nal protozoa had no effect on methanogenic 
archaea in dairy cows treated with lauric acid 
(Hristov et al.  2011 ). Apart from lauric acid and 
coconut oil (Hristov et al.  2009 ,  2011 ; Hollmann 
and Beede  2012 ), and some vegetable oils with a 
high proportion of unsaturated fatty acids 
such as linseed (Doreau and Ferlay  1995 ), there 
have been no effective and practical defauna-
ting agents tested comprehensively in vivo. 
Defaunation of the rumen of cattle fed a barley 
diet decreased methane production by approxi-
mately one half (Whitelaw et al.  1984 ). However, 
defaunation of animals receiving high-forage 
diets (Itabashi et al.  1984 ) did not reduce 
methane losses.  

22.5.2.4     Mitigation Through 
Chemical Inhibitors 

22.5.2.4.1    Nitrates 
 Leng ( 2008 ) provided a comprehensive review of 
the earlier literature on nitrates. Recent research 
with sheep (Nolan et al.  2010 ; Van Zijderveld 

et al.  2010 ) and cattle (Van Zijderveld et al.  2011 ; 
Hulshof et al.  2012 ) has shown promising results 
with nitrates decreasing CH 4  production by up to 
50 %. Nitrate persistently decreased CH 4  produc-
tion from lactating dairy cows during 4 succes-
sive 24-day periods (Van Zijderveld et al.  2011 ). 
In a short-term study, addition of 22 g nitrate/kg 
DM in the diet reduced methane emission by 
32 % in Nellore×Guzera beef steers fed with 
sugarcane- based diets. However, in practice, the 
use of nitrate should be limited to diets naturally 
low in protein, in which addition of an NPN 
source is favourable (Hulshof et al.  2012 ). 
Nitrates may serve as a terminal electron acceptor 
and therefore may behave as alternate hydrogen 
sink and can be converted to ammonia and used 
in the rumen as a source of nitrogen. Nitrates 
(NO 3 ) themselves are not very toxic, but nitrites 
(NO 2 ), which they are converted to, are toxic. 
The nitrate and nitrite along with CO 2  are the 
hydrogen acceptors in the rumen. Microorganisms 
are able to increase nitrate reductase activity in 
the rumen three to fi ve times the normal values, 
with 3–5 day acclimatisation period, but toxicity 
at larger dose limits its application. The harmful 
effect is due to the oxidising properties of nitrite, 
whereby blood haemoglobin is converted into 
methaemoglobin, which is a poor oxygen carrier, 
resulting in anoxia in the animals. This methae-
moglobin can be decreased by the β 1-4 galacto- 
oligosaccharides which are also proved to be 
methane inhibitors (Sar et al.  2004 ).  

22.5.2.4.2    Sulphates 
 In the rumen, sulphate is reduced to sulphide. 
As hypothesised for marine sediments, sulphate- 
dependent methane oxidation with the use of 
methane and/or acetate is thermodynamically 
more favourable in anaerobic conditions like 
rumen. Sulphate-reducing bacteria (SRB) in the 
large intestine of human and pig outcompete 
those of methanogenic bacteria (MB) and thus 
reduce methane production. As free sulphate lev-
els in digesta appear to affect the relationship 
between MB and SRB, sulphate levels in the 
rumen are likely to be insuffi cient for SRB to out-
compete MB. Stoichiometric calculations show 
that reducing methane emissions in a sheep by 
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50 % would require ingestion of 0.75 moles of 
sulphate or nitrate per day. Adding sulphate to 
the diet of sheep also reduced CH 4  production, 
and when both nitrate and sulphate were added, 
the effect on CH 4  production was additive (Van 
Zijderveld et al.  2010 ).  

22.5.2.4.3    Organic Acids 
 Fumaric and malic acids, the direct metabolic 
precursors of propionate, have also been studied 
as alternative hydrogen sinks in the rumen 
(Molano et al.  2008 ; Foley et al.  2009 ; Van 
Zijderveld et al.  2011 ). Inclusion of malic and 
fumaric acids or their sodium salts or the inter-
mediates of carbohydrate degradation in diets 
results in shifting rumen fermentation towards 
propionate and hence less methane production 
(Castillo et al.  2004 ). Addition of sodium fuma-
rate consistently decreased methane production 
in vitro by 2.3–41 % (Ungerfeld et al.  2007 ). 
Similarly, malate, which is converted to fumarate 
in rumen, stimulated propionate formation and 
also inhibited methanogenesis in some in vitro 
studies (Carro and Ranilla  2003 ; Tejido et al. 
 2005 ), although other studies have failed to fi nd 
clear reductions of methanogenesis in vitro 
(Gómez et al.  2005 ; Ungerfeld and Forster  2011 ). 
In vivo effects of adding organic acids such as 
fumarate, aspartate and malate or oxaloacetate to 
the diet on methane mitigation are quite variable 
(Ungerfeld et al.  2003 ; McGinn et al.  2004 ). 
Wood et al. ( 2009 ) noted 60–76 % reductions in 
methane emissions by supplementing fumarate at 
100 g/kg to growing lambs, while Foley et al. 
( 2009 ) observed the reductions of only 6 % and 
16 %, when the diet of beef heifers was supple-
mented with malic acid at 37.5 and 75 g/kg, 
respectively. In contrast, no effects of fumaric or 
malic acid on methane emissions were observed 
in other studies (Beauchemin and McGinn  2006 ; 
Foley et al.  2009 ). The effect of organic acid sup-
plementation on methane reduction appears to be 
infl uenced by the roughage to concentrate ratio 
and the type of cereal grain being fed in diet 
(Carro and Ranilla  2003 ; Gómez et al.  2005 ; 
Tejido et al.  2005 ). Newbold and Rode ( 2005 ) 
tested 15 potential precursors of propionate, 
including pyruvate, lactate, fumarate, acrylate, 

malate and citrate in short-term batch cultures. 
Sodium acrylate and sodium fumarate produced 
the most consistent effect decreasing CH 4  pro-
duction by 8–17 %. Free acids rather than salts 
were more effective in reducing CH 4 .  

22.5.2.4.4    Ionophores 
 Among ionophore antibiotics, monensin is the 
most studied in ruminants, besides lasalocid, sali-
nomycin, nigericin and gramicidin. Monensin 
specifi cally targets bacteria producing H 2  and for-
mate. It reduces the amount of H 2  available for 
methanogenic bacteria and attaches to the cell 
membrane of ruminal bacteria and protozoa, 
resulting in a decrease in the proportion of acetate 
relative to propionate in the rumen and thereby 
effectively lowering CH 4  production by up to 
76 % in vitro and to an average of 18 % in vivo 
(Van Nevel and Demeyer  1996 ; Hristov et al. 
 2003 ). However, the inhibitory effect on methane 
production appears to be dose dependent. Odongo 
et al. ( 2007 ) reported that feeding monensin to 
dairy cows (24 mg/kg diet) caused 7 % reduction 
in methane compared to control animals and the 
reductions sustained for 6 months with no adapta-
tion detected. In a meta-analysis of 22 controlled 
studies, monensin (given at 32 mg/kg DM) 
reduced CH 4  emissions by 19 ± 4 g/animal/day 
( P  < 0.001) in beef steers (Appuhamy et al.  2013 ). 
The corresponding reductions in dairy cows were 
6 ± 3 g/animal/day ( P  = 0.065) for monensin given 
at 21 mg/kg DM. Overall, the conclusion of that 
analysis was that monensin had stronger anti-
methanogenic effect in beef steers than in dairy 
cows (mostly fed forage- based diets), but the 
effects in dairy cows can be improved by dietary 
modifi cations and increasing monensin dose. 
Another meta-analysis has shown a consistent 
decrease in acetate: propionate ratio with monen-
sin addition in high grain diets fed to beef cattle 
(Ellis et al.  2012 ), which may lead to a reduction 
in CH 4  emission per unit of feed. Hook et al. 
( 2009 ) observed that long- term (up to 6 months) 
monensin supplementation did not affect either 
the number or diversity of methanogens in the 
rumen of dairy cows, confi rming that monensin is 
able to suppress methanogenesis through an indi-
rect effect on methanogens which may be due to 
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inhibition of protozoa, which produce hydrogen 
and are colonised by methanogens. Ionophores 
inhibit Gram- positive microorganisms responsi-
ble for supplying methanogens with substrate for 
methanogenesis and reduce protozoal numbers 
(Hook et al.  2009 ). There can be a risk that iono-
phores get absorbed from rumen and reach animal 
products (i.e. meat or milk). So, it has been banned 
in the European Union since January 2006 and it 
is being currently strongly questioned in many 
countries.  

22.5.2.4.5    Halogenated Compounds 
 Halogenated methane analogues such as BCM, 
chloral hydrate, amichloral, 2-bromoethane sul-
phonate, chloroform and cyclodextrin are highly 
effective at reducing methane production, though 
methanogen species differ in their responsiveness 
(McAllister and Newbold  2008 ; Mitsumori et al. 
 2011 ; Knight et al.  2011 ). Though these com-
pounds can be highly effective, the effect of these 
chemicals is transitory with no signifi cant long- 
term reduction in methane production (McAllister 
and Newbold  2008 ). The BCM can inhibit meth-
anogenesis by reacting with coenzyme B, which 
functions at the last step of the methanogenic 
pathway. Recently, Abecia et al. ( 2012 ) con-
fi rmed the methane-reducing effects of BCM in 
lactating dairy goats and reported a 33 % reduc-
tion with no effect on rumen bacteria, protozoa 
and methanogens. Some compounds such as bro-
mine analogue of coenzyme M were potent meth-
ane inhibitors in vitro, but the inhibition was not 
persistent in vivo, suggesting adaptation of meth-
anogenic populations (van Nevel and Demeyer 
 1995 ). An adaptation of methanogens to quater-
nary ammonium compounds has also been dem-
onstrated (Tezel et al.  2006 ). Data by Knight 
et al. ( 2011 ) showed an immediate and dramatic 
drop in CH 4  production in dry cows administered 
with chloroform; however, CH 4  production grad-
ually increased to about 62 % of the pretreatment 
levels by day 42, suggesting adaptation to chloro-
form by the rumen ecosystem, but in contrast, the 
effect of BCM appeared to persist in the studies 
by Tomkins et al. ( 2009 ) and Abecia et al. ( 2012 ). 
However, a banned compound, such as BCM (an 
ozone-depleting agent), cannot be recommended 

as a CH 4  mitigating agent, but compounds with 
similar mode of action could be developed.  

22.5.2.4.6    Prebiotics 
 In ruminants, the role of prebiotics has not yet 
been quantifi ed, but they are used in rumen 
manipulation along with nitrate and probiotics 
and had potential to reduce methane production. 
They are speculated to enhance the propionate 
production by stimulating  Selenomonas , 
 Succinomonas  and  Megasphaera  with simultane-
ous inhibition of acetate producers such as 
 Ruminococcus  and  Butyrivibrio  (Mwenya et al. 
 2004 ). Administration of galacto-oligosaccharide 
(GOS) supplementation decreased nitrite accu-
mulation in rumen and plasma and nitrate- 
induced methaemoglobin while retaining low 
methane production. Eleven percent reduction in 
methane emission (litres/day) in GOS- 
supplemented diet compared to control diet has 
been reported (Zhou et al.  2004 ). Inclusion of 
GOS increased propionate production and 
decreased CH 4  (Santoso et al.  2004 ).  

22.5.2.4.7    Nitro compounds 
 Growth of nitro-metabolising bacterium 
 Denitrobacterium detoxifi cans  was supported by 
the electron acceptors such as 3-nitropropanol, 
3-nitropropionate, nitrate, 2-nitropropanol, nitro-
ethane, nitroethanol or 3-nitro-1-propyl-β-D-
glucopyranoside (miserotoxin). These less toxic 
nitro compounds may have the potential to be 
used as an alternative to decrease CH 4  production 
in ruminants (Gutierrez-Banuelos et al.  2007 ; 
Brown et al.  2011 ). In the presence of the appro-
priate nitro compound, formate, lactate and H 2  
served as electron donors of  D. detoxifi cans . 
Nitroethane is a potent anti-methanogenic com-
pound on three gastrointestinal microbial sources 
(i.e. chicken ceca, bovine rumen and ovine 
rumen). Nitroethane has been safely adminis-
tered to cattle and has the potential to serve as an 
alternative electron acceptor within the rumen 
(Anderson et al.  2003 ). More recently, the effect 
of 3-nitrooxypropanol (3NP) and ethyl-3- 
nitrooxypropanol on rumen fermentation and 
methane emission has been studied using Rusitec 
fermenters and in in vivo trials (Haisan et al. 
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 2013 ; Martinez-Fernandez et al.  2013 ). The 3NP 
compound decreased CH 4  production per unit of 
DMI in sheep in respiration chambers (24 % 
reduction; Martinez-Fernandez et al.  2013 ) and 
dairy cows using the SF 6  technique (a dramatic 
60 % decrease; Haisan et al.  2013 ).   

22.5.2.5     Mitigation Through Forage 
Feeding 

 Lucerne hay decreases CH 4  emissions by 21 % 
(Benchaar et al.  2001 ) when expressed as % of 
digestible energy. McCaughey et al. ( 1999 ) 
observed that beef cattle reared on grazing 
decrease 10 % CH 4  production by unit of product 
when grasses were replaced by a mixture of 
lucerne and grasses (70: 30). The authors con-
cluded that this was due to the higher intake 
observed for lucerne-fed animals, which was 
related with a higher digestibility rate and an 
increased passage of feed particles out of the 
rumen. This effect on methanogenesis is not a 
characteristic of all legumes; for instance, clover 
(white and/or red) did not differ from ryegrass on 
CH 4  emissions of growing cattle (Beever et al. 
 1989 ) or dairy cows (Van Dorland et al.  2007 ). 
Several authors have shown that including tannin- 
rich legumes (sainfoin, lotus, sulla) and shrubs in 
the diet contributes to a decrease in methanogen-
esis due to the presence of condensed tannins 
(Waghorn et al.  2002 ). Forage preservation and 
processing also affect enteric CH 4  production, 
but limited information with regard to these 
effects is available in the literature. 
Methanogenesis tends to be lower when forages 
are ensiled than when they are dried and when 
they are fi nely ground or pelleted than when 
coarsely chopped (Beauchemin et al.  2008 ).  

22.5.2.6     Dietary Lipids 
 Vegetable and animal lipids are also considered 
useful in terms of reduced rumen methanogene-
sis (Beauchemin et al.  2007 ; Brask et al.  2013 ). 
Ten to 25 % reduction of methane may be achiev-
able through the addition of dietary oils to the 
diets of ruminants (Beauchemin et al.  2008 ). 
Possible mechanisms by which added lipid can 
reduce methane production include: (a) by reduc-
ing fi bre digestion (mainly in long-chain fatty 

acids), (b) by lowering dry matter intake (if total 
dietary fat exceeds 6–7 %), (c) through direct 
inhibition of activities of different microbes 
including methanogens, (d) through suppression 
of rumen protozoa and (e) to a limited extent, 
through biohydrogenation of unsaturated fatty 
acids (Beauchemin et al.  2008 ; Eckard et al. 
 2010 ). The addition of different oils (soya, coco-
nut, canola, linseed, rapeseed, sunfl ower, etc.) to 
ruminant diets has been shown to reduce methane 
production between 18 % and 62 % in Rusitec 
fermenters (Dohme et al.  2000 ), sheep (Ding 
et al.  2012 ), beef cattle (O’Mara  2004 ; McGinn 
et al.  2004 ; Beauchemin and McGinn  2006 ) and 
dairy cows (Hristov et al.  2009 ; Sejian et al. 
 2011b ; Brask et al.  2013 ). Copra meal gives com-
parable decreases in CH 4  to refi ned coconut oil 
(Jordan et al.  2006 ). 

 Comparison of the effects of different fatty 
acids revealed that lauric, myristic and linoleic 
acids were the most potent reducers of methano-
genesis (Jordan et al.  2006 ; Ding et al.  2012 ), and 
the ability of lauric acid to decrease cell viability 
of  Methanobrevibacter ruminantium  has been 
recently reported by Zhou et al. ( 2013 ). A wide 
range of essential oils (derived from garlic, 
thyme, oregano, cinnamon, rhubarb, frangula, 
etc.) has been shown to decrease methane pro-
duction in vitro in a dose-dependent manner, but 
at high doses, the decrease in methanogenesis 
was accompanied by adverse effects on fermen-
tation such as reduction in VFA production and 
feed digestibility (Busquet et al.  2005 ; Patra and 
Yu  2012 ). The lack of response in vivo is partly 
attributed to the adaptation of microbes (Bodas 
et al.  2012 ) but also to the use of lower doses 
compared to those in the in vitro experiments. 
Ohene-Adjei et al. ( 2008 ) also do not exclude the 
possibility of infl uence of essential oils in the 
activity of methane-producing genes.  

22.5.2.7     Concentrate 
Supplementation 

 Increasing the level of concentrate in the diet 
leads to a reduction in CH 4  emissions as a pro-
portion of energy intake or expressed by unit of 
animal product (milk and meat). Methane losses 
appear relatively constant for diets containing up 
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to 30–40 % concentrate (6–7 % of GE intake) 
and then decrease rapidly to low values (2–3 % 
of GE intake) for diets containing 80–90 % 
 concentrate (Lovett et al.  2005 ; Martin et al. 
 2007 ). Replacing structural carbohydrates from 
forages (cellulose, hemicellulose) in the diet 
with nonstructural carbohydrates (starch and 
sugars) contained in most energy-rich concen-
trates is associated with increases in feed intake, 
higher rates of ruminal fermentation and acceler-
ated feed turnover, which results in large modifi -
cations of rumen physio-chemical conditions 
and microbial populations. This results in a 
lower CH 4  production because the relative pro-
portion of ruminal hydrogen sources declines 
whereas that of hydrogen sinks increases. 
Concerning the effect of the nature of concen-
trate on methanogenesis, few direct comparisons 
have been carried out. Concentrates rich in starch 
(wheat, barley, maize) have a more negative 
effect on CH 4  production than fi brous concen-
trates (beet pulp).  

22.5.2.8     Propionate Enhancers 
 Within the rumen, hydrogen produced by the fer-
mentation process may react to produce either 
methane or propionate. By increasing the pres-
ence of propionate precursors (e.g. pyruvate, 
oxaloacetate, malate, fumarate, citrate, succinate, 
etc.), more of the hydrogen is used to produce 
propionate and methane production is reduced 
(O’Mara  2004 ). Moreover, the stoichiometric 
balance of VFA, CO 2  and CH 4  indicates that 
acetate and butyrate promote CH 4  production 
whereas propionate formation conserves H 2 . 
Therefore, when CH 4  production is decreased, 
propionate production is increased. Propionate 
precursors can be introduced as a feed additive 
for livestock receiving concentrates. The propio-
nate precursor malate also occurs naturally in 
grasses, and research is being conducted to iden-
tify affordable natural sources, e.g. alfalfa and 
engineered feedstocks with high concentrations 
of propionate precursors. As propionate precur-
sors naturally occur in the rumen, they are likely 
to be more readily acceptable than antibiotic or 
chemical additives.   

22.5.3     Manipulation of Rumen 
Microbial Ecosystem 

22.5.3.1     Direct-Fed Microbials 
 Direct-fed microbials (DFM) used in ruminant 
nutrition are yeast-based products (YP). The 
notion of using YP to mitigate CH 4  production 
has been discussed (Newbold and Rode  2006 ), 
but with the exception of some exciting and 
unconfi rmed in vitro results (Chaucheyras et al. 
 1995 ), convincing animal data to support this 
concept are lacking. There have also been other 
attempts to inoculate the rumen with fungi 
( Candida kefyr ) and lactic acid bacteria 
( Lactococcus lactis ) along with nitrate supple-
mentation to both control methanogenesis and 
possibly prevent nitrite formation, but no consis-
tent animal data have been reported (Takahashi 
 2011 ). 

22.5.3.1.1    Yeast Culture 
 Yeast cultures reduce methane production in 
three ways: (1) by reducing protozoa numbers, 
(2) by increasing butyrate or propionate produc-
tion and (3) by stimulating acetogens to compete 
with methanogens or to co-metabolise hydrogen, 
thereby decreasing methane formation (Mwenya 
et al.  2004 ; Chaucheyras et al.  2008 ). However, 
only limited information is available on the 
effects of yeasts (i.e.  Saccharomyces cerevisiae  
and  Aspergillus oryzae ) on methane production, 
and most of the studies were conducted in vitro. 
Carro et al. ( 1992 ) reported that supplementing 
Rusitec fermenters with  S. cerevisiae  reduced 
methane production and protozoa numbers with a 
50:50 forage-concentrate diet, but no effects were 
observed with a 70:30 forage-concentrate diet, 
which would indicate that effects of probiotics 
may be diet dependent.  

22.5.3.1.2    Methane Oxidisers 
 Methane-oxidising bacteria (methanotrophs) 
could also be introduced as direct-fed microbial 
preparations. The oxidation reaction would com-
pete with the production of methane, which is a 
strictly anaerobic process. Methanotrophs are a 
unique group of methylotrophic bacteria, which 
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utilise methane as their sole carbon and energy 
source (Hanson and Hanson  1996 ). Methane 
 oxidisers from gut and non-gut sources could be 
screened for their activity in rumen.   

22.5.3.2     Use of Bacteriocins 
 Bacteriocins are antimicrobial proteinaceous 
polymeric substances that are ubiquitous in 
nature and produced by a variety of Gram- 
negative and Gram-positive bacteria. They are 
typically narrow-spectrum antibacterial sub-
stances under the control of plasmid and play a 
role in competition among microbial species for 
niches within the rumen system. McAllister and 
Newbold ( 2008 ) reported that bacteriocins could 
prove effective in directly inhibiting methano-
gens and redirecting H 2  to other reductive bacte-
ria, such as propionate producers or acetogens. 
The most well-known bacteriocin is nisin. Nisin 
obtained from  Lactobacillus lactis  ssp.  lactis  has 
also been shown to decrease methane production 
in vitro. It is nearly as potent a methane inhibitor 
as monensin, and it was just as effective in 
decreasing the acetate to propionate ratio and has 
been reported that 36 % methanogenesis was 
reduced by the use of nisin (Callaway et al.  1997 ). 
A combination of nisin and nitrate, an alternative 
electron receptor, has been reported to reduce 
methane emissions in sheep (Sar et al.  2005 ). 
Bovicin HC5, the semi-purifi ed bacteriocin pro-
duced by  Streptococcus bovis  HC5 from the 
rumen, has been reported to suppress methane 
production by 50 % in vitro (Lee et al.  2002 ; 
Sang et al.  2002 ), and even low concentration of 
bovicin HC5 (128 activity units ml −1 ) may be 
equally as useful as monensin in limiting meth-
ane production in the rumen (Lee et al.  2002 ). 
Mantovani and Russell ( 2002 ) suggested that 
bovicin HC5 inhibited a variety of Gram-positive 
bacteria and the spectrum of activity was similar 
to monensin. Recently, highly specifi c antibacte-
rial activity of PRA-1 produced by  Lactobacillus 
plantarum  TUA1490L against methanogens was 
reported by Asa et al. ( 2010 ). The methane con-
tent was observed to decline with pediocin, 
enterocin and combinations of both after 24 h 
incubation. Some bacteriocins produced by 
lactic acid bacteria have been identifi ed as an 

alternative group of antimicrobials for manipulation 
of the rumen microbial ecosystem and character-
ised biochemically and genetically (Chen and 
Hoocver  2003 ).  

22.5.3.3     Fungal Metabolites 
 Secondary fungal metabolites from  Monascus  
spp. reduced enteric methane emissions in sheep 
by 30 % in a short-term trial. Reduction of 
methane was accompanied, both in vitro and 
in vivo, by a shift in VFA pathways, decreasing 
the acetate to propionate ratio. The main micro-
bial modifi cations observed were reduction in 
methanogen numbers, suggesting a specifi c and 
toxic effect on this microbial group. Methane 
emissions and the acetate to propionate ratio 
remained numerically less in the 2 weeks post-
treatment as compared with measures before 
treatment (Morgavi et al.  2013 ).  

22.5.3.4     Methane-Reducing Species 
  Mitsuokella jalaludinii  has been demonstrated as 
an effi cient methane-reducing agent in the rumen 
by competing with methanogens for hydrogen, 
necessary for growth by both (Mamuad et al. 
 2012 ). Moreover,  Mitsuokella jalaludinii  may 
not only decrease gas production in livestock but 
also improve ruminal fermentation and, in turn, 
improve feed effi ciency. This may suggest that 
the favourable relationship between better feed 
effi ciency and lower methane production may 
be due to an increased ability to reduce methane 
in the rumen as opposed to lower abundance of 
actual methanogenic species.   

22.5.4     Phage Therapy 

 The lytic potential of phages and their genes 
make them an important tool for methane mitiga-
tion strategies. In contrast to nearly 300 phage 
genomes, only six archaeal phages are sequenced 
and described, and just four of them are from 
methanogens:  Methanobacterium  phage psi M1, 
M2 and M100 (Pfi ster et al.  1998 ) and also 
 Methanothermobacter  phage psi M100 (Luo 
et al.  2001 ). Little information is currently available 
on the genetic blueprint and gene functionality of 
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archaeal, particularly methanogenic, phages, but 
more are being discovered using electron 
microscopy and in vitro techniques. McAllister 
and Newbold ( 2008 ) reported siphophages that 
can infect methanogens ( Methanobacter , 
 Methanobrevibacter  and  Methanococcus  spp.), 
although these phages have not been isolated 
from rumen. Metagenomic surveys are expected 
to reveal the presence of embedded prophages 
and phage-like elements that would have other-
wise remain unnoticed. An unanticipated out-
come from sequencing the  M. ruminantium  
genome was the discovery of prophage φ-mru 
having 69 phage-related proteins (Leahy et al. 
 2010 ). A gene encoding a putative lytic enzyme 
was identifi ed, expressed and shown to lyse  M. 
ruminantium . Such lytic enzyme is a potentially 
useful bio-controlling agent for manipulating 
rumen methanogenic populations (Leahy et al. 
 2010 ). Phages are host- and even strain-specifi c, 
so phage-based methane mitigation strategies 
could be developed without affecting other phy-
logenetically distinct microbes in the rumen. 
However, hosts and phages are also known to be 
involved in a rapid evolutionary race as the host 
changes to avoid infection and the phage changes 
to maintain infectivity. In combination with the 
application of other phage enzymes and struc-
tural components, a rotation system can be envi-
sioned that may overcome the rapid adaptation 
mechanisms of microbes to phage challenges. 
More methanogenic phages need to be identifi ed, 
sequenced and characterised to identify and 
employ such phage-based methane mitigation 
strategies.  

22.5.5     Secondary Plant Metabolites 

 This category includes a variety of plant second-
ary metabolites (PSM), specifi cally tannins and 
saponins, which have been extensively studied 
for their CH 4  mitigating potential (Staerfl  et al. 
 2012 ; Bhatta et al.  2012 ,  2013a ). As a separate 
chapter addresses the role of PSM in this book, 
only the salient features of PSM are being dis-
cussed in this chapter. 

22.5.5.1     Tannins 
 Tannins are plant polyphenols of varying molec-
ular size and exist in two forms in plants: hydro-
lysable and condensed tannins (CT). Tannins as 
feed supplements or as tanniferous plants have 
often, but not always (Beauchemin et al.  2007 ), 
shown potential for reducing CH 4  emission by up 
to 20 % (Zhou et al.  2011 ; Staerfl  et al.  2012 ). A 
meta-analysis of in vivo experiments with tan-
nins by Jayanegara et al. ( 2012 ) reported a rela-
tively close relationship between dietary tannin 
concentration and CH 4  production per unit of 
digestible organic matter. According to Goel and 
Makkar ( 2012 ), the anti-methanogenic effect of 
tannins depends on the dietary concentration and 
is positively related to the number of hydroxyl 
groups in their structure. These authors con-
cluded that hydrolysable tannins tend to act by 
directly inhibiting rumen methanogens, whereas 
the effect of condensed tannins on CH 4  produc-
tion is more through inhibition of fi bre digestion. 
The mechanism to decrease methanogenesis 
seems to vary with the nature of CT, as Bhatta 
et al. ( 2013b ) observed that  Ficus benghalensis  
and  Artocarpus integrifolia  reduced methane 
production due to defaunation, but  Azadirachta 
indica  reduced methanogenesis by a direct effect 
on methanogens, whereas feeding up to 2 % of 
the dietary DM as quebracho tannin extract failed 
to reduce enteric methane emissions from grow-
ing cattle (Beauchemin et al.  2007 ).  

22.5.5.2    Saponins 
 Saponins are naturally occurring surface-active 
glycosides with foaming characteristics, occur-
ring in many plant species. They usually consist 
of a sugar moiety linked to a hydrophobic com-
pound, either triterpenoid or steroid in nature 
(Francis et al.  2002 ). Saponins reduce methane 
production via inhibition of either protozoa or 
methanogens or both. These inhibited protozoa at 
relatively low concentrations, whereas higher 
concentrations were required to kill or suppress 
methanogenic archaea (Wina et al.  2005 ; Goel 
et al.  2008 ). Saponins are considered to have 
detrimental effects on protozoa through their 
binding with cholesterol present on the protozoal 
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cell membrane leading to its disruption, breakdown, 
lysis and fi nally cell death (Francis et al.  2002 ). 
Because of their anti-protozoal activity, saponins 
might have the potential to reduce CH 4  as proto-
zoa have both an ecto- and endosymbiotic 
relationship with methanogens, and methano-
gens associated with protozoa are estimated to be 
responsible for 9–37 % of the total CH 4  produc-
tion in the rumen (McAllister and Newbold 
 2008 ). Anti-methanogenic activity of saponins is 
believed to occur by limiting hydrogen availability 
to methanogens and rechannelling of metabolic 
hydrogen from methane to propionate production 
in the rumen (Wina et al.  2005 ). In addition, 
saponins, due to their chemical structure, may 
display antibacterial properties by reducing the 
number of bacteria producing H 2  thus resulting in 
the inhibition of H 2  production—a substrate for 
methane formation (Wang et al.  2009 ).   

22.5.6     Immunisation for Reducing 
Enteric Methane Mitigation 

 Host immunisation offers a diverse and eco- 
friendly solution to the problems associated with 
animal health. Therefore, developing vaccines 
against methanogens appears to be an alternative 
and attractive approach for extensive production 
systems. Vaccines against rumen archaea are 
based on the concept of a continuous supply of 
antibodies to the rumen through saliva. The vaccine 
also works by triggering an animal’s immune 
system to produce antibodies against methano-
genic bacteria that live in the rumen of the ani-
mal. Wright et al. ( 2004 ) developed two vaccines, 
VF3 (based on three methanogenic strains 1Y, 
AK-87 and ZA-10) and VF7 (based on seven 
methanogens), that produced a 7.7 % reduction 
in methane emissions from sheep, despite target-
ing only a minority (20 %) of methanogens pres-
ent within these host animals. Moreover, in 
Europe up to 23 % ruminal methane emission 
reduction was reported (Wedlock et al.  2010 ). 
They also created a vaccine based on fi ve metha-
nogens ( Methanobrevibacter  spp. strains 1Y, 
AK-87,  M. millerae  ZA-10,  Methanomicrobium  
mobile BP and  M. stadtmanae  MCB-3) that was 

administered in three vaccinations to sheep 
(Williams et al.  2009 ). Surprisingly, immunisa-
tion with this second vaccine caused methane 
output to increase by 18 %, despite the fact that a 
larger proportion of the methanogenic population 
(52 %) was targeted. Vaccines against archaea 
have been successful in vitro (Wedlock et al. 
 2010 ) but not in vivo (Wright et al.  2004 ; 
Williams et al.  2009 ). Vaccines prepared from 
New Zealand and Australian methanogen strains 
proved unsuccessful in reducing CH 4  production 
in ewe lambs (Clark et al.  2004 ). Thus, further 
work is needed to optimise the individual com-
ponents of these vaccines such that the most 
potent methanogens are specifi cally targeted. 
Researchers believe that anti-methanogenic vac-
cines will only yield the short-term reductions in 
methanogens and/or methanogenesis, due to the 
possible proteolytic degradation and low persis-
tence of host antibodies in rumen (Cook et al. 
 2008 ; Lascano and Cárdenas  2010 ). Vaccination 
of sheep with entodinial or mixed protozoa anti-
gens reduced protozoa, and the released IgG anti-
bodies against rumen protozoa remained active 
and continued to bind the target cells up to 8 h 
(Williams et al.  2008 ). Vaccines targeting single 
surface antigens may not be effective, as metha-
nogenic archaea differ largely based on their 
host, diet as well as geographical regions. A new 
vaccine has been developed using subcellular 
fractions (cytoplasmic and cell wall-derived 
protein) of  M. ruminantium  M1 (Wedlock et al. 
 2010 ). Twenty sheep were vaccinated, then 
booster doses were given after 3 weeks and the 
antisera were found to agglutinate and decrease 
the growth of archaeal methanogens and methane 
production in vitro. The in vivo effi cacy of the 
vaccine on methanogens is yet to be evaluated. 
New approaches have involved identifi cation of 
genes encoding specifi c membrane-located 
proteins from  M. ruminantium  and using purifi ed 
proteins (produced in  Escherichia coli ) as anti-
gens to vaccinate sheep (Buddle et al.  2011 ). 

 In another approach, antisera were generated 
in sheep against subcellular fractions from 
 M. ruminantium , which reduced microbial growth 
and CH 4  production in vitro (Wedlock et al. 
 2010 ). Sequencing the genome of  M.  ruminantium   
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has opened new opportunities for inhibition of 
rumen methanogens and the potential to mitigate 
ruminant CH 4  emissions (Leahy et al.  2010 ). 
Based on liquid chromatography mass spectrom-
eter, it was reported that most of the proteins 
were intracellular enzymes, particularly methyl- 
coenzyme M reductase, and these intracellular 
proteins would not be suitable as vaccine anti-
gens owing to their inaccessibility for antibody 
binding. Since there is growing database for 
the genome sequences of rumen methanogens, 
the possibility of finding new target antigens/
proteins using comparative and pangenomics 
analysis has increased. Furthermore, extensive 
research is needed to identify adjuvants that stimulate 
high titre of antibody and are suitable for formu-
lating with protein antigens to produce a low-cost 
and effective vaccine. However, the vaccine-based 
inhibition method will have to pass the regulatory 
systems to guarantee animal health. 

 A team of researchers at Commonwealth 
Scientifi c and Industrial Research Organisation 
(CSIRO) in Australia have made an application 
for a worldwide patent for a method of improving 
the productivity of a ruminant animal by admin-
istering to the animal an immunogenic prepara-
tion effective to invoke an immune response to at 
least one rumen protozoan. The removal of one 
species of protozoan from the rumen will invoke 
the improvements in productivity associated with 
defaunation. It is also believed that by modifying 
the activity of the rumen protozoan, there will be 
an indirect effect on the activity of methanogens, 
due to their commensal relationship with rumen 
protozoa. Data from this work are not yet pub-
lished, but it is anticipated that methane produc-
tion could be reduced by as much as 70 %. The 
anti-methanogen vaccine is under development 
by CSIRO in Australia. A number of experimen-
tal vaccine preparations were given to sheep. The 
studies have shown that up to a 20 % reduction in 
methane production is possible, but the observed 
reductions are dependent on diet, climate and 
time of year. To date, sheep have been used as the 
experimental animal because of the ease of use 
and availability. Methane production was reduced 
by 11–23 % in vaccinated animals. CSIRO’s 
next task is to develop a vaccine and test its 
effectiveness in cattle.  

22.5.7     Modelling of GHG 
in Livestock Farm 

 Livestock undoubtedly need to be a priority focus 
of attention as the global community seeks to 
address the challenge of CC. The magnitude of 
the discrepancy between estimates illustrates the 
need to provide the CC community and policy-
makers with accurate emission estimates and 
information about the link between agriculture 
and climate. Improving the global estimates of 
GHG attributed to livestock systems is of para-
mount importance. This is not only because we 
need to defi ne the magnitude of the impact of 
livestock on CC but also because we need to 
understand their contribution relative to other 
sources. Estimates of GHG emission through 
experiments under different production system is 
practically impossible and with growing aware-
ness of global warming and its continuous nega-
tive impact on agricultural production system 
demands immediate mitigation strategies to cur-
tail such emissions. In this context, simulation 
models offer a great scope to predict accurately 
the GHG emission in farm as a whole (Sejian 
et al.  2011c ). Such information will enable effec-
tive mitigation options to be designed to reduce 
emissions and improve the sustainability of the 
livestock sector while continuing to provide 
livelihoods and food for a wide range of people. 
A synthesis of the available literature suggests 
that the mechanistic models are superior to 
empirical models in accurately predicting the 
CH 4  emission from dairy farms (Sejian and Naqvi 
 2012 ). The latest development in prediction model 
is the integrated farm system model which is a 
process- based whole-farm simulation technique 
(Chianese et al.  2009 ; Rotz et al.  2009 ).   

22.6     Amelioration Strategies 
to Improve Livestock 
Production Under Changing 
Climate Scenario 

 Livestock producers have traditionally adapted 
to various environmental and climatic changes 
by building on their in-depth knowledge of the 
environment in which they live. However, the 
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expanding human population, urbanisation, 
environmental degradation and increased con-
sumption of animal source foods have rendered 
some of those coping mechanisms ineffective 
(Sidahmed  2008 ). Since CC 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 performance (Sejian et al.  2012b ). 

22.6.1     Physical Protection 

 Physical protection with artifi cial or natural 
shade presently offers the most immediate and 
cost-effective approach for enhancing the pro-
ductive and reproductive effi ciency of animals 
(Sejian  2013 ). Evaporative cooling also can be 
effective. Various shade management systems 
have been evaluated extensively and generally 
result in improved feed intake and productivity. 
Sprinkling animal in the morning is more effec-
tive than sprinkling in the afternoon. Certainly, it 
is recommended to start cooling strategies prior 
to animal showing signs of heat stress (panting). 
Sprinkling of pen surfaces may be as much or 
more benefi cial than sprinkling the animal. 
Cooling the surface would appear to provide a 
heat sink for animal to dissipate body heat, thus 
allowing animal to better adapt to environmental 
conditions than adapting to being wetted. In han-
dling studies, moving animal through working 
facilities requires an expenditure of energy caus-
ing an elevation of average body temperature 
between 0.5 and 1.0 °C (0.9 and 1.8 °F), depend-
ing on the ambient conditions. So during hot 
days, minimal handling of animal is recom-
mended for promoting animal comfort. Bedded 
barn facilities appear to be useful for buffering 
animal against the adverse effects of the environ-
ment under hot and cold conditions even though 
2–4 °C higher temperature as well as THI level is 
maintained within the barn when compared to 
outside conditions, possibly by the decreased air-
fl ow through the building. The use of bedded 
barns does not reduce heat stress, as measured by 
the THI, but act as a shade to decrease the solar 
heat load on the animal.  

22.6.2     Ideal Shed Requirements 

 Careful management which can alleviate heat 
stress is the best way to maintain high production 
levels in lactating cows in a hot environment. 
Cattle will produce milk and reproduce more 
effi ciently if they are protected from extreme heat 
and particularly from direct sunshine. Good man-
agement includes the modifi cation of the sur-
rounding environment to reduce the impact of the 
environment and/or to promote heat loss from the 
animals (Shibata  1996 ). Thus, in tropical and 
subtropical climates, providing shade becomes 
an important factor. In many cases, the provision 
of shade may be the most economical solution of 
reducing high heat load. It is suggested that a 
well-designed shade structure should reduce the 
total heat load by 30–50 %. Although the benefi ts 
of providing shade to cattle will vary depending 
on factors such as breed, coat colour, weight, 
health and lactation status, producers may be able 
to increase production and improve pasture use 
and water quality by providing it. The amount of 
shade needed depends on the type and age of the 
cattle. Shade is a must for pasture-based grazing 
systems. It curtails heat stress, which is detrimen-
tal to cattle. Besides, if cattle are kept in a con-
fi ned area, it should be free from mud and manure 
in order to reduce hoof infection to a minimum. 
Concrete fl oors or pavements are ideal where the 
area per cow is limited. However, where ample 
space is available, an earth yard, properly sloped 
for good drainage, is adequate. The size of this 
paved area depends on the orientation of the 
shade structure. If the longitudinal axis is east to 
west, then part of the fl oor under the roof should 
be in shade all day. Extending the fl oor by 
approximately one-third of its length on the east 
and on the west results in a paved surface being 
provided for the shaded area at all times. If the 
longitudinal axis is north to south, the paved area 
must be three times the roof area, i.e. one-third to 
the east, one-third to the west and one-third 
underneath. In regions where temperatures aver-
age 30 °C or more for up to 5 h per day during 
some period of the year, the east-west orientation 
is the most benefi cial. 

 Shade cloth is typically used as the roof cover-
ing to allow air movement. Shade cloth patterns 

22 Overview on Adaptation, Mitigation and Amelioration Strategies…



386

come in various weaves providing 30–90 % 
shade. One of the more common types is a woven 
polypropylene fabric which provides 80 % shade. 
While longevity is considerably less than that 
expected of permanent structures, shade cloth if 
properly maintained (kept tight) can last 5 years 
or longer. Shade cloth is commonly available in 
black, though lighter colours refl ect more heat. 
The gable roof is more wind resistant than a sin-
gle pitch roof and allows for a centre vent. A 
woven mat of local materials can be installed 
between the rafters and the corrugated iron roof 
to reduce radiation from the steel and to reduce 
temperatures just below the roof by 10 °C or 
more. 

 Cattle generally prefer shade from trees rather 
than constructed structures. Trees are effective at 
blocking incoming solar radiation, and moisture 
evaporating from their leaves helps cool sur-
rounding air (Hahn  1981 ). Planting shade trees 
on the west side of pastures will provide protec-
tion from the afternoon sun. Feed and water can 
be located close to the existing or planned natural 
shade. Permanent shade can be provided by con-
structing barns or sheds. It is most often provided 
for dry lots and bull lots. Often in a grazing sys-
tem, permanent shade is not located where it is 
needed, and it can be costly. The size of shade 
structures varies according to climatic condi-
tions. Researchers worldwide generally recom-
mend 19–27 ft 2  of fl oor space per cow. However, 
for environments that are particularly hot and 
humid, fl oor space equivalent to 60–65 ft 2  per 
cow is recommended. Space requirements are 
essentially doubled in hot and humid climates to 
provide additional open area for improved air 
movement. 

 Air movement increases the rate of heat loss 
from a cow’s body surface, as long as the air tem-
perature is lower than the animal’s skin tempera-
ture. Fans should be tilted downward at a 20–30° 
angle (from vertical) to direct the fl ow of air onto 
the cows, and preferably they should be kept 
above the sprinklers to remove the moisture. 
Another cooling device that might be useful is 
using mist and fan system. In this cooling system, 
mist particles are sprayed onto the animal’s body 
to wet the hair. A fan is then used to evaporate the 

moisture, as a way of cooling the cows. The sin-
gle use of a sprinkling and fan system, for 30 min 
before milkings, has proved to be useful to relieve 
dairy cows’ heat stress, in terms of effi ciency to 
reduce the impact of heatwaves under a grazing 
system (Valtorta et al.  2002 ).  

22.6.3     Nutritional Interventions 

 There is a growing interest in strategically alter-
ing the diet in an attempt to improve the produc-
tion of livestock in changing climatic stress 
(Sejian  2013 ; Shinde and Sejian  2013 ). A com-
mon strategy is to increase the energy and nutri-
ent density (reduced fi bre, increased concentrates 
and supplemental fat) of the diet as feed intake is 
markedly decreased during heat stress. In addi-
tion to the energy balance concern, reducing the 
fi bre content of the diet is thought to improve the 
cow’s thermal balance and may reduce body 
temperature (FAO  2012 ). Because there is 
greater heat production associated with metabo-
lism of acetate compared with propionate, there 
is a logical rationale for the practice of feeding 
low fi bre rations during hot weather. Feeding 
more concentrate at the expense of fi brous ingre-
dients increases ration energy density and 
reduces heat increment (Sejian et al.  2012b ). 
Due to reduced feed intake, dietary protein lev-
els may need to be increased during heat stress 
(West  1999 ). However, recent recommendations 
suggest that addition of dietary crude protein, 
more specifi cally rumen undegradable protein, is 
not helpful (Arieli et al.  2006 ). Increasing the 
amount of dietary fat has been a widely accepted 
strategy within the industry in order to reduce 
basal metabolic heat production. The heat incre-
ment of fat is over 50 % less than typical forages, 
so it is seemingly a rational decision to supple-
ment additional lipid and reduce fi bre content of 
the diet. 

 Water intake is vital for milk production (milk 
is ~87 % water) and also essential for thermal 
homeostasis. This stresses the importance of 
water availability. Keeping water tanks clear of 
feed debris and algae is a simple and cheap strat-
egy to help cows remain cool and improve pro-
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duction (Baumgard and Rhoads  2007 ). Further, 
dietary supplementation with either lipoic or 
dihydrolipoic acid may improve heat tolerance 
and animal performance during heat stress by 
enhancing insulin action. However, the effective-
ness of lipoic acid supplementation to alter glu-
cose availability may be dependent on the 
magnitude and duration of heat stress events 
(Hamano  2012 ). 

22.6.3.1    Mineral Supplementation 
 Unlike humans, bovines utilise potassium (K + ) as 
their primary osmotic regulator of water secre-
tion from sweat glands. As a consequence, K +  
requirements are increased (1.4–1.6 % of DM) 
during the heat stress, and this should be adjusted 
for in the diet. In addition, dietary levels of 
sodium (Na + ) and magnesium (Mg + ) should be 
increased as they compete with K +  for intestinal 
absorption (West  2002 ). Among micronutrients, 
zinc is one of the most important in the body 
(Stefanidou et al.  2006 ). At the cellular level, 
zinc is essential for cell proliferation and survival 
and contributes to genomic stability and antioxi-
dant defence. Zinc is a potent inducer of Hsp70 in 
cell culture (Hatayama et al.  1993 ), which is 
indispensable for adaptation (Voellmy  2004 ). 
Besides, chromium has proved its importance 
during thermal stress. Chromium facilitates insu-
lin action on glucose, lipid and protein metabo-
lism. Because glucose use predominates during 
heat stress, chromium supplementation may 
improve thermal tolerance or production in heat- 
stressed animals (Spears et al.  2012 ).  

22.6.3.2    Antioxidant 
Supplementation 

 Nutritional tools such as antioxidant feeding (vit. 
A, selenium, zinc, etc.) and ruminant-specifi c 
live yeast can help. Studies have shown that addi-
tion of antioxidant in diets of sheep is able to 
reduce heat stress and is a good strategy to pre-
vent mastitis, optimise feed intake and reduce the 
negative impact of heat stress on milk produc-
tion. Moreover, the use of antioxidant such as vit. 
E, vit. A, selenium and selenium-enriched yeast 
helps in reducing the impact of heat stress on the 
oxidant balance, resulting in improved reproduc-

tive effi ciency (Sejian et al.  2014 ). Both vitamin C 
and vitamin E protect the biological membranes 
against the damage of reactive oxygen species 
(ROS). The role of vitamin E as an inhibitor—
“chain blocker”—of lipid peroxidation has been 
well established (Seyrek et al.  2004 ). Vitamin C 
along with electrolyte supplementation has also 
been reported to ameliorate the heat stress in buf-
faloes (Sunil Kumar et al.  2010 ).   

22.6.4     Disease Surveillance 
Measures 

 Adaptation assessments are designed to identify 
options to reduce the current and projected health 
risks attributable to CC by preventing exposures 
to weather and climate hazards, reducing the con-
sequences of exposure and/or reducing vulnera-
bilities. Assessing the potential infectious disease 
risks of CC also requires considering the non- 
climatic factors that drive their incidence and dis-
tribution, including demographics, 
socio-economic development, land use, urbanisa-
tion, technology and the political and health-care 
context (Weiss and McMichael  2004 ; Suk and 
Semenza  2011 ). There is an urgent need for pub-
lic health and health care to develop adaptation 
strategies for the impacts of CC on infectious dis-
eases (Zhang et al.  2008 ; Paaijmans et al.  2010 ). 

 One of the most critical obstacles to improv-
ing our understanding of climate-disease link-
ages is the lack of high-quality epidemiological 
data on disease incidence for many locations. 
Greater attention should be focused on areas 
where climate-sensitive diseases are often found 
or where outbreaks that appear to be weather 
related are more severe and more diffi cult to pre-
dict. Increased understanding of disease-climate 
linkages should permit public health workers to 
begin to shift focus from “surveillance and 
response” to a more proactive approach of “pre-
diction and prevention”. Adaptive capacity can 
be improved through better surveillance if the 
resulting data are made available in a timely fash-
ion and appropriate manner. 

 Age- and cause-specifi c mortality surveil-
lance offers a baseline for recognising what is 
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 considered “normal” and allows recognition of 
unusual mortality periods or locations. Such 
death data have served as the basis for analysis of 
extreme weather events that occur over days to 
weeks. Floods, heatwaves and “cold snaps” are 
examples. Historical surveillance data permit 
evaluation of how these extreme weather periods 
may have resulted in deaths above what would 
have been expected for that time and place. 
Modern computing power is also being used to 
improve surveillance through geographical infor-
mation systems (GIS) and spatial statistical anal-
yses. More and more countries are using simple, 
low- cost GIS for management and mapping of 
their data. The health map programme of the 
World Health Organization (WHO) helps coun-
tries use GIS systems with standardised indica-
tors to enhance comparability. These computer 
programs allow data entry and analysis at the 
local level and can be transmitted electronically 
to higher levels without loss of detail. When 
available, such data may be relevant to under-
standing the pattern of various diseases, depend-
ing on their transmission pattern and other 
relationships. Other kinds of surveillance data, 
derived from satellite images (remote sensing 
data), are often included in GIS and spatial statis-
tical analyses that contribute to disease surveil-
lance and pattern analysis. Another important 
contemporary surveillance method involves use 
of acute-care networks that employ innovative 
software for detecting known risks and unex-
pected events. These measures will ensure timely 
intervention of sudden disease outbreaks of live-
stock that might occur as a result of CC.  

22.6.5     Advanced Reproductive 
Technologies 

 Infertility in the male caused by heat stress can be 
eliminated through the utilisation of artifi cial 
insemination (AI) with semen collected and fro-
zen from males in cool environments. In females, 
the situation is more complicated; embryo trans-
fer (ET) represents a method analogous to AI in 
that embryos can be collected from nonstressed 
cows and transferred to heat-stressed recipients 

(Rutledge  2001 ). ET can be an effective fertility- 
enhancing strategy for the heat-stressed cow 
because most of the effects of heat stress to 
reduce fertility occur before the blastocyst stage 
of development when embryos are typically 
transferred. It may also be possible to remove 
damaged follicles from the ovary by transvaginal 
aspiration to hasten the recovery period after heat 
stress. Estrus induction techniques offer the 
opportunity to induce fertile estrus in noncyclic 
animals to increase fertility. Different treatments 
have been utilised to induce estrus, such as pros-
taglandin, gonadorelin and progestagen. Better 
results have been obtained using progesterone- 
impregnated intravaginal device (PRID) plus 
pregnant mare serum gonadotropin (PMSG) and 
prostaglandin. Stem cell research in livestock is 
still in its infancy, and a number of technical hur-
dles need to be overcome before the full potential 
of research and therapeutic use can be realised. 
Induced differentiation of stem cells towards 
male and female gametes can be exploited for 
combating infertility problems. The embryo pro-
duction and transfer technique is immensely use-
ful in the production of embryonic stem cells and 
transgenic animals. It shall be highly useful to 
improve effi ciency of this technology and study 
basic mechanisms involved in it using modern 
molecular and proteomics approaches. 

 Administrations of hormonal preparations 
have found to be more benefi cial for improving 
reproductive effi ciency in livestock. Pregnancy 
rate can also be improved in the summer and 
autumn in primiparous cows by the use of 
gonadotropin- releasing hormone and prostaglan-
din F2α to generate three consecutive 9-day fol-
licular waves beginning at 50–60 days in milk 
(Friedman et al.  2011 ). The gonadotropin- 
releasing hormone (GnRH) administered at 
estrus onset is found more effective in primipa-
rous cows and during the summer in increasing 
conception rate in cows with low body condition 
scores at AI (Kaim et al.  2003 ). In particular, 
administration of either follicle-stimulating hor-
mone (FSH) or somatotropin during one estrous 
cycle in the autumn improves oocyte quality in 
the subsequent cycle (Roth et al.  2002 ). Among 
its many actions, insulin-like growth factor-1 
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(IGF-1) can protect cells from various forms of 
stress including elevated temperature. In particu-
lar, administration of IGF-1 to bovine embryos 
produced in vitro reduced the magnitude of 
effects of elevated temperature on inhibition of 
development and apoptosis (Jousan and Hansen 
 2004 ,  2007 ). Probably the easiest way to increase 
IGF-1 concentrations in lactating cows is to 
administer bovine somatotropin (bST). Sakatani 
et al. ( 2004 ) indicated that treatment of cows with 
bST can increase pregnancy rates of cows bred 
via timed AI, increase the survivability of 
embryos recovered from donors and increase the 
pregnancy rate of recipients treated with bST. ET 
offers the opportunity to expose embryos directly 
to IGF-1. Transfer of in vitro-produced embryos 
that were cultured with IGF-1 into heat-stressed, 
lactating recipients resulted in increased preg-
nancy and calving rates as compared to transfer 
of in vitro-produced embryos cultured without 
IGF-1 (Block and Hansen  2007 ).  

22.6.6     Thermal Tolerance Genes 
in Livestock 

 Given the complexity of the traits related to adap-
tation to tropical environments, the discovery of 
genes controlling these traits is a very diffi cult 
task. One obvious approach of identifying genes 
associated with acclimation to thermal stress is to 
utilise gene expression microarrays in models of 
thermal acclimation to identify changes in gene 
expression during acute and chronic thermal 
stress. Another approach will be with single gene 
deletions exposed to a defi ned thermal environ-
ment. This permits the identifi cation of those 
genes that are involved in key regulatory path-
ways for thermal resistance and thermal sensitiv-
ity. Finally, gene knockout models in single cells 
will also allow better delineation of the cellular 
metabolic machinery required to acclimate to 
thermal stress. Those genes identifi ed as key to 
the process of thermal acclimation will then need 
to be mapped to their chromosomal location, and 
the sequences of these genes will need to be deter-
mined in order to see if there are single- nucleotide 
polymorphisms (SNPs) that are associated with 

changes in the coding for gene expression or pro-
tein function. Identifi cation of SNPs that are 
associated with variation in animal resistance or 
sensitivity to thermal stress will permit screening 
of animal’s presence or absence of desirable or 
undesirable alleles. However, further research is 
needed to quantify the genetic antagonism 
between adaptation and production traits to eval-
uate the potential selection response. 

 Studies evaluating genes identifi ed as partici-
pating in the cellular acclimation response from 
microarray analyses or genome-wide association 
studies have indicated that heat-shock proteins 
are playing a major role in adaptation to thermal 
stress. In mammalian cells, nonlethal heat 
shock produces increased thermotolerance 
through enhanced expression of heat-shock 
genes. Additional genes of interest which two or 
more studies have identifi ed are the genes for 
fi broblast growth factor, solute carrier proteins, 
interleukins and tick-resistance genes. Genes 
which have only been identifi ed by microarray 
analysis but not by genome-wide association 
studies include genes associated with cellular 
metabolism (phosphofructokinase, isocitrate 
dehydrogenase, NADH dehydrogenase, glycos-
yltransferase, transcription factor and mitochon-
drial inositol protein). Other genes of importance 
were thyroid hormone receptor, insulin-like 
growth factor II and annexin. Genes repressed in 
response to the environmental stress are mostly 
concerned with translation of genes for cytoplas-
mic ribosomal protein, DNA polymerase I, II 
and III, transcription, t-RNA synthetases, pro-
teins required for processing ribosomal RNA 
and a subset of translation initiation factors. The 
identifi cation of the variety of CER genes 
involved in stress responses suggests that these 
responses are aimed at production of additional 
energy (ATP), maintenance of environment as 
well as the repression of protein synthesis to 
ensure energy conservation and minimise unnec-
essary burden on the part of the cell. Marker-
assisted selection (MAS) programme may be 
clubbed with appropriate breeding programme 
involving these thermotolerant genes to produce 
animals which have superior adaptive capability 
to environmental extremes.   
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22.7     Conclusion 

 Climate change is seen as a major threat to the 
survival of many species, ecosystems and the 
sustainability of livestock production systems in 
many parts of the world. Livestock production 
is thought to be adversely affected by detrimen-
tal effects of extreme climatic conditions. 
Consequently, adaptation and mitigation of 
detrimental effects of extreme climates have 
played a major role in combating the climatic 
impact in livestock production. In fact, the ani-
mals can adapt to the hot climate; nevertheless, 
the response mechanisms are helpful for survival 
but are detrimental to performance. Hence, for-
mulating mitigation strategies incorporating all 
requirements of livestock is the hour of need to 
optimise productivity in livestock farms. This 
chapter also elaborates on different adaptive 
strategies that need to be given due consideration 
to prevent huge economic losses incurred due to 
climate change impact on livestock productivity. 
Further, this chapter details the issues of less-
than-perfect information on climate impacts and 
vulnerabilities and need for better informed deci-
sions on “resilient adaptation” by merging adap-
tation, mitigation and amelioration strategies. It 
offers new perspectives for policymakers, institu-
tions, societies and individuals on improved ways 
of identifying most at-risk communities and 
“best practices” of coping with current climate 
variability and extreme climate events. With the 
development of molecular biotechnologies, new 
opportunities are available to characterise gene 
expression and identify key cellular responses to 
environmental stresses that arise due to climate 
change. These new tools will enable to improve 
the accuracy and the effi ciency of selection for 
heat tolerance in livestock.  

22.8     Future Perspectives 

 Adaptation to CC is an integral part of agricultural 
production now and will become more important 
in the future as the impacts of CC become more 
evident. In developing a strategy for adapting to 

CC, one key challenge is dealing with uncertainty. 
Signifi cant uncertainty relates to the nature and 
extent of regional CC impacts, impacts across 
agricultural industries and impacts over time. 
The challenge for governments and agricultural 
industry stakeholders is to deal with these uncer-
tainties through further research and the develop-
ment of policies and farm management approaches 
that are fl exible enough to deal effectively with a 
range of potential CC outcomes. 

 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 holistic 
understanding of pastoral resource management. 
The key thematic issues on environment stress 
and livestock production includes: early warning 
system, multiple stress research, simultaneous 
simulation models, water experiments, exploita-
tion of genetic potential of native breeds, suitable 
breeding programme and nutritional intervention 
research. Livestock farmers should have key 
roles in determining what adaptation and mitiga-
tion strategies they support if these have to sustain 
livestock production in changing climate. The 
integration of new technologies into the research 
and technology transfer systems potentially 
offers many opportunities to further the develop-
ment of CC adaptation strategies. 

 With the development of molecular biotech-
nologies, new opportunities are available to char-
acterise gene expression and identify key cellular 
responses to environmental stresses that arise due 
to CC. These new tools will enable to improve 
the accuracy and the effi ciency of selection for 
heat tolerance in livestock. Substantial efforts are 
also needed to identify specifi c genes associated 
with tolerance and sensitivity to heat stress. 
Continued research evaluating genomic and 
proteomic approaches to improve reproductive 
performance and nutritional status of heat stress 
animals is also warranted. Also, further researches 
are required to quantify the genetic antagonism 
between adaptation and production traits to eval-
uate the potential selection response. Epigenetic 
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regulation of gene expression and thermal 
imprinting of the genome could also be an effi -
cient method to improve thermal tolerance.     
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Abstract

Shelter design of different livestock needs suitable modifications to prevail 
climate change infliction. Thermal stress alleviation, methane mitigation 
and optimisation of space requirements are major shelter design consider-
ations for livestock in the climate change scenario. In this perspective, the 
chapter deals with considerations and some suggested modifications in 
flooring, roofing, heat stress alleviation and waste management and dis-
ease prevention aspects of housing of different livestock. In cattle barns, 
the thermal conductivity of floor, ventilation aspects and other thermal 
properties of different roofs and roofing materials, temperature humidity 
index (THI)-based wetting and other important thermal stress alleviation 
techniques and measures to reduce methane emission through proper 
waste management are relevant in the context. In pigsties, flooring, roof, 
thermal stress aspect, disease prevention and waste management aspects 
need careful considerations. Proper designing of goat units not only averts 
production loss but also optimises space utilisation and prevents diseases 
ensuring maximum production. Rabbit and poultry are highly susceptible 
to stress, especially due to climatic variations, and the success of rabbit 
and poultry farming mostly depends on congenial macro- and micro-envi-
ronments and the effectiveness of the ameliorating measures taken to 
reduce the stress factors. The integration of different livestock through 
suitable designs will ensure food security, reduce stress and help in carbon 
recycling. Innovative, integrated and self-sufficient shelter designs for cli-
mate change adaption of animal agriculture can be achieved through mul-
tidisciplinary approach.
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Fig. 23.1  Thematic representation of shelter design 
considerations for livestock

23.1	 �Introduction

Climate change is projected to be a major threat 
for survival of many species and ecosystems and 
for the viability and sustainability of livestock 
production (Frankham 2005). All productive 
traits of livestock will be affected by climate 
(Nardone et al. 2006). One of the biggest chal-
lenges faced by researchers today is to increase 
the livestock production in the context of climate 
change (Collier et  al. 2006). Livestock produc-
tion is already compromised in tropical belt due 
to thermal stress, and the risk is further expected 
to increase in the climate change scenario due to 
detrimental effects of environmental heat stress 
on animal welfare and production (Bernabucci 
and Lacetera 2010). The perils of thermal stress 
on animal productivity are a matter of concern in 
other agro-ecological zones of the world also due 
to the projected global climate change scenario. 
Developing appropriate cost-effective technolo-
gies for climate change mitigation, and sustain-
ing the livestock productivity are very important 
in the current context.

Proper housing design is of paramount 
importance in reducing stress in livestock. 
Environmental aspect of housing the farm ani-
mals is necessarily multidisciplinary. An under-
standing of the housing needs of the animals can 
be derived from physiological, physical and 
behavioural studies, and this needs to be over-
lapped with meteorological data and economic 
considerations for arriving at proper designs. The 
design of suitable ameliorative interventions 
draws on information and principles from the 
applied physical disciplines such as engineering 
(Clark 1981).

The livestock, especially the ruminants, are 
incriminated for the increasing greenhouse gas 
(GHG) levels in the atmosphere, so the designs 
should also consider efforts to mitigate methane. So 
apart from stress reduction, design consideration 

to mitigate methane through proper waste man-
agement is also important. Another major consid-
eration in futuristic livestock housing design is 
the fact that human population continues to 
increase especially in tropical areas of the globe 
causing shrinkage of availability of arable land. 
Consequently, animal agriculture in these areas 
needs to expand (Renaudeau et al. 2008). But the 
crux of the problem is that, as there is space con-
straint, we need to innovate to produce more in 
the limited space available without causing stress 
to animal.

The climate change-related modifications 
needed in the housing design differ between dif-
ferent livestock, but the general considerations 
are the same. This chapter is therefore aimed at 
providing the essentials of shelter design consid-
erations which reduce stress in different livestock 
species, optimise space and look at wastes as 
unutilised wealth to mitigate methane and help in 
carbon recycling (Fig. 23.1). The economic lev-
els of millions of farmers of tropical world have 
been taken into consideration while suggesting 
these designs.
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23.2	 �Shelter Design for Cattle 
in a Climate Change 
Perspective

Dairy sector is the most important subsidiary of 
livestock sector. Imperfect modelling and wrong 
choice of materials in housing design had resulted 
in cumulative loss in production as evident from 
change in total milk yield in different climatic 
conditions. Hence considering the climate change 
trend, dairy housing system needed scientific 
design considerations to improve comfort level 
for optimising production (Suraj 2011).

23.2.1	 �Flooring Design Modifications

Flooring is one of the most important compo-
nents of animal housing as far as animal health 
and welfare are concerned. Different flooring 
materials are being used for different types of 
livestock over the world. In dairy animals, the 
most common flooring material used is cement 
concrete. Though concrete flooring has many 
advantages like durability, thermal conductivity 
and strength, there are some obvious disadvan-
tages like slippery nature, hardness which reduces 
animal comfort, conformational defects and inju-
ries on hoof leading to increased incidence of 
laminitis. Cows on concrete have greater odds of 
developing or exacerbating existing heel erosion 
than cows on rubber flooring, and the odds of 

becoming lame are greater for concrete-exposed 
cows than those on rubber (Vanegas et al. 2006).

Proper flooring management and design is criti-
cal for the effective control of production parame-
ters, cow health, longevity and comfort. Many 
studies have investigated the bedding preferences 
of dairy cows by comparing different types of floor 
structures (Lendelova and Pogran 2003). Results of 
similar experiments indicate that cows prefer stalls 
with softer, elastic, dry and slip resistant floors.

The long-term effect of the use of rubber mat 
as flooring material in animal sheds in the hot 
humid tropical climate has not been scientifically 
proven. The lying cow is in direct body contact 
with the floor for 12–14 h per day (Lendelova and 
Pogran 2003). Gupta et al. (2004) compared three 
types of housing systems, viz. loose house having 
asbestos roof and cemented floor, loose house 
with mud blaster roof and village-type closed 
barn with kuchha floor for buffalo heifers during 
winter, and found that the morning rectal tem-
perature was higher in village-type closed barn 
with kuchha floor than cemented floor.

An animal lying on a cool wet surface will 
have greater conductive heat transfer depending 
on the thermal conductance of the substrate as 
well as the temperature gradient and magnitude 
of the area of contact relative to the total surface 
area. In a study conducted in Kerala, a tropical 
humid state in India, by Prasad et  al. (2013), it 
was inferred that the rubber mat floor had signifi-
cantly higher temperature than concrete floor 
during the daytime (Fig.  23.2). Though rubber 
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mat flooring has many obvious advantages, its 
effect on thermolysis, animal comfort and physi-
ological significance in hot humid conditions has 
to be explored by further research.

23.2.2	 �Roof and Roofing Materials

As in any other animal housing, the structure 
design and materials used for roof are extremely 
important in environmental control of the indoors. 
The roof structure should provide sufficient 
shade, preventing direct solar radiation from 
entering the shed. The roof should allow maxi-
mum natural ventilation to assist cooling and gas 
exchange between the interior and exterior. In a 
study in Kerala (India), it was observed that 
majority of cattle sheds had tiled roofing (32 %). 
The use of tin sheet was 22 %, asbestos 19 %, 
coconut palm leaves (thatched) 12 %, aluminium 
sheet 7 % and concrete 3 % (Fig. 23.3).

Roof materials suggested should have insulating 
capacity. When metallic or conducting materials 
are used, the upper side should be reflective. 
Aluminium sheets are found to be reflective to 
solar radiation and are reasonably durable. But in 
small holder production systems of the tropical 
world, the cheap and easily available local mate-
rials like palm leaves and dried grass should be 
the material of choice. Efforts are needed to 
increase the durability of these materials.

23.2.3	 �Diurnal Variation in Thermal 
Comfort Inside and Outside 
the Shed

An important facet in dairy cattle stress manage-
ment in the tropics is the difference in diurnal varia-
tion in temperature between outside and inside of 
cattle sheds. Even though the roof is providing the 
much-needed shade during the daytime, it also has 
the ill effect that it increases the indoor temperature 
during the night time when compared to the outside 
temperature. This increases the stress of the animal 
during night. In the climate change scenario where 
nights are predicted to be hotter, this may hamper 
the chance of the dairy cattle for its physiological 
recuperation in the night. This fact is illustrated 
here by an experiment conducted in a cattle shed by 
keeping temperature humidity loggers inside and 
outside during the high-thermal stress period. 
Inside–outside analysis resulted in accurately mea-
suring the difference in temperature, RH and THI 
over a 24  h period (Fig.  23.4). The temperature 
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outside the cattle shed was found to be lower 
between the time points 17:41 h and 7:48 h. The 
maximum difference was found to be at the time 
point of 6:21  h. The relative humidity on other 
hand was found to be higher during the above said 
timings. The outside THI was found to be lower 
between the time points 17:13 h and 7:43 h. The 
maximum difference was obtained at the time point 
6:07 h.

So it may be assumed that allowing the animal 
to paddocks during early hours of the day or 
designing movable roof structures may become a 
necessity in future. We have already stated that an 
average THI difference of two is significant in 
terms of thermal comfort in cattle, this huge dif-
ference has to be profitably used in the manage-
ment of cattle through proper design. This finding 
is in perfect conformity with the works of 
Thiagarajan (1989) who investigated the effects 
of housing and feeding on growth and production 
of B. taurus × B. indicus cross-bred cattle. He 
considered the beneficial effects of open air con-
ditions in hot humid tropical environment and 
advised to practise loose housing system in hot 
humid tropical environment in which cattle had 
continuous access to open paddock shaded by 
trees. Under the hot humid conditions, high wind 
velocity in the open seems to favour the cows 
considerably.

23.2.4	 �Thermal Stress Alleviators 
in Cattle Shed

23.2.4.1	 �Intermittent Wetting
The basic premise of ameliorative intervention 
was the classical observation of Esmay in 1978 
that humidity at the animal skin surface was 
apparently less than the saturated humidity ratio. 
This he stated was due to a lack of sufficient wet-
ting. The sweat glands of cattle are not adequate 
or at least do not provide a visibly wetted skin 
surface as with man (Esmay 1978).

It has been shown that the humidity ratio of 
water at the skin surface can be effectively 
increased by wetting with sprays or in wallows. 
Studies that provided sprays and showers for beef 
cattle obtained an average gain increase of 0.37 
and 0.22  lb per day per head for two different 

years in hot climate conditions of southern 
California. In two tests where fogging nozzles 
were used with cattle, there were no beneficial 
effects. In fact, the daily gain of the fogged group 
was slightly less than that for the control. The 
foggers may have actually increased the humidity 
ratio of the air to the point that the evaporation 
potential from the skin surface was slightly 
decreased. The application of water directly to 
the skin of animals, particularly in considerable 
quantity, also may be an effective sensible heat 
coolant by conduction (Esmay 1978).

Sweating and panting are two of the primary 
autonomic responses exhibited by cattle under 
heat stress. Sweating leads to evaporative heat 
loss from the skin surface, whereas in panting, 
sensible heat is used to heat the water vapour and 
remove heat in the form of vaporised moisture 
from the lung. When air temperature is between 
10 and 20 °C, heat loss by cutaneous evaporation 
accounts for 20–30 % of the total heat loss, but 
when the temperature is greater than 30 °C, cuta-
neous evaporation becomes the primary venue 
for heat loss, accounting for approximately 85 % 
of the total heat loss, while the rest is lost by 
respiratory evaporation (Marai et al. 2005). When 
ambient temperature equals internal body tem-
perature, sensible heat loss is zero and evapora-
tive heat loss via sweating and panting becomes 
the only available venue for heat loss. Both 
sweating and panting have the undesirable side 
effect of depleting the body’s water reserves.

A prolonged expose to a hot and dry condi-
tion or exposure to 3  h of 850 W/m2 of solar 
load caused rectal temperature to rise above 
40.0  °C and respiration rate to rise above 125 
breaths/min. Under these conditions, black or 
predominantly black cows were observed foam-
ing in the mouth, sticking their tongues out and 
drooling (Gebremedhin et  al. 2010). During 
these events, immediate intervention with water 
spray of the body helps to alleviate heat stress. 
A physiological upper limit of moisture pro-
duction, which is different for each cow, seems 
to exist. The maximum sweating rate was about 
660 g/m2 –h for dairy cows and feedlot heifers, 
and the driving force for moisture production 
seems to be skin temperature (Gebremedhin 
et al. 2010).
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23.2.4.2	 �Forced Ventilation
The rate at which air moves over the skin of an 
animal affected the rate of heat loss from the 
body surface. In hot humid environment, air 
movement was below 5 kmph. A wind speed of 
2.25 m/s was quoted as ideal in hot and dry day-
time environment, and the restoration of heat bal-
ance is encouraged by wind speeds of 
2.25–4.50  m/s after sunset. Starr (1981) stated 
that air movement generally mitigated climatic 
stress by increasing heat loss from the body, 
when the body temperature is higher than the 
ambient temperature. In the real humid regions, 
the congregation of animals reduced air circula-
tion and restricted heat loss so that the net effect 
of shade is low.

An increase in air velocity increased heat loss 
when the body temperature was higher than the 
ambient temperature. In tropical zones, the 
advection of hot air over the animal has increased 
heat stress, and in cold locations, air motion 
enhanced cold stress. In climatic zones between 
these two extremes, air movement generally miti-
gated climatic stress (Starr 1981). Ludri and 
Singh (1987) found that increased air movement 
by fans in hot and humid climate decreased the 
rectal temperature, respiration and pulse rates in 
cattle. The process of evaporative cooling is a 
complex interaction of humidity and temperature 
difference between air and skin, air velocity, and 
hair-coat characteristics such as density and 
depth. Thiagarajan (1989) reported that under the 
hot humid conditions, the higher wind velocity in 
the open paddock favoured the cows consider-
ably than the cows in the shelter. He also opined 
that under hot, humid conditions, ventilation is 
most important and animals do not need much 
elaborate housing in order to utilise beneficial 
effects of free ventilation. Calamari et al. (1995) 
reported that during a hot day at indoor air tem-
perature of above 25 °C, mechanical ventilation 
reduced the rectal temperature (P < 0.001) and 
respiratory rate (P < 0.05) and increased the milk 
yield (P < 0.05) of the cow. Barrington (1997) 
suggested that mechanical ventilation systems 
for dairy cow housing offer several advantages, 
including a more consistent milk yield, more 

effective feed conversion, more constant level of 
total solids in milk and a better environment for 
milkers. Thermal resistance decreases linearly in 
hair coat with an increase in air velocity. 
Increasing air velocity over the hair-coat surface 
from about 0.2 m/s to about 0.9 m/s raised sweat-
ing rate from about 75 g/m2 – h to about 350 g/m2 
–h, and no further increase in sweating rate 
occurred as air velocity was increased to 2.2 m/s 
(Hillman et al. 2001).

23.2.4.3	 �Combination of Intermittent 
Wetting and Forced 
Ventilation

A model incorporating these variables has been 
developed, where evaporative heat loss resulting 
from wetting the hair coat as the more effective 
means of heat loss than sweating (Kimmel et al. 
1991). Mena et al. (1993) reported that cooling 
by combination of sprinkling for 30  s followed 
by controlled aeration for 6  min reduced both 
rectal temperature and respiratory frequency. But 
both variables increased after 20–30  min when 
the cows were exposed to environmental temper-
atures after treatments. Montoya et  al. (1995) 
reported that 2.7  l of water per cow per hour 
evaporated from the cow’s hair coat, when cooled 
by fan and sprinklers. They also stated that the 
evaporation rate mainly depended on dry-bulb 
temperature and relative humidity, wind speed 
and wind direction.

Increasing ambient temperature lowers the 
temperature gradient between the animal and air 
and consequently decreases the sensible heat 
loss. Increased air velocity (between 0.5 and 
3.0 m/s) over the cow’s surface increases convec-
tive heat loss by reducing the insulation of the 
boundary layer or by reducing the insulation of 
the hair coat if the velocity is greater than 3.0 m/s 
(Berman 2004). Higher velocities penetrate into 
the hair coat and thus increase the convective heat 
loss from the fur layer and skin surface. 
Vijayakumar et al. (2009) conducted study on the 
effect of sprinkling and fan with sprinkling on the 
growth and physiological response of buffalo 
heifers during summer and found that tempera-
ture was not significantly different from each 
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other, but the afternoon temperature was signifi-
cantly different among the treatment groups. 
The difference in the rectal temperature from 
morning (9:00 h) to the afternoon (14:00 h) for 
control group was significantly higher (0.34 °C) 
than the two treated groups, viz. T2 (0.22 °C) and 
T3 (0.13 °C).

Even though all these aspects are well known, 
specificity using THI-based cut-offs and assign-
ing specific time periods will improve the effi-
ciency of the wetting procedure. In a stud, the 
animal’s skin was made wet intermittently by 
sprinkling water (PVC pipe with 1  mm holes 
used for the purpose of sprinkling water over the 
animal’s body) forcefully for 90 s followed by a 
period of non-wetting for 12  min in a cyclical 
manner. The process of intermittent wetting and 
non-wetting was attained by an automatically 
working innovative THI controller. The period of 
non-wetting was accompanied with forced venti-
lation using a fan of 1,400 rpm kept at an angle 
of 20° and 1.5 m away and at 2 m from the ani-
mal. This method could improve milk 
production.

23.2.4.4	 �Roof Wetting
Asbestos, tiles or metallic roofs can be wetted to 
cool the indoors effectively. The roof can be 
intermittently made to wet for 2 min followed by 
a period of non-wetting for 5 min in a cyclical 
manner. Pipe with sprinklers running over the 
purlin with holes at 10 cm will effectively wet the 
roof. This can be automatically controlled by THI 
controllers.

23.2.4.5	 �Different Ameliorative 
Methods Used by Farmers

Some methods adopted by farmers for ameliora-
tion of heat stress at Kerala state (India) are 
shown in Fig.  23.5. Wetting the body by wet 
gunny bags, bathing the animal frequently, venti-
lation cowls to increase the ventilation, growing 
trees around, green grass in the paddocks, grow-
ing vegetable creepers over the sheds and hang-
ing wet gunny bags against the direction of the 
wind are some methods adopted by farmers dur-
ing high-thermal stress periods.

23.2.5	 �Methane Mitigation by Proper 
Waste Management 
in Cattle Farms

23.2.5.1	 �Bio Gas Plants
Fermentation of manure in biogas digesters may 
reduce the spread of pathogens and reduce meth-
ane emission. The capacity of digesters depends 
upon the size of the farm.

23.2.5.2	 �Electricity from Biogas
Biogas digester could be connected with modi-
fied diesel generator for electricity generation 
and power distribution.

23.2.5.3	 �Aerobic Composting
Other organic waste products of the farm should 
be treated with properly designed aerobic com-
posting plants so that the methane production 
from waste will be minimised.

23.3	 �Shelter Design 
Considerations for Pigs 
in a Climate Change 
Perspective

Adequate modifications in housing and equip-
ment for rearing pigs are necessary to provide 
shelter against inclement weather, prevent dis-
eases and control parasites in the projected cli-
mate change scenario. Pigs are non-sweating 
species and as in the case of poultry are very vul-
nerable to inclement weather. Hence the design 
modifications are to be suggested accordingly.

23.3.1	 �Flooring and Floor Space 
Requirement for Pigs

The floor of the pigsty should be hard and imper-
vious to water and easy to clean, and the floor 
should be laid with concrete and slope towards 
the drainage. Eighty to 100 mm of concrete on a 
consolidated gravel base is sufficient to provide a 
good floor. A stiff mix of 1:2:4 or 1:3:5 concrete 
finished with a wood float will give a durable 
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non-slip floor. The pen floors should slope 2–3 % 
towards the manure alley and the floor in the 
manure alley 3–5  % towards the drains 
(Thirupathy and Usha 2011).

As a new modification, the farmers and 
research stations are now using vitrified or 
ceramic tiles by giving due consideration to the 
grip on the surface. This floor can provide better 

Fig. 23.5  Different ameliorative methods used by farmers
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sanitation and reduced bacterial count on the 
floor. In all the types, the width of the trough, 
either feed or water trough, shall not be less than 
50 cm.

23.3.2	 �Roof Type and Materials

In general, it may be stated that pig houses should 
be simple with open-sided structures as maxi-
mum ventilation is needed. A building for open 
confinement is therefore essentially a roof carried 
on poles. The roof supporting poles are placed in 
the corners of the pens where they will cause 
least inconvenience. A free span trussed roof 
design would be an advantage but is more expen-
sive. In some circumstances, it may be preferable 
to have solid gable ends and one tight side to give 
protection from the wind or low temperatures, at 
least for part of the year. If such walls are needed, 
they can often be temporary and be removed dur-
ing hot weather to allow maximum ventilation. 
Permanent walls must be provided with large 
openings to ensure sufficient air circulation in hot 
weather. If there is not sufficient wind to create a 
draught in hot weather, ceiling fans can consider-
ably improve the environment.

The main purpose of the building is to pro-
vide shade, and therefore, the radiant heat from 
the sun should be reduced as much as possible. 
In climates where a clear sky predominates, a 
high building of 3 m, or more, under the eaves 
gives more efficient shade than a low building. A 
wide roof overhang is necessary to ensure shade 
and to protect the animals from rain. A shaded 
ventilation opening along the ridge will provide 
an escape for the hot air accumulating under the 
roof. If made from a hard material, the roof can 
be painted white to reduce the intensity of solar 
radiation. Some materials such as aluminium 
reflect heat well as long as they are not too oxi-
dised. A layer of thatch (5 cm) attached by wire 
netting beneath a galvanised steel roof will 
improve the microclimate in the pens. A roof of 
thatch is excellent in hot climates, particularly in 
non-confined systems, but cannot always be 
used because of fire hazard and because it is 
attractive to birds and rodents. A pig house with 
two rows of pens and a central feeding alley 

would require a ridge height of 5–6 m if covered 
with thatch.

The type of house for different geographical 
entities differs. Therefore, while planning for 
housing, it should be designed in such a way to 
give maximum comfort for achieving optimum 
growth. The pen partitions and the 1 m wall sur-
rounding the building, which serves to reduce 
heat reflected from the surrounding ground, can 
be made of concrete blocks or burnt clay bricks 
for durability or perhaps soil-cement blocks, 
plastered for ease of cleaning. Regular white 
washing may improve the sanitary conditions in 
the pens.

The roof may be reinforced cement concrete 
(RCC) flat type or gable roof. Materials for roof-
ing may be asbestos cement sheets or corrugated 
steel sheets. In the regions of extreme climatic 
conditions, the roof may be insulated by provid-
ing a layer of thatching to reduce severity of the 
heat inside the pigsty. There is need and scope for 
more research on this field especially with the use 
of better insulated materials which are locally 
available like coconut leaves and wild grasses 
used as thatched roofs with modifications to pro-
vide more durability and protection from fire 
accidents.

23.3.3	 �Waterers and Water Recycling

Water is the single nutrient required in the largest 
quantity by animals. Pigs require water for a vari-
ety of reasons, including most metabolic func-
tions, adjustment of body temperature, movement 
of nutrients into the body tissues, removal of 
metabolic waste, production of milk and growth 
and reproduction. In fact, 80  % of the empty 
body weight of the newborn pig and about 53 % 
of a market hog are water. An animal can lose 
practically all its fat and over half of its protein 
and yet live, while a loss of one-tenth of its water 
results in death. It has been known for a long time 
now that some drinker devices lead to more water 
wastage than others. In particular, nipple drinkers 
tend to lead to more water wastage than ball-bite 
nipple or bowl drinkers. For example, it was 
reported that on an Alberta farm, ball-bite nipples 
reduced the amount of water used for drinking 
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purposes by growing-finishing pigs by up to 
46  % compared with the standard nipple 
drinkers.

Drinkers should be positioned 10–15  cm 
above the pigs’ backline to minimise the amount 
of water waste. If set too low, the pig turns side-
ways to drink and up to 60 % of water flows out 
the other side of the mouth. Water flow rate 
should also be set correctly; an excessive flow 
rate of 900 ml/min compared with a more con-
ventional rate of 300 ml/min for 30–60 kg pigs 
produces an extra 78  l of slurry per pig over 
40 days.

Waste water can be reclaimed for reuse pur-
poses when conventional treatment is combined 
with advanced treatment technologies. However, 
according to a report compiled by Premium 
Standard Farms, there are three major reasons 
why water reclamation for reuse purposes is not 
widely practised: (1) perception associated with 
direct or indirect reuse for human consumption, 
(2) the cost of advanced treatment necessary for 
wastewater reclamation and (3) health concerns 
with the consumption of reclaimed water. Animal 
health concerns may be the most difficult chal-
lenge to overcome. If all of the wastewater is 
reused, the concentrations of dissolved ions or 
total dissolved solids (TDS) will increase in the 
recycle loop over time. If allowed to build to lev-
els higher than can be tolerated by the livestock, 
adverse health effects could occur.

23.3.4	 �Design Consideration 
in Disease Prevention

Climate change and resultant increase in temper-
atures may exacerbate the disease outbreaks and 
hence special care has to be taken. It is in inten-
sive pig keeping systems that disease is a greater 
risk, because many animals are kept together in a 
small space. Infectious diseases spread easily and 
quickly among the animals. In intensive systems, 
commercial breeds are often used and these tend 
to be less resistant to disease.

Intensive pig production is a financial under-
taking. In free-range and semi-intensive systems, 
farmers do not generally have funds to spend on 

medical treatment. It is also possible that pigs are 
not their only source of income. In such cases, a 
drop in production may be viewed as less impor-
tant, and farmers may wish to calculate whether 
the benefits of saving the sick animal and protect-
ing the others justify the cost of treatment. Many 
diseases and health-related problems in animals 
can be linked to a loss of natural resistance as a 
result of feeding problems, a lack of hygiene or 
sudden changes in their environment (e.g. tem-
perature, humidity). Provide shelter from the sun 
and the rain. Regularly move the animals into dif-
ferent enclosures and relocate their shelters. 
Provide good housing, draught- and dust-free, 
where temperatures are neither too high nor too 
low, and do not overcrowd. Maintain good 
hygiene in the pens and feeding equipment (keep 
them dry and clean). Prevention is better than 
cure.

At any outbreak of disease, it is essential to 
ensure that the disease is not passed on to healthy 
animals on the footwear, clothing, tools, etc. of 
those working with the pigs. Even insects, wild 
animals and earthworms can transmit disease. 
Therefore, take precautionary measures. Give the 
sick animal a separate pen. Do not let people into 
the stable, they might have pigs at home and 
carry germs away with them. After contact with a 
sick animal, never touch other animals without 
first washing your hands and changing your 
clothes and footwear. The pen should be continu-
ally cleaned with disinfectant or sodium hydrox-
ide (NaOH, 5  %). Whenever pigs are sent to 
slaughter, their housing should be disinfected 
before new pigs are brought in. Any animals 
dying of a disease should be burnt to prevent fur-
ther contamination.

23.3.5	 �Thermal Stress Alleviators 
in Pig Farms

The climate to which the pigs are exposed is very 
important. Appropriate housing facility might 
control the influence of climate to a certain 
extent. Pigs are very sensitive to sudden changes 
in temperature. They cannot stand heavy rain or 
drought. Strong sunlight is bad for them, as it 
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causes their skin to dry out. Albino pigs espe-
cially cannot endure the sun because they have no 
pigment in the skin and this might lead to burning 
of their skin. This signifies the necessity for 
shade. Pigs kept for optimal production should 
therefore be protected from climatic stress. This 
is only possible by ensuring that the animals are 
well housed. The most important factor to con-
sider in organising proper housing is tempera-
ture. The pig’s body temperature can vary with 
the temperature of its surroundings, and a steady 
body temperature is important for a proper 
growth rate.

Every living animal produces heat, when con-
verting its food for the requirements of growth. 
The more an animal eats, the faster it grows and 
the more heat it produces. Heat is also released 
when an animal is active (e.g. when walking). 
Warm-blooded animals (birds and mammals) can 
make use of some of this heat to keep their body 
temperature level. The normal internal body tem-
perature of a pig is about 38.5 °C. A healthy ani-
mal will automatically try to maintain this 
temperature. Any great deviation from this norm 
may lead to the animal’s death, because all of its 
body processes are geared to work at this tem-
perature. If a pig’s temperature rises above 41 °C, 
it will die. The same applies if the temperature 
drops too much. Especially in the tropics, ani-
mals generally produce more heat than they need 
to maintain their body at an ideal temperature. To 
avoid overheating, they have to get rid of any 
superfluous heat in one way or another.

One way of dissipating heat is to give off 
moisture by evaporation. Sweating is an example 
of this process. Pigs however do not have sweat 
glands and are therefore unable to do this. 
Releasing heat by evaporating water from the 
skin is also possible if there are puddles and pools 
that the animals can lie and roll in. Moisture 
evaporates from the wet skin, releasing excess 
heat from the body. If the water is cooler than the 
body, the body heat will be transmitted to the 
cooler surroundings. It cannot do any harm, 
therefore, to provide the animals with a pool of 
water, as long as the water is clean and not a 
health hazard. Pools are very important for 
improved breeds kept enclosed but are less 

important for indigenous (local) breeds. Good 
ventilation is also essential. Evaporation can also 
take place through the mouth, and in very hot 
weather, pigs can often be seen panting. This is 
because, by breathing more quickly, more air is 
exhaled through the mouth and other air chan-
nels, and in this way, more water is evaporated.

23.3.5.1	 �Wallowing Tank
Wallowing tank may be provided in pig breeding 
farm suited to zones. The wallowing tank should 
be made of cement concrete, and the dimension of 
the tank should be less than 2.5 m × 1.2 m × 0.15 m. 
Alternatively overhead sprinklers and showers 
may be provided in order to keep the animals 
cool during summer.

23.3.6	 �Methane Mitigation  
by Proper Waste Management 
in Pig Farms

Pollution is the major impediment in pig farms. 
This issue will increase in future especially in cli-
mate change scenario and expected increasing 
population especially in tropics. So proper design 
considerations with respect to waste management 
is an important factor in the development of pig 
industry. Manure management will always be a 
part of pig production. Management practices 
will have a significant impact on the environment 
regardless of the size of the operation. Producers 
who make wise manure management decisions 
help to maintain a healthy environment now and 
for generations to come. To reduce the risk of air 
or water quality damage from manure, under-
stand how manure impacts air and water quality; 
keep the public in mind when locating, expand-
ing or maintaining a facility; reduce the amount 
of material entering the waste stream; collect and 
store manure to preserve nutrients and minimise 
gas/odour emissions; apply manure to fields in a 
way that most fully utilises the available nutri-
ents; follow compositing to increase manure 
value; establish biogas unit as an alternate energy 
source; and, for the electricity generation and if 
possible, integrate with fish production to aug-
ment income.
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The waste from pig farm includes manure, bed-
ding materials, feed left over of plant/animal ori-
gin, carcasses, syringes, needles, bottles and 
gloves. Proper disposal, reuse, and recycling of 
these wastes are also necessary to avoid pollution 
problems. Pig farms require large amounts of 
water for their production process. The resulting 
wastewaters contain high concentrations of 
organic matter, dissolved and suspended solids, 
turbidity, colour and pathogenic microorganisms 
and should be disposed so as to not jeopardise 
human or domestic animal’s health and without 
polluting soils, rivers, lakes and reservoirs. The 
concern over manure has occurred because it 
linked to water quality and air pollution. 
Unfortunately, for much of the public, the words 
manure and pollution have become synonymous. 
Because of this actual or perceived problem with 
manure, the public is demanding producer 
accountability in regard to manure handling. This 
is being delegated by new regulations, lawsuits, 
and negative media coverage. It is imperative to 
identify and implement proper waste management 
techniques if the pig farm has to thrive in the coun-
try. Most of these practices involve managing 
manure from the pig to the end use – utilisation by 
crops. Manure is often seen only as a liability, with 
substantial costs involved in the removal of the 
waste. However, some of these costs can be recov-
ered by recognising and handling manure as a by-
product from a nutrient standpoint.

23.3.6.1	 �Manure Production 
and Composition

Pigs are estimated to produce daily raw manure 
of as much as 8.4 % of body weight (urine and 
faeces) with 3–5  kg of faeces. Generally, 
growing-finishing pigs weighing 100 kg can be 
expected to generate 0.39–0.45 kg of waste per 
day on a dry matter basis (Brumm et al. 1980). 
This manure contains 1.9 % P, 7.2 % N and 3.2 % 
K as by-products of digestion. The major differ-
ences in composition of the manure are depen-
dent on the methods of collection, dilution and 
storage and are not diet dependent. The majority 
of the N excreted from the pig through uric acid 
in the urine and organic N forms in the faeces 
(Sutton et al. 1983).

23.3.6.2	 �Components of Manure 
Management

The desirable practices include run-off from 
open lots or manure storages; minimising pro-
duction site’s visibility from public roads and 
neighbours, located at reasonable distance and 
direction to neighbours and communities; locat-
ing facility to accommodate land application of 
manure; providing public education and infor-
mation about plans for expansion; complying 
with applicable local, state and central regula-
tions; and evaluating current or proposed farm 
sites for potential environmental hazards. Proper 
manure management is essential for gaining 
maximum benefit from manure and reducing 
the liability or pollution potential. A systematic 
approach to manure management is necessary, 
so that all aspects of manure production and han-
dling can be fully utilised. The five main manure 
management categories can be broken down into 
the following components: site selection, manure 
production, collection and storage, treatment 
and application.

23.3.6.3	 �Manure Production
The manure production can be reduced in the 
following ways: control of water and feed and 
increasing efficiency of feed utilisation and 
formulation of diets to reduce manure 
production.

23.3.6.4	 �Collection and Storage
During the collection and storage of manure, 
adverse environmental effects can occur from 
both potential water pollution and odours. The 
following recommendations are suggested to 
reduce those potential pollution and safety haz-
ards: use collection systems that eliminate 
manure ponding on solid surfaces, provide ade-
quate storage capacities, keep rainwater out of 
storage areas and cover storage systems, manage 
deep pit systems to minimise gas concentrations 
inside the barn, stockpile manure on a concrete 
pad, locate storage systems to avoid pollution 
potential and where manure and nutrients are 
needed and always have contingency plans for 
accidents or overflows.
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23.3.6.5	 �Treatment
The practices such as liquid-solid separation 
systems, composting, anaerobic lagoons, anaero-
bic digesters and aerated lagoons can reduce the 
environmental impact.

23.3.6.6	 �Manure Handling 
and Disposal

The major concerns associated with managing 
manure from swine are related to run-off control 
from open feedlots, storage requirements and 
land application of manure collected from con-
finement facilities. The run-off control issues for 
handling this type of manure are very similar to 
those for handling other types of manure. Storage 
and land application problems from confined 
production units occur due to the large volumes 
of water often associated with the material. 
Depending on method of collection and storage, 
the collected material can contain from 90 to 
99.9 % water at the time it goes into storage.

23.3.6.7	 �Problems in Land 
Application

Decisions on the best ways to apply swine manure 
to land are complicated by compromises between 
achieving the best soil erosion control and the best 
conservation of nutrients in manure and the use of 
these nutrients by growing crops. The manure 
applied to the soil should be incorporated into the 
soil surface within 24  h after land application. 
This practice can significantly reduce odours and 
can minimise ammonia volatilisation so that N in 
manure is conserved. Application of manure to 
cropland following harvest, prior to tillage, is 
often recommended because the risk of damage 
from soil compaction is minimised. Spring appli-
cations are usually accomplished prior to tillage 
and planting. Pig manure is considered suitable 
for rice production, but not useful for vegetables, 
coffee and fruit-tree cash crops (Dan et al. 2004).

23.3.6.8	 �Compositing
Solid manure fraction may be composted after 
mixing with one or more of the ingredients such 
as straw, plant waste products, ash or lime. Low-
cost buildings or pits covered with mud or tarpau-
lin are good composting. Composting manure 

without cover will result in poorer manure quality 
due to emission of ammonia. Composting and 
storage periods vary from 3 to 5 months. The vol-
ume of the containers depends upon the size of 
the farm (minimum 0.5 m3 to maximum 11 m3) 
and may be constructed of concrete or bricks. 
The mud pits for manure storage may cause 
nitrogen leaching and pathogen spread into 
ground water. Uncovered pits will increase 
ammonia emission. The distance from manure 
stores to the drinking water source depends upon 
the size of the unit (min, 10 m to max, 50 m), but 
the Danish standard stipulates a minimum dis-
tance of 50 m to any drinking water source.

23.3.6.9	 �Biogas
Fermentation of manure in biogas digesters may 
reduce the spread of pathogens and of noxious 
odour emissions. The capacity of digesters may 
be from of minimum 10 m3 to maximum 30 m3. 
The dimensions of digesters’ volume corre-
sponded to treatment of manure may be five to 
ten pigs per m3. Biogas digester is connected with 
modified diesel generator for electricity genera-
tion and power distribution. A large-scale farm 
can use built in effluent pond to store waste, with 
a cover that stores the biogas. This gas is piped to 
a combined heat and power (CHP) unit which 
processes it to make electricity and this electric-
ity is then used to power the piggery. A ‘heat 
recovery’ system is also being installed which 
will use waste heat to heat water, some of which 
will replace electric heating for young pigs. 
Anaerobic digestion that happens in the pond, the 
result at the end of the process, is a nutrient-
rich – and odour-free – fertiliser for the adjacent 
family farm.

23.3.6.10	 �Malodour Management
Odour control has become a major environmental 
concern of the swine industry. Swine producers 
have identified odour complaints as a major 
industrial environmental issue. Wastes diluted 
with water are less of a nuisance than undiluted 
wastes. This would require excessive volumes of 
fresh water. Dilution of the odorous gases in the 
air is also a good malodour abatement technique. 
Appropriate roof height and ventilation and air 
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movement in the pens help high air dilution. 
Because wind speed increases with height, 
releasing gases high above the ground would aid 
in malodour dispersion. Another good idea is to 
wash pig houses around noon to take advantage 
of the dispersive capacity of midday winds and 
sunshine. Oxidising agents, such as hydrogen 
peroxide, potassium permanganate, paraformal-
dehyde, ozene (ortho-dichlorobenzene), chlorine 
and ozone, can be used to control malodours. 
Cost and practical considerations rule out the 
widespread use of these chemicals on pig farms 
except for short durations or in emergencies.

23.4	 �Shelter Design for Sheep 
and Goats in a Climate 
Change Perspective

23.4.1	 �Goat Housing in Different 
Climates

Among species, sheep and goats are considered 
less susceptible to heat stress than cattle 
(Silanikove 2000). Goats are well adapted under 
different geographical and environmental condi-
tions including extreme and harsh climates, 
which could be the reason for their presence in 
almost all agro-ecological zones of the world. 
Sheep tolerate low temperatures, and their ther-
mal requirements and the lower critical tempera-
tures are well documented (Webster 1976), while 
the same have not been much documented in 
goats. An exception is a publication by Toussaint 
(1997) who recommended that air temperature in 
the goat house should be between 6 and 27  °C 
(optimal: 10–18  °C), humidity 60–80 %, maxi-
mum air speed 0.5  m/s and ventilation with a 
winter flow of 30 m3/h/animal and summer flow 
of 120 m3/h/animal. In parts of Europe where the 
winter is mild, dairy goats are usually kept in 
simple uninsulated buildings, whereas insulated 
buildings are most common in countries with a 
cold winter climate, such as Norway (Simensen 
and Bøe 2010). While in a study conducted by 
Eik (1991), it was observed that Norwegian dairy 
kids could be successfully raised in non-insulated 
barns with good performance results.

23.4.2	 �Height, Design and Space 
Required for Platform

In order to assure and maintain optimum climate 
in shelter, location and orientation should be con-
sidered. The location must be on lands with the 
water table at a depth of over 0.50 m and with the 
slope of 3–5 % to South (Nicolescu et al. 2010). 
The orientation of shelters must be planned 
depending on the land conditions after consider-
ing the dominant wind direction. An east-west 
orientation of the longitudinal axis of the shed 
prevent the sun from too much heating up the 
stall. A north-south orientation is preferred in 
humid areas so that sunshine dries up the floor 
more easily.

Floor designs vary depending on the produc-
tion system employed and local climate. Cost of 
construction, ease of cleaning, proper ventilation 
and drainage and adequate lighting are important 
aspects to be considered in designing a house. In 
sheep and goat houses, the height of floor should 
be maintained at 1–1.5  m above the ground 
(Sahoo et  al. 2013). Earth, concrete or wooden 
slats are the common types of flooring materials 
used. A gap of 1.5–2 cm is the preferred width 
between the slats so that manure falls through but 
legs of goats are not trapped (Peacock 1996). 
Recently there has been a preference of animal 
keepers for slatted floor pens which has the 
advantage that animals are kept relatively clean 
without any bedding material at a low space 
allowance and with a minimum of work input. 
Important characteristics of pen flooring for farm 
animals are considered to be thermal conductiv-
ity, softness, cleanliness and slipperiness. 
Thermal conductivity and softness of the floor 
will often be correlated, as soft floors usually will 
be well insulated (Nilsson 1988). Goats in natural 
environments are often resting directly on the 
rocks in steep cliff areas as reviewed by 
Shackleton and Shank (1984), which apparently 
do not indicate a preference for soft bedding. 
Sheep prefer soft floors with low thermal conduc-
tivity when the ambient temperature is low, but 
such scientific data does not presently exist in 
goats. The goats spent less time lying and more 
time being active and eating in the cold than in 
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the moderate temperature period, which indicates 
that the goats are using behavioural strategies to 
cope with the low temperature in a similar way as 
sheep (Bøe 1990). On exposure to cold, a tran-
sient increase in free fatty acids and thyroxine 
was observed suggesting an increased metabo-
lism (Aulie et al. 1971). The fact that the level of 
the recorded physiological measures declined 
after a few days suggests that the goats may accli-
mate after a short period of cold exposure. In 
contrast, the behavioural responses, such as 
increased activity maintained throughout the 
entire cold period, suggest that the goats are in 
the cool thermoregulatory zone (Curtis 1981).

Boe et al. 2007 observed that goats exposed to 
a cold temperature period of −8 to −12° spent an 
increased time standing with the head above the 
feed. In a temperature of 10–12 °C, straw was the 
least preferred flooring, while expanded metal 
was preferred to solid wood. The goats’ prefer-
ence shifted towards flooring materials with a 
lower thermal conductivity in the cold period. 
Mattress and solid wood were most preferred in 
the cold period. Norwegian goat kids in an unin-
sulated house had a normal growth rate after a 
few days of adaptation to a temperature of around 
−4 °C (Eik 1991).

Toussaint (1997) recommended floor space 
requirements of 0.50 m2 (minimum) for an adult 
goat in stall housing, 1.50 m2 for an adult goat in 
open housing with an outside yard and 0.30 m2 
for a kid before weaning. With 3 m at the lowest 
part of the building and 3 m width for a central 
feeding corridor, each goat should have an air 
volume of 9 m3. With the shift from solid floors to 
perforated or slatted floors, the use of bedding is 
rarely seen. Some farmers still use beddings 
especially saw dust, wood shavings, straw, sand, 
hydrated lime, etc. In a study conducted by 
Simmensen et  al. (2010) in Norway, it was 
observed that majority of the farmers (80 %) used 
perforated floors for keeping their goat, of which 
some farmers used straws or hydrated lime. The 
use of bedding materials was limited during the 
kidding season. Out of 20 % farms that used solid 
floors, majority did not use any bedding, while 
the rest opted for sawdust/wood shavings and a 
few used hydrated lime.

23.4.3	 �Roofing Materials 
and Structure for Goat Sheds

The roof provides protection from sun and rain 
and can be of a shed, gable or modified gable 
style. The roof should be waterproof with suffi-
cient overhang. Simple thatched-type roof is seen 
in rural areas. Thatched roofs need a greater slope 
than iron sheeting. A greater slope is also benefi-
cial in areas with high rainfall. A high roof 
encourages air movement but is more likely to be 
damaged by strong winds. A roof vent can assist 
in proper ventilation. Roofs can be constructed 
from iron sheet, grass/bushes, wood, stone/brick 
or earth depending on production system, mate-
rial availability and climate.

In a study conducted in rural West Bengal, 
India, by Nandi et al. (2011), it was found that in 
majority of goat houses, paddy straw was used as 
the roofing material, while in some, earthen tiles 
and tin sheets were used. The roof picks up most 
of the solar radiation during summer, whereas in 
winter, south-facing walls pick up most of the 
solar radiation. The lambing shed should there-
fore be aligned along an east–west axis to maxi-
mise the surface area facing south. The shed 
should be constructed at a place where there is no 
obstruction to direct light. In a study conducted 
by Rajanna et al. (2013) among sheep farmers of 
Andhra Pradesh, India, it was observed that 
majority of them used thatched roof for keeping 
sheep, while some used asbestos sheets and a few 
used tiles as roofing materials.

23.4.4	 �Waterers and Feeders 
for Goat Sheds

In a study conducted by Alvarez et al. (2013), it 
was observed that shade on feeders helps to ame-
liorate some negative effects of solar radiation 
increasing feeding time and feed intake in female 
goat kids. A higher percentage of intake was 
recorded in the shaded feeders than that in the 
unshaded feeders. Food refusal was higher in 
the unshaded feeders (30 ± 1.8 %) than that in the 
shaded feeders (25 ± 1.9  %). The provision of 
shade is a simple method that helps to minimise 
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the negative effects of solar radiation in grazing 
(Blackshaw and Blackshaw 1994). Very selective 
behaviour is an essential component of goat 
behaviour because it enables goats to stay in dif-
ficult areas as well as to cope better with toxic 
plants (Duncan and Young 2002). Flint and 
Murray (2001) indicate that the improvement of 
the feedlot environment can reduce stress and 
aggressiveness at trough and improve goat per-
formance. The training of young goats by does in 
pastures is very efficient (Knubel 2001). The 
experienced goats strongly modify their prefer-
ences and the vegetal stratum chosen according 
to the season (Dziba et al. 2003). Mallik (2003) 
recommended the use of portable feeder and 
waterers prepared from galvanised iron sheets for 
goats reared under Indian conditions with width 
of feeder being 40–50 cm.

The literature on water intake in goats is scare. 
In temperate climates, the water intake for goats 
is reported to be 139  g/kg W0.75 at mid-
pregnancy, and lactating goats need 1.28  kg of 
water to produce 1  kg milk (Giger and Gihad 
1991). Ehrlenbruch et  al. (2010) measured the 
water intake in lactating goats to be 6.2 and 4.4 l/
day when fed hay and silage, respectively. The 
water intake was higher from nipple drinkers 
than from water bowls as reported in a study by 
Bøe et al. (2011) in goats, while water wastage 
was quite high in water nipples (23–27  % of 
water usage) and almost negligible from water 
bowls. Bøe et al. (2011) reported a clear reduc-
tion in water quality in water bowls.

23.4.5	 �Waste Management 
in Goat Farms

Ventilation will affect the inside temperature and 
humidity of the goat house. For a classic goat 
building 12 m wide, the use of static ventilation is 
advised (Toussaint 1997). Also the level of nox-
ious gases must not surpass 0.35  % for carbon 
dioxide or 0.015 % for ammonia and 0.002 % for 
hydrogen sulphide. Cattle emit 25–118 kg meth-
ane per head per annum, while sheep and goats 
emit only 5–18  kg per head per  annum (IPCC 
1995). Herreo et al. (2008) estimated that Africa 
produces 10–13  % of all global methane emis-

sions from livestock with cattle producing 84 % 
of this and sheep and goats only 16 %. The feed-
ing of condensed tannins containing forages 
decreased methane emission from goats (Puchala 
et al. 2005).

In a study conducted by Loh et al. (2005), ver-
micomposting was done for cattle and goat 
manure using earthworm Eisenia foetida. It was 
observed that cattle vermicasts had a higher N 
content than goat vermicasts, but the C/N ratio of 
fresh manure was higher than that of vermicasts 
for both materials. Earthworm biomass and 
reproductive performance, in terms of number of 
worms after 5 weeks of experiment, were higher 
in cattle manure than in goat manure. The cocoon 
production per worm in cattle manure was higher 
than in goat manure. However, the hatchability of 
cocoons was not affected by manure treatments.

As per Vasanthi and Kumaraswamy (2000), 
the green and dry fodder yields of the cereal fod-
ders, the soil fertility status and the content and 
uptake of N, P and K were significantly higher in 
the treatments that received sheep–goat manure 
at 10 t ha−1 with 50 % of the recommended NPK 
schedule than the yields in the treatment that had 
received NPK alone.

In a study conducted by Rajanna et al. (2013) 
in Andhra Pradesh, India, it was inferred that 
majority of farmers stored sheep manure as a 
heap in open place, while some stored manure in 
pits and sold them once or twice per year. When 
majority of the farmers threw carcasses into open 
fields and unused open wells, a minority used 
dead animals for consumption, while the rest bur-
ied the dead animals. In another report by Ananda 
Rao (2010), majority of sheep farmers consumed 
meat from carcass, while the rest adopted burial 
as a means of disposal.

23.4.6	 �Housing Considerations 
for Disease Prevention 
in Goat Farms

Global warming, associated changes in precipita-
tion patterns, and the frequency and the severity of 
dramatic weather events such as droughts, hurri-
canes and floods are having direct and indirect 
effects on animal health while specific information 
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on the relationship of climate change to goat dis-
ease is rare (Peacock and Sherman 2010). As per 
Kusiluka et al. (1998), ectoparasitic, helminth and 
coccidial infections resulting in decreased animal 
performance (decreased weight gains and body 
conditions) were the most prevalent health prob-
lems of goats in all management systems. Foot rot, 
caseous lymphadenitis, dermatophilosis and mange 
were encountered only in pastoral herds. Poor 
housing led to prevalence of gastrointestinal para-
sites in cross-bred animals that were stall-fed com-
pared to the indigenous animals managed by 
tethering. It is common in tropical highlands to 
allow manure to accumulate in animal houses for 
use in crop field fertilisation, resulting in increased 
warmth and humidity that favoured proliferation of 
the parasites (Dipeolu and Ayoade 1982). The 
higher prevalence of respiratory infections in pas-
toral goats than in other animals may be predis-
posed to by high stocking rates, coupled with 
increased dust (during the dry season), dampness 
and the chilling effects at nights in the poorly built 
houses in raining season. Management factors, 
such as confinement in houses, grazing systems 
and house hygiene, to a variable extent, influence 
the prevalence of diseases in goats (Kusiluka et al. 
1998). Young kids are vulnerable, and insulation at 
an early stage may well lead to low mortality fig-
ures and ensure steady milk production in later 
stages (Toussaint 1997). As per Foreyt (1990), pro-
tozoan diseases, coccidiosis and cryptosporidiosis 
are important enteric diseases of sheep and goats 
resulting in diarrhoea, inefficient weight gains and 
occasionally death. Control is strict sanitation and 
quarantine of sick animals. Disinfection of con-
taminated housing with ammonia or formalin will 
kill the oocysts and through elimination of carni-
vore faeces from the premises through 
management.

23.5	 �Shelter Design for Poultry 
in a Climate Change 
Perspective

Among livestock, the poultry is the most vulner-
able species to climate change impact. Hence the 
design considerations in view of the increasing 
temperatures are extremely important. Stress 

alleviation and disease prevention are highly 
relevant in this context. Poultry farm should be at 
least 1  km away from the human dwelling and 
also nearby farms. It should be an elevated area 
and should not be waterlogging. It should not be 
near water sources like rivers, ponds, lakes and 
seas which will increase the air humidity and also 
host insects. Poultry house should not be sur-
rounded by rocks and mountains which reflect 
sunlight. The site should have adequate potable 
ground water.

23.5.1	 �Floor Foundation and Plinth 
Height

Good foundation is essential for best insulation 
and to prevent water seepage into the shed. The 
foundation should be 1–1.5 ft below the ground 
level and the plinth height should be 1–1.5 ft in 
the elevated area and 2 or above in low-lying 
areas. Concrete floor and good litter material are 
desirable for easy cleaning and best insulation. 
Mud floor can also be used to reduce the cost of 
investment. Floor space should be increased by 
10–20  % during hot summer. That means you 
have to reduce the stocking density by 10–20 %. 
The side wall should be of 1  ft height and the 
remaining part should be open sided covered 
with mesh.

23.5.2	 �Roof Structure and Design 
for Poultry Farms

Thatched and tiled roof will be cooler than 
asbestos or tin sheet roofing. Since majority of 
heat load enters the shed through the roof, 
keeping the upper surface of the roof clean and 
painting it with white colour will reflect the 
sunlight and reduce the heat inside the house. 
False roofing will reduce the conduction of heat 
and also reduces accumulation of hot air under 
the roof.

Roof overhang: It should be 3–5  ft to avoid 
direct radiation from sun and also rain into the 
poultry house. Thumb rule is that the ideal width 
of the overhang should be half the height of the 
open space at eaves.
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Roof ventilators: In open-sided houses with 
gable type roof, hot air molecules which are light 
in weight will go up and settle under the roof. 
This heat accumulation will increase the temper-
ature of the shed. Air next to the uninsulated roof 
may exceed 55 °C. To alleviate this problem, we 
can go for the roof types like full monitor, half 
monitor and also turbo ventilation system. 
Through these systems, hot air will escape out 
and cool air will enter through the sides of the 
house.

Roof slope: Steep roof slope (45°) tends to 
attract less radiant heat from the sun than flat roof. 
It also maximises the distance between the birds 
and the hot ceiling, which reduces the amount of 
radiant heat from the hot, uninsulated roof.

Roof insulation: As reported by Czarick and 
Fairchild (2008), most poultry-house roofs are 
fabricated from galvanised steel, which will com-
monly reach temperatures of 50–70  °C on a 
sunny day. The hot roof not only leads to 
increased house air temperature but also dramati-
cally increase the amount of thermal radiation the 
birds are exposed to. Cages and other objects in a 
poultry house with an uninsulated ceiling would 
be 1–5  °C above ambient air temperature. The 
best way to eliminate heat from a ceiling is 
through insulation. Insulation acts as a thermal 
barrier, keeping heat from the hot roof from 
entering the house. Minimum level of R-value of 
ceiling insulation for a naturally ventilated house 
is 1.25 m2 C/W, whereas houses that have high 
temperatures above 40 °C or temperatures below 
0 °C typically require ceiling R-values of 2.25 m2 
C/W or more. There are a variety of methods of 
insulating a poultry-house ceiling.

A dropped ceiling is most commonly installed 
in houses with a scissor truss. Metal is installed 
along the top cord of the truss, and a strong 
vapour barrier supported by strap/strings is 
installed on the underside of the bottom cord of 
the truss. Fibreglass batt or blown cellulose insu-
lation is placed on top of the vapour barrier.

Rigid board insulation: Rigid board insulation 
is typically constructed of polystyrene or poly-
urethane insulation. Rigid board insulation is 
available in thickness of 1.25–4 cm and comes in 
sheets 1.2–1.8 min width in a variety of lengths. 

The board insulation is placed on the topside of 
the truss and the metal is placed on top of the 
board insulation. Thicker boards are available 
with ‘tongue and grove’ construction, which 
facilitates a tighter seal between the metal roof 
and the building space.

Spray polyurethane insulation: Spray polyure-
thane insulation is applied on to the underside of 
a poultry-house roof to form an airtight insula-
tion barrier. Thickness typically ranges from 2 to 
4 cm. Spray polyurethane is a popular method of 
insulating existing houses owing to the relatively 
easy application.

Reflective insulation consists of a single 
reflective film or two pieces of reflective film 
with some type of ‘bubble’ insulation between 
the two pieces of film. Reflective insulations are 
installed either on top of the truss, just beneath 
metal roofing, or on the underside of the bottom 
cord of a truss. Reflective insulation works by 
reflecting radiant energy from the roofing mate-
rial back towards the roof and away from the 
birds. In order to be effective, an air space 
between the reflective insulation and the hot roof 
is necessary. Furthermore, the insulation must 
stay clean. Dust accumulation on the surface of 
the reflective insulation can dramatically reduce 
its heat-reflecting ability. Reflective insulations 
have a very limited ability to reduce conductive 
heat loss during cold weather and are generally 
not recommended for installation in houses 
where low outside temperatures (<30  °C) are 
commonly experienced. Open-sided houses 
should be constructed with east to west orienta-
tion with its width extending from north to south. 
This is to avoid direct sunlight into the shed and 
also to increase the air movement. As the width 
of the house is the limiting factor for ventilation, 
it should be limited to 21–30 ft based on the tem-
perature, humidity, wind velocity, type of house 
and nature of bird for efficient cross ventilation. 
The poultry house may be of any length from 200 
to 1,000 ft, depending on the topography and the 
soil. Longer sheds are more economical. The 
minimum height of the poultry house should be 
11–15 ft at the ridge and 7–10 ft at the eaves. 
As the height increases, the temperature at bird 
level will reduce.
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Distance between sheds: Air obstruction by 
the nearby shed or building can be eliminated by 
keeping minimum of 10  m between the sheds. 
The recommended design spacing (D) can be cal-
culated from the following formula:

	
D H L= × × ( )0 4

0 5
.

.

	

where H and L are the height and length of the 
obstructing building or other barrier (in ft).

The sheds having birds of different age group 
should have a minimum gap of 30 m to avoid dis-
ease spread from aged birds to younger one.

23.5.3	 �Thermal Stress Alleviators 
in Poultry Farms

Shade: Planting simple shade trees can reduce 
the radiant heat load by 30 % or more by inter-
cepting the sun. There should not be any branches 
up to the height of the overhang which will hin-
der the air flow into the house.

Radiation from the ground: Growing grasses 
around the poultry shed will reduce the radiation 
from the ground. But the grasses should not be 
grown more than 1 ft which may also hinder the 
air movement into the poultry house.

Positive pressure or forced draught ventilation 
system: Ceiling fans and pedestal fans are 
installed 3–7 m above the birds and 6–15 m wide 
apart depending on their size and desired air 
velocity. The vertical pedestal fans can be tilted 
at around 5–8° downwards over the birds. As 
birds are not having sweat glands, positive pres-
sure system is not very effective.

Negative pressure system: Exhaust fan may be 
used to create negative pressure inside the house 
which will invite fresh air from outside. One and 
half 36″ fans may be required for each 100 ft of 
house length.

Roof sprinklers: Evaporative cooling can be 
done by roof top sprinkling and spreading the 
gunny bags on the roof or by hanging the gunny 
bags or curtains on the sides of the house.

Fogging system: High-pressure fogging systems 
(400–600 psi) produce droplet sizes of 10–15 μm. 
Fogging lines must be placed inside the poultry 

house, close to the incoming hot air. If necessary, 
additional lines at the centre of the house may 
also be provided. This system covers higher sur-
face area to volume ratio than a larger droplet 
produced by low-pressure fogging system. This 
will reduce in-house temperature by 6–10  °C 
depending on the outside temperature and RH.

Low-pressure fogging systems (100–200 psi) 
produce droplet sizes of more than 30 μm. This is 
used in less demanding situations and the cooling 
effect will be 4–7 °C only. Low-pressure misting 
system produces cooling primarily through bird 
wetting and subsequent evaporation of water off 
the surface of the birds.

Pad cooling system: In fan and pad system, 
exhaust fans are used to create negative pressure 
inside the environmentally controlled house. This 
vacuum created will lead to incoming of air 
through the cooling pads. Water circulating 
system in the cooler pad is capable of circulating 
a minimum of 10 l of water per minute for every 
linear metre of pad length. Only 10  % of the 
water flowing over the pad is evaporated.

Evaporating cooling is ineffective or detri-
mental in the hot and humid climate. For every 
1  °C reduction in temperature by evaporative 
cooling will lead to 3–4 % increase of RH. The 
increase in RH will reduce the panting efficiency 
and increase the risk of heat shock. In tropical 
climate whenever the temperature is above 80 °F, 
the relative humidity will be below 80 % and vice 
versa. This relationship should be kept in mind 
when operating an evaporative cooling system. 
When the relative humidity is above 80  %, the 
amount of cooling produced by pads, foggers and 
sprinklers is very limited, typically less than 4 °F 
(2 °C).

23.5.4	 �Housing System Changes 
Needed to Combat Climate 
Change Threat in Poultry 
Houses

Deep litter system is better than cage system 
because the gap between the roof and birds is 
more in deep litter system than cage system and 
also the litter acts as insulating material. During 
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summer, the litter height should be reduced and 
the same should be increased during winter. In 
elevated or high-raised houses, there may not be 
any obstruction to the wind flow. This will 
increase the air movement and assist in heat loss 
by evaporation, conduction and convection as 
long as the air temperature is lower than the skin 
temperature. When air temperature approaches 
the skin temperature, heavy air movement will be 
comfortable. In addition to that, air movement is 
required to remove noxious gases like carbon 
dioxide and ammonia. The minimum require-
ment of wind velocity should be 0.2 m/s, but it 
can be increased to 1.0 m/s. In both normal open-
sided house and elevated open-sided house, the 
type of ventilation is cross ventilation. In an envi-
ronmentally controlled house, the micro-
environment inside the poultry house is 
mechanically controlled, and there is no connec-
tion between the inside and outside environment. 
To reduce the inner temperature, evaporative 
cooling method like tunnel ventilation (fan and 
pad system) can be used.

23.6	 �Shelter Design 
Considerations for Rabbits 
in a Climate Change 
Perspective

23.6.1	 �Importance of Design 
Considerations in Rabbit 
Farming

Rabbit farming has immense potential to improve 
the socio-economic status of the rural poor. In 
many tribal and backward areas, rabbit farming 
has emerged as a cottage industry, and its poten-
tial for self-employment is now being realised by 
small and marginal farmers. In India, rabbit 
industry is gaining importance for wool produc-
tion in hilly areas of Himachal Pradesh, Uttar 
Pradesh, Jammu and Kashmir and lately in 
Sikkim and Arunachal Pradesh and as a broiler 
industry in areas of temperate and subtropical cli-
mate in West Bengal, Assam, Manipur, Andhra 
Pradesh, Tamil Nadu, Kerala and Karnataka. 
Rabbit rearing owing to low capital input involved, 

lesser space requirement and high profitability 
has the potential to emerge as a major food pro-
duction enterprise of our state. But the humid 
tropical climate of Kerala contributes substantial 
stress on temperate breeds of rabbits that 
adversely affect their performance. THI values 
above 27.8 results in heat-induced physiological 
stress in rabbits (Marai et al. 2002).

Since rabbits are highly susceptible to stress, 
especially due to climatic variations, the success 
of rabbit farming mostly depends on congenial 
macro- and micro-environments and the effec-
tiveness of the ameliorating measures taken to 
reduce the stress factors. Environmental condi-
tions and housing systems should be in accor-
dance with the essential biological characteristics 
of the species. Housing systems have the potential 
to influence production, increase welfare and 
minimise the negative effects of the natural envi-
ronment on the animals.

23.6.2	 �Low-Cost Cage Construction

A low-cost and innovative cage design was devel-
oped by the Department of Livestock Production 
Management, College of Veterinary and Animal 
Sciences, Mannuthy, Kerala, India. A two-tier 
system of cage design was adopted to solve the 
problem of space constraint faced in many house-
holds. Cages were made with 13 mm wire mesh 
and supported by 37  mm PVC pipes. A thick 
plastic sheet of good quality was attached in a 
slanting position between the two tiers so that 
urine and droppings of the rabbits are drained 
directly into the side drain and carried outside the 
shed. Each side of the cage was attached to the 
next by twisting metal wires between them, thus 
making the cages low cost. A small door was cut 
in the front of each cage and again attached by 
twisting metal wires. A thin metal rod was shaped 
in the form of a hook and attached to the door for 
securing the cage. Each individual standard wire 
mesh cage is 75 × 60 × 50  cm in dimension. 
Prasad and Smitha (2011) have designed a model 
rabbit cage suitable for the tropical environment. 
It was observed that majority of the farmers 
(62.5 %) in Kerala state, India, used tin sheet as 
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roofing material followed by coconut leaves 
(25 %) and tiles (12.5 %).

23.6.3	 �Ameliorative Measures  
and Its Effect

The various ameliorative measures that can be 
provided to reduce climatic stress on rabbits are 
to provide ad libitum water through nipple water-
ing system and fans during summer season and 
improvise the shed with false ceiling and adjust-
able shades to control dampness in rainy season 
and exposure to direct sunlight in summer. The 
latter two ameliorative measures help to signifi-
cantly lower the shed temperatures. Thus the 
physiological parameters like respiration rate and 
rectal temperature can be maintained below stress 
level. A combined use of all four stress ameliora-
tive measures such as nipple watering system, 
fans, false ceiling and adjustable shade in rabbit 
shed can lead to their increased production per-
formance. This includes larger litter size, heavier 
litter weight and faster preweaning growth rate of 
kits. Mortality of young ones can also be reduced 
by incorporating stress alleviation measures in 
the rabbit shed. Providing shades and false ceil-
ing is far superior to the provision of fans and 
nipple watering alone though a composite treat-
ment of all four stress alleviation measures gave 
the best results. A management protocol for bet-
ter rabbit production, suggested based on the 
study conducted by Biya (2011), is as follows:
	1.	 Improvisation of the rabbit shed to obtain 

ideal microclimate by providing shades, false 
ceiling, fans and ad libitum water supply.

	2.	 Design cages (75 × 60 × 50 cm) using 13 mm 
wire mesh supported by 37 mm PVC pipes to 
provide adequate space for doe at low cost.

	3.	 Provision to drain out urine and droppings 
from cage and shed to reduce the humidity 
inside the rabbitry.

	4.	 Reduce death of kits due to trampling by 
keeping the nest box (50 × 30 × 15  cm) with 
kits outside the cage of does with poor moth-
ering ability.

	5.	 Reduce weaning stress through antibiotic and 
coccidiostat coverage.

23.7	 �Special Integrated Designs: 
Innovate to Survive

Considering the enormity of the challenge as a 
result of climate change, we need to cut across 
traditional paradigm of animal agriculture to 
innovate tangible solution to real practical 
problems of the field to survive in any worst 
scenario.

23.7.1	 �Innovative Integrated Model 
with Goat, Rabbit, Poultry 
and Fodder Production

This model illustrates how these design consider-
ations could be used to integrate to optimise pro-
duction in the limited space available in the 
tropics (Figs. 23.6 and 23.7). The different com-
ponents of the model are described in Table 23.1.

23.7.1.1	 �Dimensions 
of the Integrated Model

Two galleries supporting each other form the roof 
for the two-storey animal house in which the 
ground floor is for poultry and the first floor is for 
goat. Rabbit is accommodated in hanging cages 
and Azolla is grown in tanks over rabbit cage. 
Galleries can accommodate grow bags with 
micro-irrigation for cultivating fodder for ani-
mals, or as kitchen garden for a small family, or 
for cultivating high value vegetables, flowers, 
fruits, etc. Separate provisions are there for col-
lecting manure and urine of goats and rabbits 
which can be used as manure for the items in gal-
lery which helps in organic farming.

The structure should be 16 ft in height, 32 ft in 
length and 10  ft in width with a floor area of 
400 ft2 (effective utility area of 1,000 ft2 as two 
floors and two galleries). Ground floor have two 
cages of 60 ft2 each on both ends preferably for 
adult layers and a central 200 ft2 space for broiler 
or layer grower chicks. First floor area is 200 ft2 
which is for goats and with two partitions, one for 
male and another for animals with advanced 
pregnancy or with kids. Rabbit cages are hanging 
outside at the level of first floor. Sixteen cages of 
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4 ft2 each are provided as two rows in front and 
the back side. Azolla tanks of 20 ft2 size should 
be set up above the rabbit cages. Galleries pro-
vide steps of 10 ft length and 1 ft width which can 
accommodate pots or grow bags with micro-
irrigation. A tank with a capacity of 500  L is 
needed for the storage of water. These sheds are 

provided with automatic drinker facility and no-
wastage feeders.

The proposed integrated units will ensure food 
security through integration of different livestock 
and helping in carbon recycling. Vertical height 
utilisation for farming ensures optimum produc-
tion from minimum space. This model can 

Fig. 23.6  Different components of the innovative integrated model
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promote roof top cultivation which will further 
reduce space. Thermal stress is reduced because 
roof is being used for cultivation. Such units will 
be self-sufficient for the individual unit and 
favours family farming as envisaged by Food and 
Agricultural Organisation (FAO). The varied 
products will ensure revenue generation year 
round.

23.8	 �Conclusion

Proper design of animal houses by utilisation of 
scientific knowledge is imperative in developing 
climate resilient animal agriculture to avert pro-
duction loss in the vent of climate change. 
Individual physiological peculiarities of different 
livestock species like dairy, sheep, goat, pig, 

Fig. 23.7  Complete unit of innovative integrated model

Table 23.1  Design components of integrated model

No Component Description Area/no

1. Structure Gallery – iron structure with steps for cultivation 35 steps
Ground floor – poultry sheds with cement floor under goat shed 
and layer poultry cage under gallery

320 ft2

First floor – plastic slat floor, iron grill and GI weld mesh 
structure, collection system for of manure and urine

200 ft2

Rabbitry – hanging cages for male and female, collection system 
for of manure and urine

16 cages of 4 ft2 each

Azolla – tanks of height 20 cm 2 tanks of 20 ft2

2. Automatic 
drinker assembly 
and feeders

Poultry – hanging feeders and drinkers 10 nos. each
Rabbit – nipple drinker and feeder 16 nos. each
Goat – drinking bowl assembly for goat 10 nos.

3. Gallery 
cultivation

Irrigated grow bags or pots, water tank of 500 l capacity 300 pots

7. Manure 
collection

Flex sheet, PVC channel for urine collection, between pond and 
shed

200 ft2
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poultry, rabbit, etc. need to be considered in the 
design of suitable housing. In a climate change 
perspective, thermal stress alleviation methods, 
methane mitigation measures and methods to 
produce optimally from limited space are of spe-
cial relevance. Specificity in design and applica-
tion can be achieved through multidisciplinary 
approach especially through engineering support 
in livestock production. Innovative, integrated 
and self-sufficient approaches suitable to mil-
lions of farmers especially in the tropical world is 
the need of the hour.
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    Abstract  

  A hot environment impairs production (growth, meat and milk yield and 
quality, egg yield, weight, and quality) as well as reproductive perfor-
mance, metabolic and health status, and immune response. Reproductive 
ineffi ciency incurred due to heat stress involves changes in ovarian func-
tion and embryonic development by reducing the competence of oocyte to 
be fertilized and the resulting embryo. The ability of an animal to cope up 
with environmental stress could be improved through strategic manage-
ment of reproduction by manipulation of folliculogenesis, hormonal alter-
ations, selective breeding, and application of embryo transfer techniques. 
Intervention of follicular dynamics with a combination of hormones like 
FSH, GnRH, and progesterone and ovum pick up (OPU) may result in 
recovery of competent oocytes. Embryo transfer may facilitate extra 
advantage of  bypassing  the thermosensitive window of oocyte develop-
ment (maturation) and early embryonic development stages. Selecting 
thermotolerant breeds of livestock species and their selective breeding 
may be good strategy for combating heat stress. However, a combination 
of heat stress ameliorative measures including nutritional management, 
shelter management, and reproductive strategies is required for getting 
maximum benefi ts.  
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24.1         Introduction 

 Climate change models predict an increase in the 
number of extreme weather events, including an 
increase in the severity and duration of heat 
waves. Effects of global warming may not be 
adverse everywhere as areas experiencing severe 
cold may get benefi cial effects in terms of pro-
duction and reproduction, while a relevant 
increase of drought is expected across the world 
affecting forage and crop production, thus 
adversely affecting production and reproduction. 
High environment temperatures may compro-
mise reproductive effi ciency of farm animals in 
both sexes and hence negatively affect milk, 
meat, and egg production and the results of 
 animal selection. High-producing animals are 
more susceptible to heat stress due to their high 
metabolic heat production. About 50 % of the 
bovine population is located in the tropics, and it 
is estimated that heat stress may cause economic 
losses in about 60 % of the dairy farms (Wolfenson 
et al.  2000 ). Lowered summer fertility is multi-
factorial in nature due to the fact that various tis-
sues are being affected and their function is 
disrupted under heat stress conditions. Heat stress 
compromises oocyte growth in cows by altering 
progesterone secretion, the secretion of luteiniz-
ing hormone and follicle-stimulating hormone, 
and ovarian dynamics during the estrus cycle 
(Ronchi et al.  2001 ). Heat stress has also been 
associated with impairment of embryo develop-
ment and increased embryo mortality in cattle 
(Hansen  2007 ; Wolfenson et al.  2000 ). Moreover, 
heat stress may reduce the fertility of dairy cows 
in summer by poor expression of estrus due to 
reduced estradiol secretion from the dominant 
follicle developed in a low luteinizing hormone 
environment. Conception rates may drop about a 
20–27 % in summer or decrease in 90-day non- 
return rate to the fi rst service in lactating dairy 
cows. Heat stress during pregnancy slows down 
growth of the fetus and can increase fetal loss, 
although active mechanisms attenuate changes in 
fetal body temperature when mothers are ther-
mally stressed. Roy and Prakash ( 2007 ) reported 
a lower plasma progesterone and higher prolactin 
concentration during estrus cycle in Murrah buffalo 

heifers, prolactin and progesterone profi les dur-
ing the summer and winter months were found to 
be directly correlated with the reproductive per-
formance of buffaloes, and that hyperprolac-
tinemia may cause acyclicity/infertility in 
buffaloes during the summer months due to 
severe heat stress. Pigs are very sensitive to hot 
conditions while goats are least affected by heat 
stress. Heat stress impairs embryonic develop-
ment and affects reproductive effi ciency until 
5–6 weeks after exposure to hot conditions. An 
advanced planning of production management 
systems is required, with an understanding of 
animal responses to thermal stress and ability to 
provide management options to prevent or miti-
gate adverse consequences (Nienaber and Hahn 
 2007 ). Various reproductive strategies have been 
suggested to overcome the adverse effects of heat 
stress in livestock species, and a combination of 
these reproductive techniques along with shelter 
and nutritional management may be more effec-
tive in nullifying the effects of heat stress.  

24.2     Impact of Climate Change 
on Livestock Reproduction 

 Reproductive processes in the male and female 
animals are very sensitive to disruption by hyper-
thermia, with the most pronounced consequences 
being reduced quantity and quality of sperm pro-
duction in males and decreased fertility in 
females. Under heat stress the physiological and 
cellular aspects of reproductive function are dis-
rupted by either the increase in body temperature 
caused by heat stress or by the physiological 
adaptations engaged by the animal to reduce 
hyperthermia. 

 Heat stress adversely affects ovarian follicle 
development and compromises oocyte growth by 
altering progesterone, the secretion of luteinizing 
hormone (LH) and follicle-stimulating hormone 
(FSH), and dynamics during the estrus cycle. 
Heat stress has also been associated with impair-
ment of embryo development and increased 
embryo mortality in cattle (Hansen  2007 ). 
Moreover, heat stress may reduce the fertility of 
dairy cows by poor expression of estrus due to 
reduced estradiol secretion from the dominant 
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follicle developed in a low-LH environment. 
Heat stress can sometimes increase adrenocorti-
cotropin secretion, which itself can block 
estradiol- induced estrus behavior. It is also likely 
that estrus expression is reduced by the physical 
lethargy experienced by heat-stressed animals. 
Heat stress during pregnancy slows down growth 
of the fetus and can increase fetal loss, although 
active mechanisms attenuate changes in fetal 
body temperature when mothers are thermally 
stressed. 

 The detrimental effects of high ambient tem-
perature and relative humidity on reproductive 
performance are well known. The impact of tem-
perature is direct as a result of increased body 
temperature or compensatory changes in blood 
fl ow. It may be indirect through the hypothala-
mus involving changes in appetite or feed intake 
and body metabolism. Figure  24.1  describes the 
impact of heat stress on goat reproductive processes. 
In females, heat stress during the fi rst week of 
pregnancy results in higher embryo mortality and 
subsequent abortions. The impact of extreme cli-

matic condition leads to most of the reproductive 
problems. Heat stress alters the normal follicular 
dynamics pattern. Follicular estradiol levels have 
shown to be decreased during heat stress, causing 
disruption of normal folliculogenesis of the fi rst-
wave dominant follicle, and the second-wave 
dominant follicle appears early but functions nor-
mally. Furthermore, heat stress alters steroid pro-
duction and metabolism; in particular 
progesterone concentration is altered (Sejian 
et al.  2011 ). These imbalances affect estrus, 
embryo survival, and follicular development in 
the ovary. Conceptus weight is also affected dur-
ing heat stress since feed intake is affected due to 
high temperature (Sejian et al.  2012 ). In males, 
heat stress impairs spermatogenesis by elimina-
tion of spermatogonial germ cells in the seminif-
erous tubules and degeneration of Sertoli and 
Leydig cells. The heat damage in the testes is 
thought to be due to hypoxia causing oxidative 
stress and consequently germ cell apoptosis and 
DNA strand breaks mainly in pachytene sper-
matocytes and round spermatids. Consequently, 

  Fig. 24.1    Impact of heat stress on goat reproduction       
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heat stress has a negative effect on semen attri-
butes. Further, heat stress signifi cantly affects the 
sexual behavior, scrotal and testicular measure-
ments, semen concentration, seminal volume, 
and mass activity of semen samples.  

 Heat stress causes increase in intracellular 
reactive oxygen species (ROS) and decrease in 
glutathione (GSH) level which is detrimental to 
embryo survivability. Oxidative stress due to 
reactive oxygen species (ROS) produced by cel-
lular metabolism has regulation on various repro-
ductive processes like cyclic endometrial and 
luteal changes, follicular development, ovulation, 
fertilization, embryogenesis, implantation, pla-
cental differentiation, and growth. Oxidative 
stress causes several pregnancy-related disorders 
such as preeclampsia, spontaneous abortion, 

intrauterine growth retardation leading to pregnancy 
loss, defective embryogenesis, and teratogenicity 
(Gupta et al.  2007 ).  

24.3     Strategies to Reduce 
the Impact of Climate Stress 
to Improve Livestock 
Reproduction 

 There are different strategies available to counter 
the impact of climate change on livestock reproduc-
tion. These strategies can be broadly grouped under 
two categories: (1) management strategies and 
(2) advanced reproductive strategies. Figure  24.2  
describes the various strategies to counter climate 
change impact on livestock reproduction.  

  Fig. 24.2    Different strategies to improve livestock reproduction under the changing climate scenario       
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24.3.1     Management Strategies 
to Improve Livestock 
Reproduction 

24.3.1.1     Shelter and Other 
Management Strategies 

 The time of greatest susceptibility for livestock 
reproduction is immediately after the onset of 
estrus and early postbreeding. Heat abatement is 
essential in the weeks preceding breeding, as 
well as the fi rst week after breeding. One way to 
minimize effects of heat stress is to provide hous-
ing that alleviates heat stress. This can be expen-
sive. The degree to which housing should be 
modifi ed to reduce heat stress will depend upon 
geographical location and extent of heat stress. 
Providing adequate shade and water to cows on 
pasture can help keep them cool, resulting in 
increased embryo survival. The simplest struc-
tures for providing cooling are shade structures. 
These can be inexpensive structures based on the 
use of shade cloth or more permanent structures. 
A common and fairly effective system for cool-
ing cows is free stall or loose housing with sprin-
klers and fans. Including foggers or misters can 
promote evaporative cooling as air moves through 
the barn. Flamenbaum and Galon ( 2010 ) identi-
fi ed the most appropriate cooling system com-
monly based on a combination of frequent direct 
watering of the cows, followed by forced ventila-
tion air blowing onto the cows. A typical cycle is 
5 min long and consists of 30 s of watering fol-
lowed by 4.5 min of forced ventilation. This 
improved the conception rate in dairy cow. Heat- 
stressed cows willingly immerse themselves in 
water, so cooling ponds are sometimes used to 
allow cows to exhibit this behavior. Bellowing in 
ponds drop a cow’s body temperature and can 
improve reproductive performance driving heat 
stress away. These artifi cially constructed ponds 
are often built with constant movement of fresh-
water into the pond. 

 In the barn and holding areas, the use of fans 
and sprinklers will help to cool the cow and the 
air around her. It should be ensured that the sprin-
klers are set to the appropriate time interval and 
that the droplet size is large enough to soak the 
cow to the skin – not a mist, which will sit on top 

of the hair and insulate the cow. Sprinklers should 
be running for between 1 and 3 min in every 
10–15 min. It is critical that the sprinklers be 
turned off and fans are running for evaporation to 
occur, resulting in the cows feeling cooler 
because some of their body heat is used to evapo-
rate the water. Avoid overcrowding pens and 
keep up on fl y control to prevent bunching. 

 Another important factor in maintaining 
reproduction in the summer is nutrition. Research 
has demonstrated that negative energy balance is 
correlated with impaired reproductive perfor-
mance. When cows reduce intake as a result of 
heat stress and fall into a negative energy balance 
situation, there are negative effects on plasma 
concentrations of insulin, insulin-like growth 
factor- 1 (IGF-1), and glucose, which result in 
poor follicular development, poor quality of 
oocytes, and reduced expression of heat. 
Minimizing dry matter intake losses during heat 
stress is critical. Keeping cows cool will result in 
more frequent meals and reduce slug feeding. It 
is a good idea to feed fresh feed more often, place 
extra waterers in return alleys, and provide shade 
at the bunk area. Review your ration before the 
heat hits to make sure there is adequate fi ber, 
potassium, sodium, and buffers if needed. 
Further, hormonal treatments using bovine 
somatotropin, GnRH treatment at time of insemi-
nation, and elevated progesterone injections post 
insemination signifi cantly improved summer 
fertility.  

24.3.1.2     Specifi c Nutritional 
Strategies to Improve 
Livestock Reproduction 

 Properly balanced rations provide adequate 
energy to reduce problems of herd health and 
reproduction associated with decreased dry mat-
ter intake (DMI) during heat stress. Requirements 
for specifi c nutrients appear to differ during ther-
mal stress compared to thermoneutral conditions. 
Increasing ration energy density with additional 
grain or fat sources has been shown to be advan-
tageous in improving reproductive effi ciency 
during summer months. Preliminary research has 
shown fungal cultures can reduce body tempera-
ture and respiration rate and beta-carotene has 
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been successful in increasing fertility and preg-
nancy rate in cows calving during the summer. 
There is need to establish prediction equations 
for requirements of all nutrients fed to livestock 
in different reproductive states at varying degrees 
of thermal stress. Other logical and relatively 
simple nutritional management strategies should 
be instituted on a broader basis. For example, 
increasing the number of feedings per day may 
entice animals to take more meals and keep feed 
fresher, thus increasing total daily consumption. 
Scheduling feeding strategically with, or right 
after, other routine events, such as milking, could 
result in increased daily consumption. As part of 
a shade management system, placement of feed 
and water so that they are always in the shade is 
paramount. Though untested, it is possible that 
provision of feed and water and perhaps artifi cial 
lighting on the dirt lot would result in increased 
consumption at night. Additionally, it would 
appear likely that total daily feed intake could be 
increased if nocturnal feedings were more fre-
quent. This additional feed intake during extreme 
weather conditions will help the animal to cope 
up to adapting as well as to reproduce normally. 

 Dietary fats could favor reproductive processes 
through actions related to energy balance or 
through specifi c actions of individual fatty acids on 
tissue function. Fats are glyceride esters of fatty 
acids that can have a direct effect on the transcrip-
tion of genes that encode proteins that are essential 
to reproductive events (Mattos et al.  2000 ). Dietary 
fats typically increase concentrations of circulating 
cholesterol, the precursor of progesterone to 
improve the reproductive effi ciency. Fat supple-
mentation has also been shown to stimulate pro-
grammed growth of a preovulatory follicle. 
Reactive oxygen species are a possible source of 
infertility because ovarian steroidogenic tissue, 
spermatozoa, and preimplantation embryos 
become compromised as a consequence of free 
radical damage. Nutritional tools, such as antioxi-
dant feeding (vit. A, selenium, zinc, etc.) and rumi-
nant-specifi c live yeast, can help. The use of 
antioxidants such as vit. E, vit. A, selenium, and 
selenium-enriched yeast helps in reducing the 
impact of heat stress on the oxidant balance, result-

ing in improved reproductive effi ciency and animal 
health (Sejian et al.  2014 ). 

 Inclusion of specifi c nutraceuticals in the diet 
to improve reproductive function offers an excit-
ing new dimension to dairy cattle management. 
Pre- and postpartum feedings of organic sele-
nium yeast (0.33 mg/kg), during summer in the 
selenium-defi cient area, improve the selenium 
status of lactating dairy cows, enhance neutrophil 
function (i.e., phagocytosis and oxidative burst) 
and humoral immune/antibody responses, reduce 
incidence of fever, and improve both uterine 
health and subsequent fertility to second service. 
Strategic supplementation of fatty acids accord-
ingly to physiological stage can selectively ben-
efi t immune function, maximize production, and 
improve reproductive responses of lactating dairy 
cows. Following the transition period, feeding 
calcium salts of fi sh oil reduces pregnancy loss 
after the fi rst service and increases pregnancy per 
insemination after the second service. This ben-
efi cial effect of feeding calcium salts of fi sh oil is 
augmented when calcium salts of saffl ower oil 
were fed previously in the transition period. 
Feeding fi sh oil in the breeding period follow-
ing saffl ower oil in the transition period stimu-
lates pregnancy per AI for the second service in 
the warm season, whereas feeding palm oil in the 
breeding period following saffl ower oil in the 
transition period has no benefi cial effect on sec-
ond service pregnancy per AI. Supplementary 
feeding of lupine grain for 14 days and the “ram 
effect” can be combined as a strategy for increas-
ing ovulation rate in sheep. Net reproductive per-
formance of both ewes and rams is improved due 
to lupine supplementation at mating (Nottle et al. 
 1997 ).  

24.3.1.3    Body Condition Scoring 
as a Tool to Optimize 
Reproduction in Livestock 

 Body condition scoring (BCS) is a system of 
describing or classifying breeding animals by 
differences in relative body fatness. It is a sub-
jective scoring system but provides a fairly reli-
able assessment of body composition. BCS is a 
simple but useful procedure, which can help 
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producers in making management decisions 
regarding the quality and quantity of feed needed 
to optimize productive and reproductive perfor-
mance. Under Indian farming condition, a 5-point 
body condition scoring system similar to the one 
followed in the United States is preferable. BCS 
provides a reasonable indicator of nutritional 
status of ewes at different production phases, 
which allows to assess ewe’s nutrition level and 
to decide when and how to supplement the 
fl ocks. A series of studies conducted on the infl u-
ence of BCS on sheep reproduction suggests that 
both ewes and rams belonging to BCS between 
3.0 and 3.5 performed much better than lower 
and higher BCS for most reproductive parame-
ters studied (Sejian et al.  2010 ; Maurya et al. 
 2010 ). This signifi es the importance of optimum 
BCS of ewes for better reproductive perfor-
mance. Further, the poor performance of 4.0 
BCS sheep when compared to 3.0–3.5 BCS 
refl ects the economic importance of the study in 
terms of wastage of supplementary feeding. This 
indicates that sheep under a hot semiarid tropical 
environment should be maintained at moderate 
(3.0–3.5) BCS both at mating and at lambing 
stage to ensure optimum return from these ani-
mals rather than supplementing to increase the 
body condition score to a higher level. Further, 
these studies indicate that active management of 
breeding sheep fl ock to achieve the optimum 
BCS of 3.0–3.5 will ensure optimal reproductive 
performance of these animals. This will ensure 
economically viable return from these fl ocks. 
Table  24.1  describes the recommended BCS for 

different reproductive stages in sheep under a 
hot semiarid tropical environment.

24.3.2         Advanced Reproductive 
Strategies to Improve 
Livestock Reproduction 

24.3.2.1    Intervention of Follicular 
Dynamics 

 The preovulatory follicle is a key component of 
the reproductive systems, and impairment of its 
function during thermal stress may affect other 
reproductive events, such as secretion of gonado-
tropins, progesterone, and estradiol and subse-
quently the development of the corpus luteum 
(CL) and embryo. Aberrant follicular develop-
ment is observed in hot season. Reduction in 
plasma inhibin concentration was detected in 
heat-stressed lactating dairy cows (Wolfenson 
et al.  1995 ). The dominance of the large follicle is 
suppressed during heat stress, and the steroido-
genic capacity of theca and granulosa cells is 
compromised. Reduction in follicular dominance 
during the period of heat stress is associated with 
a decrease in inhibin secretion by granulosa cells 
and subsequent alterations in FSH that leads to an 
increase in the development of large follicles 
(e.g., non-ovulatory follicles and cysts) in cattle 
(Wolfenson et al.  2000 ).This may happen due to 
attenuated follicle dominance, but due to elevated 
ambient temperature, early embryonic losses 
occur and pregnancy is not sustained. The pool of 
small antral follicles gets damaged during sum-
mer, and as long as these follicles are sustained in 
the ovaries, fertility will remain low (aftereffect 
of summer). Sensitivity of the early growing fol-
licles to heat stress is a likely explanation for the 
fact that oocyte quality is only gradually restored 
in the autumn and that restoration of oocyte 
 competence for cleavage in the autumn can be 
hastened by treatments that increase follicular 
turnover (Roth et al.  2002 ). It is speculated that 
fertility may not be restored until all the damaged 
follicles destined for ovulation have been 
removed from the ovary that may be the possible 
explanation of restoration of fertility in the 

   Table 24.1    Some recommended (optimal) condition 
score values for the various stages of the production cycle 
of sheep under hot semiarid condition   

 Class of sheep  Optimum condition score 

 Breeding  3.0 
 Mating  3.0–3.5 
 Early to mid-gestation  3.0 
 Late gestation  3.5 
 Lambing  3.5 
 Twining  3.5–4.0 
 Lactation  3.0 
 Rams at mating  3.5 
 Weaners  2.5 or more 
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autumn. Actually the follicle is a multi- 
compartmental structure in terms of biosynthesis 
of steroids and intrafollicular communication 
between the oocyte and follicular tissue. Seasonal 
variations in follicular steroidogenesis may be 
because of two reasons: fi rst because of low sub-
strate availability due to lowered feed intake 
which may be said as “indirect effect” and sec-
ond by alteration in gonadotropin secretion which 
in turn may affect follicular function. Heat stress 
can reduce the magnitude of the preovulatory 
surge of LH and estradiol-17β. There are also 
direct effects of elevated temperature on nuclear 
maturation, spindle formation, cortical granule 
distribution, free radical formation, mitochon-
drial function, and apoptosis. Estradiol and 
androstenedione production by granulosa cells and 
theca cells is decreased due to heat stress, and the 
theca cells appeared more susceptible to heat 
stress. Progesterone plays an important role in 
follicular turnover (de Castro et al.  1999 ). 
Progesterone secretion by luteal cells is also low-
ered during summer. Low plasma progesterone 
affects steroidogenesis in the dominant follicle 
and CL and thereby alters reproductive function 
in the subsequent estrus cycle. Low progesterone 
may cause aberrant follicular development which 
may result in abnormal oocyte maturation in the 
ovulatory follicles. 

 Delayed effect of heat stress on follicle quality 
may be overcome by mechanical removal of fol-
licles by OPU from ovaries or by stimulating fol-
licle turnover. FSH treatment increases the 
number of medium-sized follicles in the follicu-
lar waves following heat stress and induced an 
earlier emergence of high-quality oocytes (Roth 
et al.  2002 ; Friedman et al.  2010 ). Stimulation of 
gonadal function by GnRH improves follicular 
function, as frequent follicular waves induced 
during fall increased follicular estradiol content 
in preovulatory follicles aspirated from previ-
ously heat-stressed cows (Roth et al.  2004 ). 
Synchronization with GnRH and PGF2α also 
improves fertility (Friedman et al.  2011 ). 

 The stage of the estrous cycle at the time of 
the OPU session infl uences the recovery rate, 
oocyte quality, and in vitro embryo production 
(IVP). Confl icting results have been reported 

regarding the ideal follicular phase to maximize 
performance of OPU. Greater recovery rates have 
been reported when the OPU was performed 
closer to the follicular wave emergence 
(Machatkova et al.  2004 ), while greater in vitro 
competence of oocytes was obtained during the 
early dominance phase (Hendriksen et al.  2004 ). 
Increased IVP was achieved when FSH was used 
in four equal doses twice daily beginning at the 
time of follicular wave emergence. In this case, 
OPU was performed 24 h after the last FSH treat-
ment (Rodriguez et al.  2010 ).  

24.3.2.2    Progesterone and Fertility 
 Following recruitment of healthy preovulatory 
follicles which results in a successful postovula-
tory fertilization are the processes associated 
with the development of a CL and maintenance 
of pregnancy. Early embryonic mortality (from 
fertilization to detection of pregnancy) is the 
major cause of low conception. The survival of 
early stage embryos is related to normal luteal 
progesterone production (Robinson et al.  2008 ). 
An association between normally high progester-
one concentration and more advanced embryo 
development has been shown as early as day 5 of 
pregnancy (Green et al.  2005 ). Long-term chronic 
exposure to heat stress decreases plasma proges-
terone (Chandra et al.  2007 ), and this decreased 
progesterone production may be caused by 
impaired luteinization of CL exhibiting depressed 
progesterone concentration, depressed synthesis 
of progesterone from luteal cells, detrimental 
carry-over effect of heat stress on ovulatory fol-
licle, and subsequent effect on formed CL secret-
ing lower progesterone (Torres-Junior et al. 
 2008 ). Concentrations of progesterone before 
ovulation can affect subsequent fertility 
(Bisinotto et al.  2010 ; Denicol et al.  2012 ), pos-
sibly because of actions on oocyte function, and a 
reduction in circulating progesterone concentra-
tions before ovulation caused by heat stress 
(Wolfenson et al.  2000 ) could conceivably com-
promise the oocyte. The level of endogenous pro-
gesterone is widely variable because of several 
variables: adrenal release of progesterone, 
metabolism in the liver, hemodilution, degree of 
thermal stress, age of cow, stage of lactation, and 
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milk yield and type of feeding. Progesterone 
concentration is lowered mainly in chronic stress 
and not in acute and short-term stress. Most stud-
ies showed that acute exposure to high environ-
ment temperature in psychrometric chamber may 
elevate or does not affect progesterone concentra-
tion. This higher concentration of progesterone at 
acute stress may be attributed to the elevated 
adrenal secretion of progesterone or to the severity 
of the thermal stress (Bridges et al.  2005 ). 

 Progesterone supplementation during early 
pregnancy has proven benefi cial in some studies. 
Supplementation of exogenous progesterone 
under conditions of summer heat stress has the 
potential to improve fertility, provided that (a) the 
endogenous level of progesterone secretion is 
compromised and (b) the thermal stress is at the 
level that permits embryo survival (mild thermal 
stress). Accessory CL may be useful in support-
ing the plasma progesterone which may be facili-
tated by the induction of ovulation from fi rst-wave 
dominant follicle by treatment with GnRH ago-
nist or hCG. In general, effi ciency to increase 
progesterone concentration is greatest when 
accessory CL is induced by hCG. GnRH admin-
istration at insemination or 12 days later can 
improve fertility of lactating cows during heat 
stress (Lopez-Gatius et al.  2006 ). Another 
approach to increase progesterone concentration 
is by inserting intravaginal devices containing 
progesterone (CIDR) post AI. A study by 
Wolfenson et al. ( 2009 ) stated that CIDR treat-
ment increased conception rate by 6 % but not 
signifi cantly. However, the CIDR treatment 
increased conception rate by 22.5 % in cows with 
low body condition score at peak lactation, and 
cows that exhibited uterine disorder at partition 
had an increase in conception rate from 25.6 to 
47.8 % with insertion of the CIDR device.  

24.3.2.3    Strategies to Decrease 
Estradiol 

 Inskeep ( 2004 ) indicated that estrogen secretion 
from a large follicle from days 14 to 17 of preg-
nancy may negatively affect embryo survival. 
Binelli et al. ( 2001 ) suggested the attenuation of 
luteolytic stimuli as a strategy to decrease early 
embryonic mortality. Moreover, this hormone 

has a central role in PGF production and luteoly-
sis. Thus, strategies resulting in the absence of 
dominant follicles, reduction of their steroido-
genic capacity, or reduction of endometrial 
responsiveness to estradiol during the period of 
maternal recognition of pregnancy should 
increase the probability of conceptus survival and 
pregnancy rates. One simple way to reduce 
plasma concentrations of estradiol is to remove 
follicles by transvaginal ultrasound-guided aspi-
ration of follicles. Aspiration of the fi rst-wave 
dominant follicle on day 6 of the estrous cycle 
decreased PGF release (as measured by plasma 
concentrations of its metabolite, PGFM) in 
response to an estradiol injection given on day 
17 in comparison with non-aspirated controls. 
Injection of GnRH on day 5 and hCG on day 13 
of a synchronized estrous cycle induced ovula-
tion of the fi rst-wave dominant follicle and an 
accessory CL, and emergence of the second wave 
would be synchronous (Bergamaschi et al.  2006 ). 
GnRH-hCG approach takes advantage of both 
the progesterone supplementation and the estra-
diol reduction strategies to modify uterine func-
tion and has the potential to affect positively 
pregnancy rates in cattle.  

24.3.2.4    Administration of Other 
Antiluteolytic Agents 

 Strategies like the use of anti-infl ammatory 
drugs, fat feeding, and administration of bovine 
somatotropin (bST) target the uterus and the con-
ceptus directly. Synthesis of PGF results from 
a coordinated cascade of intracellular events. 
A rate-limiting step in this cascade is the conver-
sion of arachidonic acid to prostaglandin-H2 
(PGH2) by the enzyme prostaglandin endoper-
oxidase synthase 2 (PTGS2 or COX-2). The PGH 
is subsequently converted to PGF. Strategies tar-
geting the inhibition of PTGS2 activity, and 
 consequently PGF synthesis, during maternal 
recognition of pregnancy should increase embryo 
survival and pregnancy rates. Treatment of 
Holstein heifers with fl unixin meglumine, an 
inhibitor of PTGS2 activity, on days 15 and 16 after 
insemination increased pregnancy rates on days 
29 (76.9 vs. 50 %,  P  < 0.04) and 65 of gestation 
(69.2 vs. 46.2 %,  P  < 0.09) (Guzeloglu et al.  2007 ), 
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while administration of fl unixin meglumine at 
1.1 mg/kg of BW at 13 days after AI did not 
improve pregnancy establishment in beef cows 
and heifers (Geary et al.  2010 ). PTGS2 protein 
expression in conceptus tissues starts on day 18 
of pregnancy. Therefore, inhibition of PTGS2 
activity from that moment onwards may in fact 
be detrimental to conceptus development. 
Decreasing substrates for PGF synthesis should 
result in a uterine environment less conducive for 
luteolysis, which may result in greater embryonic 
survival. Feeding of long-chain fatty acids can 
modulate PGF production in the endometrium. 
Feeding the n-3 fatty acids attenuates PGF pro-
duction (Mattos et al.  2004 ), whereas the oppo-
site effect was observed when n-6 fatty acids 
were fed to cattle (Pettit and Twagiramungu 
 2004 ). 

 Secretion of interferon (IFN) is positively 
associated with conceptus size (Mann et al. 
 1999 ); therefore, larger conceptuses should be 
better able to block PGF synthesis and luteolysis. 
One possible way to stimulate conceptus growth 
is through the administration of bST. bST 
increases secretion of IGF-1, insulin, and growth 
hormone (Bilby et al.  2004 ), and the elevation in 
the IGF-1 would protect the oocyte and embryos 
from damage caused by heat stress. In vitro 
administration of recombinant bST increased fer-
tilization rates, hastened embryo development, 
and increased embryo quality (Moreira et al. 
 2002 ; Santos et al.  2004 ; Ribeiro et al.  2014 ).  

24.3.2.5    Timed Artifi cial Insemination 
 Timed artifi cial insemination (TAI) programs 
provide an organized approach to enhance the 
use of artifi cial insemination (AI) and the prog-
ress of genetic gain and to improve reproductive 
effi ciency in dairy and beef herds. The fi nal fol-
licular growth and the diameter of the dominant 
follicle at TAI are key factors that may signifi -
cantly affect the oocyte quality, ovulation, the 
uterine environment, and consequently preg-
nancy outcomes. The use of superovulation 
(SOV) followed by AI is a technique that gener-
ates greater numbers of embryos per donor. TAI 
associated with embryo transfer (ET) is a power-
ful tool to disseminate high-quality genetics and 

improve reproductive performance mainly in 
heat-stressed dairy cattle and repeat breeders 
(Hansen et al.  2001 ; Baruselli et al.  2011 ). 

 Controlling LH pulsatility and ovarian follicu-
lar development by progesterone can infl uence 
oocyte quality. During the SOV protocol, low cir-
culating concentrations of progesterone may 
interfere with follicular growth and oocyte and 
embryo quality. Higher progesterone concentra-
tions during the SOV protocol may be necessary 
to regulate LH pulsatility, which avoids the 
occurrence of premature nuclear maturation, and 
may be responsible for the improved oocyte/
embryo quality following SOV protocols, espe-
cially in lactating Holstein cows (Baruselli et al. 
 2012 ).  

24.3.2.6    Embryo Transfer: Bypassing 
Damage to Oocytes 
and Embryos 

 Major negative effects of heat stress on reproduc-
tion may be related to its deleterious effects on 
the oocyte quality, decreasing fertilization rates, 
and early embryonic losses. Oocytes are dam-
aged by heat stress during follicular growth and 
oocyte maturation. Following fertilization, the 
embryo itself is susceptible to maternal hyper-
thermia. This way heat stress further enhances 
preimplantation embryonic mortality. Several 
attempts have been made to overcome these 
adverse effects of heat stress in large ruminants 
by the treatment of GnRH, but in spite of these 
attempts, pregnancy rate had been low. Thus, 
successful pregnancy during heat stress requires 
that anyhow the oocyte is prevented from damag-
ing effects of heat stress to assure successful fer-
tilization and formation of an embryo, and this 
way, the embryo should escape the stage of 
developmental block caused by heat stress. One 
feasible and effi cient way to escape this develop-
mental block may be the use of embryo transfer 
(ET) technology, as bovine embryo transfer has 
already been shown to be effective in increasing 
fertility during heat stress. 

 Minimizing adverse effects by ET is based on 
the idea that (1) most effects of heat stress on fer-
tility involve actions during folliculogenesis or 
on cleavage-stage embryos and (2) by the time 
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the embryo is transferred at the morula or blasto-
cyst stage, it has already acquired resistance to 
elevated temperature. As the embryonic develop-
ment advances, the embryo progressively 
acquires resistance to adverse effects of heat 
stress (Hansen  2007a ). 

 Embryos are typically transferred into recipi-
ent females when they reach the morula or blas-
tocyst stages of development, typically at day 7 
post ovulation. Thus, transferring day 6–8 
embryos may escape these most thermosensitive 
periods, and pregnancy rate may be improved in 
summer. The use of ET is considered a potential 
strategy for minimizing the negative effects of 
heat stress on bovine reproduction (Baruselli 
et al.  2011 ). Embryo transfer can improve preg-
nancy rate when embryos are produced by super-
ovulation or in vitro fertilization. Embryos 
produced by superovulation are superior to the 
embryos produced by in vitro fertilization 
(Hansen and Block  2004 ). Pregnancy rates were 
lower by transferring cryopreserved embryos 
than by transferring fresh embryos (Stewart et al. 
 2010 ), though the embryo culture media used for 
embryo culture have a signifi cant effect on the 
success rate of pregnancy. Insulin-like growth 
factor-1 (IGF-1) acts as a survival factor for pre-
implantation embryos exposed to heat stress 
(Hansen and Block  2004 ), and addition of 
IGF-1 in the culture media enhances bovine/bub-
aline preimplantation embryo development 
(Sirisathein et al.  2003 ; Chandra et al.  2012 ) as 
IGF-1 and IGF-2 receptors are present in all pre-
implantation stage embryos (Chandra et al. 
 2011 ). Treatment with IGF-1 can make embryos 
resistant to heat shock (Jousan and Hansen  2007 ), 
and there might be variation between embryos in 
the degree of thermotolerance at the blastocyst 
stage. However, when genetic consideration is 
secondary, embryos produced from oocytes col-
lected from abattoir ovaries are most 
cost-effective.  

24.3.2.7    Genetic Selection 
and Proliferation 
of Thermotolerant Animals 

 Sustainable livestock production in climate 
change scenario may be attained through produc-

ing heat-resistant strains of animals. It has been 
seen that certain breeds of beef and dairy cattle 
are better in regulating body temperature during 
heat stress than others. Thus, genetic improve-
ment in resistance to heat stress may be achieved 
by applying genetic selection or crossbreeding. 
There are wide variations in genetics in resis-
tance to heat stress among livestock species 
(Hayes et al.  2009 ).  Bos indicus  breeds have been 
found to be more heat tolerant than  Bos taurus . 
Compared with  B. taurus  cattle,  B. indicus  cattle 
exhibit increased total numbers of oocytes, 
increased oocyte viability, increased blastocyst 
rate, and a reduced rate of nuclear fragmentation 
in in vitro produced blastocyst (Baruselli et al. 
 2012 ). 

 A beef cow of the Brahman or Nelore breed 
can maintain productivity in hot environments 
because it is genetically competent to regulate 
body temperature during heat stress. There are 
some genes in Northern European dairy cattle 
that confer animals with some resistance to heat 
stress. Genes exist not only for regulation of body 
temperature during heat stress but also for cellu-
lar response to elevated temperature. Identifi cation 
of the genes controlling cellular thermotolerance 
or of genetic markers linked to those genes may 
enable the selection of cattle possessing embryos 
with increased resistance to disruption by ele-
vated temperature. Basirico et al. ( 2011 ) studied 
the relationship between two single nucleotide 
polypeptides (SNPs) in the 5′ UTR of the heat 
shock protein 70 gene and resistance of periph-
eral blood mononuclear cells from lactating 
Holsteins to exposure to 43 °C for 1 h in vitro. 
Moreover, the allele that was associated with 
increased survival also resulted in increased 
expression of the heat shock protein 70.1 
(HSP70.1) gene. It is worth noting that both of 
these SNPs were related to calving percentage in 
seasonal calving in Brahman cows. 

 “Slick” gene, fi rst described in the Senepol 
breed of beef cattle that originated in the Virgin 
Islands, is a dominant gene that causes very short 
hair growth. Slick Holsteins are found better to 
regulate body temperature during heat stress than 
cows with normal hairs (Dikmen et al.  2008 ). 
In Venezuela, Olson et al. ( 2003 ) found that 
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Carora- Holstein crossbreds with the slick gene 
had lower rectal temperatures and higher milk 
yield than Carora-Holstein crossbreds with nor-
mal hair length. 

 The advantage of selection for thermotoler-
ance is that the reduction in milk yield and fertil-
ity during the summer would be minimized. In 
contrast to these benefi ts, one must weigh two 
disadvantages. First, it is to be expected that cows 
that are more resistant to heat stress will also be 
less resistant to cold stress. The second possible 
disadvantage is selection for thermotolerance 
could accidentally lead to selection against milk 
yield. An increase in milk yield causes cows to 
produce more heat and that might make them less 
thermotolerant.  

24.3.2.8    Reducing the Burden 
of Unproductive Livestock 
Production of Progenies 
of Desired Sex 

 In the coming years, the world will be facing 
problem of food security for humans as well as 
for animals due to shortening of available natural 
resources and cultivable lands. So, the need of the 
day is that the strategies should be focused upon 
controlling the population of livestock by increas-
ing the productivity of animals and reducing the 
number of animals. Farmers should have animals 
of desired sex, viz., male animals for meat pur-
pose and female animals for milk production. 
This can be done by using sexed semen or sexed 
embryos. This will result in excellent replace-
ment for beef and dairy herds. Sexed sperm could 
be especially useful for superovulation; in that 
case, it is often desirable to obtain calves of one 
sex or another for a particular mating. One dose 
of sexed sperm can be used to produce many 
embryos. Flow cytometry-mediated sperm sort-
ing is a very effective tool in separating X- and 
Y-sperm with more than 90 % accuracy. 

 Sexing of preimplantation embryos is com-
monly combined with the large-scale commercial 
embryo production and ET industry, whereas 
embryos of a predefi ned sex can defi nitely allow 
the application of certain management schemes 
for dairy or meat production industry (Herr and 

Reed  1991 ). Selective sex predetermination 
together with the multiple ovulation and embryo 
transfer (MOET) procedures can effectively aid 
in improvement of the genetic gain of the herd 
(Colleau  1991 ). Preimplantation embryo sexing 
can be achieved by cytogenetic, immunological, 
and metabolic methods or by using male-specifi c 
chromosomal DNA probes. However, the use of 
SRY gene-specifi c DNA probes, together with 
the use of the PCR embryo-derived biopsy sam-
ples, is superior in terms of effi ciency and run-
ning speed (Herr and Reed  1991 ).    

24.4     Conclusion 

 Although new knowledge about animal responses 
to the environment continues to be developed, 
managing livestock to reduce the impact of cli-
mate remains a challenge. Among the environ-
mental variables affecting livestock, heat stress 
seems to be one of the more intriguing factors 
making diffi cult animal reproduction of many 
world areas. There are several strategies that are 
available to both prevent and counter the adverse 
impact of climate change on livestock reproduc-
tion. These include housing animals in facilities 
that minimize heat stress, use of timed AI proto-
cols 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; intervention of follicular dynamics; 
hormonal interventions using bST, GnRH, and 
progesterone; and production of progenies of 
desired sex. Opportunities also exist for manipu-
lating animal genetics to develop an animal that 
is more resistant to heat stress. Various 
 reproductive strategies have been suggested in 
this chapter to overcome the adverse effects of 
heat stress in livestock species, and a combina-
tion of these reproductive techniques along with 
shelter and nutritional management may be more 
effective in nullifying the effects of heat stress.     
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    Abstract  

  Global diversity of livestock in the form of many different species and 
breeds in a variety of production environments is indicative of the fact that 
it has developed over time in sync with the ecosystem. The developing 
world is particularly enriched with livestock breed portfolio. Natural 
selection has mainly acted on fi tness including adaptability and reproduc-
tive success, whereas selection practised by livestock keepers and animal 
breeders has been need based. As against highly structured breeding pro-
grammes and intensive selection in developed world, livestock of develop-
ing world have largely been subjected to differential selection pressures in 
the form of their ability to survive in harsh production environments and 
challenged inputs. The last few decades have witnessed large-scale ero-
sion of livestock genetic diversity. Climate change (CC) through its direct 
and indirect effects including its mitigation measures is believed to have 
infl uenced the erosion. Faster loss of animal genetic diversity poses 
greatest threat to the sustainability of the sector. The presence of varied 
livestock species and their breeds with widely variable performances 
offers the opportunity for genetic improvement. In the absence of it, we 
risk progress in this sector. Reorientation of livestock breeding is required 
to address the issues of CC. Although resource-use effi ciency is impera-
tive, careful trade-off between livestock production, productivity and 
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adaptability will be required. Breeding strategies for livestock genetic 
resources to counter CC impact will not be fundamentally different in the 
future. Natural stratifi cation of species and breeds of livestock shall be an 
important guide in the design. Appropriate policy framework, large-scale 
cooperation in knowledge and resources and awareness will be crucial.  

  Keywords  

  Adaptability   •   AnGR   •   Breeding strategy   •   Conservation   •   Genetic 
improvement   •   Production system   •   Sustainability  

     Animal agriculture continues to remain as one of 
the most important sources for income generation 
and tool for nutritional security, livelihood and 
poverty alleviation in developing and least devel-
oped countries. Growth trend of industrial and 
organised mode of animal production in devel-
oped countries also confi rms its ever- increasing 
and important role in food security. The livestock 
sector as a whole is dynamic and has grown over 
the period facing newer challenges, developing 
suitable strategies to curtail and circumvent it. 
Key ingredient in facing the challenges with resil-
ience has been the fl exibility of operation and 
diversity of production and production system. 
The swiftness of the production system to adjust 
has been the cornerstone that has been possible 
because of the many factors, one of the key of 
which is the diversity of gene pool in the form of 
many different livestock species and breeds of a 
species including crossbred and synthetic popula-
tion. The dynamic livestock sector embraces for a 
relatively newer challenge – climate change (CC). 
Not only the livestock species but also its produc-
tion system has evolved over hundreds of years 
facing climatic and weather variables and 
extremes. It may not be illogical to think that the 
sector will match the demands of CC through 
structural and functional change including its 
organic function. The key question that remains to 
be answered is the preparedness in the face of CC 
so that livestock production and productivity are 
not grossly affected. What is largely unexplored 
because of absence of authentic data and suffi -
cient experimentation is whether the variable and 

veritable gene pool will continue to deliver the 
same goods and services with incremental growth 
without major change in case CC outpaces the 
inherent and serial adaptability of the livestock 
production and production system. 

 The pillar of the livestock improvement to 
meet the burgeoning needs of humankinds has 
been the improvement of genetics. The genetic 
improvement of livestock has been a function of 
natural selection and human intervention. 
Whereas fi tness and adaptability have shaped the 
course of natural selection, livestock keepers and 
animal breeders have brought improvement 
through application of their wisdom, science and 
technologies. Although rate of genetic gain is 
slow and steady, it is relatively permanent and 
thus indispensable. The predominant motive in 
artifi cial selection has been need based; however, 
societal as well as ecological values of livestock 
might not have been overlooked while practising 
selection by their keepers. Key ingredient for 
selection to be effective and useful is variation in 
the population. The diversity and variability 
in the phenotype and genotype of livestock offers 
the opportunity for genetic improvement. The 
last few decades have witnessed unparallel loss 
of livestock genetic diversity for varied reasons. 
CC through its direct and indirect effects is sup-
posed to have accelerated the erosion. Faster loss 
of animal genetic diversity poses greatest threat 
to the sustainability of animal agriculture directly 
and thereby to nutritional security and livelihood 
of its keepers along with high impact on the 
ecosystem. 
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 In the following section, attributes of livestock 
genetic resources in interaction with climate and 
CC, analysis of practised breeding strategies and 
resultant priority of livestock genetic improve-
ment issues with respect to climate resilience are 
discussed. 

25.1     Interplay of Animal Genetic 
Resources (AnGR) 
and Climate (Change) 

 The diversity of livestock species and its many 
different breeds including the ones developed by 
its rearers and breeders is suffi ciently indicative 
of the interplay of animal genetic resources 
(AnGR) with climate. Natural distribution pat-
tern of livestock species and breeds has been a 
function of the ecosystem. Climate being an inte-
gral part of the ecosystem infl uencing production 
and reproduction, nutrient availability and dis-
ease pattern, the diversity of livestock species 
was ensured. Thus, the course of evolution has 
been in no stage insulated from the interaction 
with climate and its variables. Thirty-three mam-
malian and avian livestock species are described 
by Food and Agriculture Organization’s (FAO) 
Domestic Animal Diversity Information System 
(DAD-IS). When we look at a particular live-
stock species, another discernible feature is the 
natural stratifi cation of livestock breeds by cli-
matic zones suiting to the macro-environment 
and based on production system and practice. 
FAO’s global assessment of livestock breed 
diversity puts the fi gure to 7,040 local breeds and 
1,051 transboundary breeds (FAO  2009 ). 
Developing countries host about two-thirds of 
breed portfolio. Further variability is explained 
by the selective expression of gene(s) depending 
on the climate and weather variables. 

 Livestock species has equally undergone the 
course of natural evolution determined by the fi t-
ness acting on selective reproductive success. 
Since the onset of domestication, humankind has 
used it to suit their diverse needs. Although the 
predominant motive has been the improvement in 
production and productivity, nontangible factors 

like sociocultural and environmental service have 
also importantly infl uenced livestock species and 
breed biodiversity portfolio. In the process, live-
stock has acquired necessary physical and physi-
ological changes. When looked to the cellular 
level, it has resulted in differential display of 
genes, their action and interaction. In many cases, 
it has resulted in signature conformation with 
novel gene mutations. 

25.1.1     Signifi cance of Climate 
Change for the Management 
of AnGR 

 Livestock breeds have been conscientiously 
developed along with the climatic variables natu-
rally. Whenever farming needs have defi ned the 
breeding objective, a healthy balance of produc-
tion and productivity, feed effi ciency, general 
vigour, disease tolerance and longevity has got 
predominance on macro-scale. Thus, both natural 
and artifi cial selection have largely been in sync 
with climate and production system so that it can 
produce goods and offer services and at the same 
time withstand climatic stress. For industrial or 
landless production system, other traits except 
production and productivity have not received 
due attention because of easy access to inputs. 
There are notable exceptions like the beef indus-
try which has imbibed functional traits serially. 

 It is now well understood that the diversity of 
livestock species and breed portfolio offers the 
opportunity for facing challenges more effec-
tively and helps in risk mitigation. In this connec-
tion, it is worthwhile to note that maximum 
livestock diversity is observed in developing and 
least developed countries with a variety of pro-
duction systems like smallholder, mixed crop- 
livestock and pastoral offering diverse production, 
sociocultural and environmental services. In 
developed world, the portfolio has become lim-
ited suiting to industrial needs of milk, meat, egg 
and fi bre. Thus, whereas local breeds along with 
traditional breeding system dominate developing 
and poor countries, limited transboundary breeds 
with global reach developed through scientifi c 
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well-structured breeding programmes are mostly 
seen in developed countries. Traditional produc-
tion system is largely not protected for environ-
mental variables and open grazing is popular in 
contrast to large-scale intensive production sys-
tem which is mostly protected against environ-
mental variables through shelter and control of 
microenvironments. Heterogeneous plant com-
munities with widely variable nutritive values, 
crop residues, pasture feeding and low-quality 
forage characterise the feed type available to live-
stock in majority of the developing and poor 
countries as against concentrate, cereal, easily 
digestible  fodder and good pasture in developed 
world which is largely not infl uenced by seasonal 
variability. When it comes to disease and para-
sitic challenges, tropical world is more unfavour-
able to its livestock as compared to temperate 
world. 

 The direct challenges posed by climatic vari-
ables like high temperature, humidity and 
restricted access to potable water and the indirect 
challenges such as low-quality feed and fodder, 
increased diseases and mortality have resulted in 
the development of livestock breeds which are 
well adapted in tropical world. Most of them can 
thrive well and produce a wide variety of goods 
and services. The range of goods include milk, 
meat, egg, wool and fi bre, skin and hides, draught 
power and transport, manure for soil fertility and 
bio-fuel. The defi nition of the broad-based role of 
tropical and traditional livestock production sys-
tem also includes a range of sociocultural ser-
vices like insurance and asset function during 
emergencies, religious role, heritage, alternative 
system of medicinal use, sports and recreation, 
social status of owner and a host of environmen-
tal services like effi cient use of crop by- products 
and residues, weed and shrub control, dispersal 
of seeds and constituent of cultural landscapes. 

 However, when enumerating the role and con-
tribution of livestock by commonly agreed and 
easily comparable economic terms, it is by and 
large restricted to traded products only like milk, 
meat and egg. This has resulted in considerable 
undervaluation of it as a humankind asset func-
tion. Even in the absence of complete capture of 
the true value of the product and services offered 

by livestock resources, it is accepted beyond 
doubt that the genetic diversity of AnGR is vital 
for adapting production systems to future 
changes. 

 The relevance of maintaining diversity in 
AnGR for the present and the future remains with 
the fact that animals must be genetically well 
matched to production environments in which 
they are (to be) kept and able to meet the demands 
for products and services. Altered scenario under 
CC may require adjustment of breeding objec-
tives and/or adaptation of husbandry practices, 
but genetic diversity always remains as a prereq-
uisite for adapting production systems to future 
changes. 

 It may be appreciated that the projected chal-
lenges associated with CC like thermal stress, 
poor nutrition and increased disease risk will not 
be fundamentally different than what the live-
stock faces today specially for the tropical world. 
It becomes a major concern for the conditions 
that changes outpace the adaptability and/or the 
future portfolio of genetic diversity no longer 
offers the option to adapt because of being 
already lost. 

 Livestock rearing being one of the oldest pro-
fessions of humankind gave rise to diverse pro-
duction environment and systems. For all reasons, 
livestock husbandry has matched the expectation 
of nutritional security and livelihoods. However, 
ever-increasing demand for animal products with 
human population explosion led to unparallel 
demand leading to the so-called livestock revolu-
tion. The sector being dynamic has kept the pace, 
and CC for all purpose may add another layer of 
infl uence. Livestock revolution saw globalisation 
of livestock production led by the industrialised 
system of production in developed world. More 
than 90 % of genetic material exports originate 
from developed countries, and share of trade from 
developed to developing countries increased 
from 20 to 30 % between 1995 and 2005 (Gollin 
et al.  2008 ). The industrial system of livestock 
production produces 55, 68 and 74 % of global 
pork, eggs and poultry meat production, respec-
tively, utilising internationally sourced animal 
genetics and feed and large-scale use of sophisti-
cated technologies (FAO  2003 ; Steinfeld et al. 
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 2006 ). Most of the developing and poor countries 
in the pursuit of purchasing genetic progress as 
short-cut instead of developing suitable animal 
germplasm using native genetic resources of their 
own has imported genetic materials of high pro-
ducing ability which has otherwise been devel-
oped for production environments of developed 
world based on high-inputs. This led to the spread 
of elite and restricted genetic base to the world 
over, the so-called international transboundary 
breeds. 

 As compared to industrial livestock produc-
tion, majority of the developing and poor coun-
tries basically harbours smallholder production 
along with pastoral system of livestock rearing 
with a host of native livestock breeds known for 
their resilience. These native breeds have always 
been a cultural entity rather than a defi ned class 
of homogenous population. The so-called 
livestock- based development programmes in 
developing and poor countries based on import of 
genetic progress led to severe erosion of their 
own livestock diversity. Although developing 
countries host about two-thirds of breed portfo-
lio, about 9 % of reported breeds are extinct and 
20 % are currently classifi ed as being at risk 
globally. The risk status of 36 % of breeds is 
unknown (FAO  2009 ). About 31 % of cattle 
breeds, 35 % of pig, 38 % of chicken and 33 % of 
horse breeds are currently at risk or already 
extinct (FAO  2009 ). 

 Although short- and medium-term gain of 
importer countries can never be denied, its long- 
term effect has already shown vulnerability 
whereby the improved livestock struggles to 
retain its superiority with relatively poor inputs 
and services in different production 
environments. 

 The growing dichotomy between large-scale 
intensive livestock production and smallholder 
mixed crop-livestock or pastoral system of live-
stock production further adds uncertainty and 
vulnerability to future changes. These may war-
rant redefi ning the role and value of AnGR in 
broadest possible term including its sociocultural 
and environmental value. Most native livestock 
breeds of developing and poor countries produce 
at low to medium level with challenge inputs – 

poor feed, fodder and pasture, high disease inci-
dences and worm load and higher mortality. 
However, suffi cient within-breed variation exists, 
allowing exploit of additive genetic variation 
through selective breeding. 

 More perplexing is the fact that livestock pro-
duction both contributes to and is affected by 
CC. Eighteen per cent of global GHG emissions 
are attributed to livestock via land use and land- 
use change which includes grazing, feed crop 
production, manure management and enteric fer-
mentation (FAO  2006a ,  2010a ). 

 Although it is widely understood that CC will 
affect the product and services rendered by 
diverse livestock species and breeds, regrettably 
it is yet to be integrated to the adaptation and 
mitigation strategies of CC. One of the biggest 
challenges in quantifying the role of CC on live-
stock is the absence of quality data and appropri-
ate model. Although adaptation traits are widely 
covered, in many a case, they are restricted to 
anecdotal evidences and detailed data of it along 
with thermo-neutral zone (TNZ) is not available. 
Again, because of globalisation of animal genet-
ics, mainly by international transboundary 
breeds, the geographical distribution of the 
breed(s) is overlaid by diverse production sys-
tems. Further, they often have similar environ-
mental envelopes since several species have been 
domesticated in the same region. Another bigger 
void is that many stakeholders do not consider 
CC as a possible threat to the long-term sustained 
use of livestock biodiversity and the product and 
services thereof.  

25.1.2     Challenges Associated 
with Climate Change to AnGR 

 As discussed earlier, selection in general has 
largely been in sync with climate and production 
system so that it continues to produce goods and 
services in the presence of predictable stresses 
with time horizon of its development. However, 
many a different factors infl uence it. There is a 
wide variation in adaptability of different live-
stock species and breeds to stressors. Most native 
animals of tropical countries have remarkable 
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ability to adapt to environmental stressors. 
However, fast dilution of native germplasm, 
large-scale transboundary movement of narrow 
pool of  superior  animal genetics ignoring geno-
type and environment interaction (GEI), and 
absence of sharing of knowledge are widening 
the vulnerability of AnGR. The range, scale and 
possible magnitude of the infl uence of stressors 
are continuously updated, and the present para-
digm of knowledge may not be in the advanced 
stage of understanding their impact. In the fol-
lowing section, challenges posed by most possi-
ble stressors are discussed. 

25.1.2.1     Direct Effect 
 Direct effect of CC that is likely to affect live-
stock diversity and the product and services 
offered by the livestock signifi cantly in long-term 
horizon is heat stress. Temperature is predicted to 
increase globally in certainty with reduction in 
precipitation in many parts of the world, more so 
for the already arid regions (IPCC  2007 ). It will 
result in increased heat stress to livestock. Heat 
stress continuously challenges the homeostasis of 
livestock, and appetite and FI become the fi rst 
casualty. When lifetime production of animal is 
considered, it is signifi cantly affected because of 
reduction in fertility and increased mortality. 
Milk production, fertility and longevity in 
Holstein-Friesian cattle are reported to decline as 
temperature increases (West  2003 ). A modelling 
exercise for the Great Plains region of the United 
States indicated substantial declines in beef, 
dairy and pig productivity in parts of the study 
area (Mader et al.  2009 ). For most of the species, 
body temperature beyond 45–47 °C is considered 
to be lethal. Effect of heat stress on animal pro-
duction and productivity will be variable based 
on climatic region, production system and spe-
ciation distribution. Livestock of arid region are 
supposed to be affected by highest degree. 
Monogastric species being less thermotolerant 
than ruminants will suffer more in areas with 
increased thermal stress. 

 Response of animals to any stress including 
thermal is a function of fi tness and adaptation. 
Wide variability in adaptation of livestock to 
thermal stress is observed which is governed by 

morphological and physiological features. 
Morphological characteristics of the skin, viz. 
colour, thickness, concentration of sweat glands 
and hair coat, number of hairs per unit area, 
length and diameter of the hair, angle of the hair 
to the skin surface and degree of pigmentation, 
vary between temperate and tropical livestock. 
Physiological features like respiration rate, endo-
crinological profi le and metabolic heat produc-
tion in interplay with morphological features 
determine the response to heat stress. However, 
the underlying principle covering complex inter-
action of physiological, genetic and behavioural 
factors for combating heat stress is yet to be 
understood clearly (McManus et al.  2008 ). 

 Tropical livestock in general withstand ther-
mal stress better than their temperate counter-
parts like zebu cattle (FAO  2006b ). There are 
some other species which are uniquely distrib-
uted like camelids in arid areas and yaks in harsh 
high altitudes. CC will be a greater threat to the 
geographically isolated or restricted livestock 
species and breeds through extreme weather 
events (EWE) like fl ood, drought and hurricanes. 
This particular area is so less documented 
although heavy mortality and extreme stress are 
quite common with disasters. Temperate live-
stock of developed world that are dominant in 
industrialised mode of production are insulated 
from the climatic variables and are generally not 
well adapted. At the same time, their metabolic 
heat production is higher. Livestock of develop-
ing and least developed countries which has been 
imported from developed world will face 
increased threat of heat stress because of ignor-
ing GEI and production environments. 

 The fi rst and most convenient way of combat-
ing heat stress, i.e. shelter management, will be 
imperative. Other sophisticated measures as used 
in industrialised system of production will not be 
feasible in small-scale and traditional production 
resulting in increased heat stress. Temperate live-
stock may continue to enjoy the benefi ts of 
manipulations of micro-environments till the 
time associated inputs for maintaining it become 
limited and uneconomic because of CC. 

 Although adaptation traits in general have low 
heritability, they will become more relevant in 

S. Naskar et al.



447

CC scenario. In homogenised and stable production 
environments, they may not show any apprecia-
ble genetic gain indicating towards selection 
limit (Hill and Zhang  2009 ). But with change in 
production environments associated with CC, 
they are likely to be responsive because of change 
in existing fi tness profi le and increase of 
heterozygosity.  

25.1.2.2     Indirect Effect 
 Direct effect of CC on livestock interacts with 
the other induced changes in the agroecosystem 
like altered feed and nutrient availability as 
well as disease epidemiology. Intervention to 
counteract CC and policy measures are also 
likely to infl uence the livestock diversity and its 
produce. For many parts of the world, indirect 
effects of CC may infl uence the livestock pro-
duction more pronouncedly than through direct 
effect. 

25.1.2.2.1    Feed and Nutrition 
 CC has every potential to affect the availability of 
livestock feed in a host of ways and may pose 
major challenges for the livestock sector as a 
whole as well as specifi c production systems. 
These in turn will affect AnGR. It is well known 
that climate directly affects the quality and quan-
tity of the forages. Higher temperatures increase 
lignifi cations and decrease the digestibility. It is 
likely that CC will induce a shift from C3 to C4 
grasses (Morgan et al.  2007 ). Further, it may 
increase shrub coverage in some grasslands 
(Christensen et al.  2004 ). Plant species have dif-
ferential capacities to spread in response to 
CC. Just like livestock breeds, plant species that 
fl ourish in limited environments are more likely 
to be affected by climate-related agroecosystem 
changes than generalist species that can survive 
in a variety of different environments (Foden 
et al.  2008 ). By taking advantage of it, generalist 
or colonising species will expand their ranges 
leading to increased range being invaded by oth-
erwise uncommon weeds, pests, pathogens or 
disease vectors. 

 In fact, the increases in temperature in temper-
ate areas may benefi t early season plant growth 
and thereby productive forage species may get an 

upper hand. It may be conducive for keeping 
high-performance livestock breeds that require 
good nutrition. Contrary to this, already semiarid 
areas are likely to experience lower rainfall. Wide 
variability in rainfall pattern along with frequent 
droughts may further accentuate the problem of 
shorter growing period that is likely to happen in 
many parts of the tropics (IPCC  2007 ; Thornton 
and Herrero  2008 ). This will lengthen the dura-
tion of nutritional stress. Animals may have to 
walk longer distances in search of feed and cope 
with less availability of potable water. This in 
turn will result in overgrazing in relatively less 
affected areas and newer disease and parasites 
challenges. The areas where winter will be more 
severe will limit the grazing of animals because 
of ice and snow cover like the  dzud  disasters that 
occur from time to time in Mongolia (Pilling and 
Hoffmann  2011 ). 

 Industrial livestock production system is 
largely characterised by globally sourced eco-
nomic feed inputs. Escalation of cost of inputs 
like grain (Rowlinson  2008 ) which may or may 
not be because of CC will pose a serious chal-
lenge and may force shift in production portfolio 
as has been witnessed in Southeast Asian coun-
tries such as Indonesia (Sudaryanto et al.  2001 ). 
This may force increased focus on exploitation of 
locally available feed resources (Holechek  2009 ) 
and better nutrient utilisation. 

 Large differences in response to nutritional 
stress are observed among different livestock 
species and breeds. For example, camels do not 
show much susceptibility to heat stress-induced 
nutritional challenges unlike other species. On 
the other hand,  Bos indicus  perform relatively 
better with low-quality forages although feed 
conversion effi ciency is higher in  Bos taurus  with 
good-quality feeds. Small ruminants perform 
better with low-quality feed and forages when 
compared across species. Even species and breed 
differences exist with diet selection which may 
be a function of their metabolic profi le (Blench 
 1999 ). The degree of infl uence of nutritional 
stress on production and reproduction and under-
feeding induced mobilisation of body reserves 
vary among species and breeds and may have a 
genetic basis (Hall  2004 ). However, anecdotal 
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evidences dominate over scientifi c revelation 
with respect to differential response to nutritional 
stress.  

25.1.2.2.2    Diseases and Parasites 
 Many infectious diseases especially that are 
vector- borne are signifi cantly infl uenced by cli-
mate. The disease-causing pathogens, vectors 
and hosts and their interaction are directly as well 
as indirectly affected by climate. Thus, CC is 
likely to affect spatial and temporal distribution 
of diseases including infl uence on their intensity. 
Incidences and distribution of many vector-borne 
diseases including bluetongue, dengue, leish-
maniasis and trypanosomiasis have signifi cantly 
changed during the recent past (de La Rocque 
et al.  2008 ). However, suffi cient reasons do not 
exist to ascribe their rise to CC. The dynamic 
interaction of climate with constituents of dis-
eases may see geographical expansion of vector-
borne infectious diseases like bluetongue and 
Rift Valley fever to those places where it is less 
likely to occur otherwise. It indeed may infl uence 
the transmission and course of diseases (Rogers 
and Randolph  2006 ). 

 However, simply expansion of a range of a 
disease-causing pathogens or vectors does not 
necessarily result in disease transmission to a 
larger scale (de La Rocque et al.  2008 ). In fact, 
larger population movement and increased trade 
may have contributed more to the atypical spread 
and intensity of diseases than direct effect of CC 
which might have helped disease cross their clas-
sical barriers such as deserts and oceans. 

 Seasonal infl uences on disease incidences 
may be more pronounced in the future. Specifi c 
short-term weather events and seasonal rainfall 
are known to trigger outbreaks of many diseases 
like African horse sickness, anthrax, bluetongue, 
peste des petits ruminants and Rift Valley fever 
(Van den Bossch and Coetzer  2008 ). It may be of 
considerable signifi cance since the frequency of 
EWE such as fl oods and droughts is expected to 
rise with CC (IPCC  2007 ). 

 Although the diversity of AnGR plays a piv-
otal role in adapting production system to the 
changes including climate-induced, it in turn is 
vulnerable to these changes. The threat may 

operate in two ways: disease epidemics may 
cause death of a large number of animals and 
control measure including the much-used culling 
of animals may cause severe depletion of live-
stock strength in affected areas. The effect is 
more pronounced when a breed or species is geo-
graphically isolated or has limited distribution. 
The loss of livestock in large scale because of 
culling as a means of control measure has been 
due to diseases like African swine fever, avian 
infl uenza, classical swine fever, contagious 
bovine pleuropneumonia and foot-and-mouth 
disease in recent times. The majority of the live-
stock death for the referred diseases has been due 
to culling and not because of disease epidemics. 
It may be noted that these diseases are not largely 
known to be infl uenced by CCs. However, it may 
be so that CCs may have infl uenced the disease 
epidemics through indirect means by their infl u-
ence on management system and general immune 
status. To cite an example of the threat that cull-
ing measures cause to the diversity, a sizeable 
portion of poultry genetic resources has been lost 
in Tripura state of India because of mass culling 
to combat avian infl uenza. 

 Irrespective of the control measures, CC and 
seasonally infl uenced increased incidences and 
range of diseases will see preference for livestock 
species and breeds that are disease resistant or 
tolerant. Many livestock breeds, mainly from 
developing countries, are reported to be resistant 
or tolerant to trypanosomiasis, tick burden, tick- 
borne diseases, internal parasites, dermatophilo-
sis or foot rot (59 cattle, 33 sheep, 6 goat, 5 horse 
and 4 buffalo breeds) (FAO  2007a ). However, 
underlying physiological and genetic mecha-
nisms including causal mutations associated with 
differential response to diseases for the above- 
referred livestock breeds are yet to be deciphered 
in most cases and thus considered to be largely 
anecdotal.  

25.1.2.2.3     Deviation from Normal 
Species and Breed 
Stratifi cation 

 Natural stratifi cation of species and breeds exists 
ensuring environmental and production niche. 
Generally, local breeds adapt well, and thus, 
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species and breed substitution becomes relevant 
only when changes in climate condition outpace 
the adaptability both naturally and through man- 
made measures. Species substitution by increased 
use of dromedaries because of climate and vege-
tation changes has already been witnessed in 
parts of Africa (Gouro et al.  2008 ). The same has 
happened at breed level also. However, move-
ment of species and breeds because of CC may 
be considered both as a threat and opportunity. 
Herd portfolio comprising multiple species and 
breeds is a common strategy in traditional live-
stock farming for production as well as environ-
mental niche and is considered to be more CC 
resilient. Along with it, popularity of small rumi-
nant like sheep and goat is a measure of CC 
 resilience in small farms of developing world 
(Seo and Mendelsohn  2007 ). However, globalisa-
tion of breeding programmes and purchase of 
genetic gain have affected resilience to varying 
degree in different parts of the world. 

 Impact of CC may be exacerbated by environ-
mental degradation and CC adaptation may prove 
to be more costly. A classical case of it is 
explained by Zhang and Hong ( 2009 ) whereby 
local ruminant breeds are reported to be affected 
because of restriction imposed on grazing with 
the objective of reducing rangeland degradation 
in provinces of western China. 

 Many studies predict that farmers will switch 
from cattle and chicken to goat and sheep 
(Herrero et al.  2008 ; Seo and Mendelsohn  2008 ). 
Some other studies model that ruminants will 
increase in rangelands as long as there is suffi -
cient vegetation growth (Seo and Mendelsohn 
 2008 ). It is predicted that livestock keeping will 
replace cropping in marginal mixed crop- 
livestock systems as they become ecologically 
and socially more marginal (Jones and Thornton 
 2009 ). By contrast, shift of livestock populations 
from rangeland-based grazing to mixed systems 
is predicted based on improved feeding of crop 
by-products by Herrero et al. ( 2008 ). Indian 
experience reveals that farmers who keep live-
stock along with agriculture farming are more 
successful in handling drought-induced distress. 

 The concept of climatic envelopes as applica-
ble for wildlife is not so straightforward in live-

stock species because of very high human 
intervention. It is simply because of the fact that 
the breeds’ capacity to survive is not simply a 
function of adaptation but also of management 
and socio-economic and cultural strength.  

25.1.2.2.4     Impact of Climate Change 
Mitigation Measures 
on AnGR 

 Emission of greenhouse gasses (GHG) occurs 
throughout the production chain of livestock 
although enteric methane emission is primarily 
the focus. Discussion and efforts to curtail it 
include reduction in animal numbers, resource- 
use effi ciency, increasing productivity and feed 
conversion effi ciency, enrichment of feed and a 
host of technologies. Emission rate is highly vari-
able and depends on the composition of animals 
and the nature of the production system. 
Monogastric animals such as pig and chicken 
have better feed conversion effi ciency and pro-
duce less methane than ruminants. Within spe-
cies, breeds and lines that have been continuously 
subjected to rigorous selection generally have 
better feed conversion ratio (FCR) with high pro-
duction performance in input-intensive produc-
tion system. Across the species, these superior 
animals dominate the global genetics. On the 
other hand, in traditional livestock rearing, the 
animals have mostly been subjected to different 
selection pressures with focus on their ability to 
survive in harsh production environments or low 
input. These adapted animals when judged 
through feed conversion effi ciency may not be 
very effi cient, but they provide a range of prod-
ucts and services many of which are not accounted 
for in economic terms while assessing their out-
put and productivity. Thus, in the absence of a 
broad- based defi nition of the output, there is an 
increased tendency of branding them as polluter. 
However, if emission along the whole production 
chain is considered, carbon footprint of an input-
intensive production system may be less impres-
sive because of heavy reliance on fossil fuels and 
problems with the management of manure. 
Moreover, effi ciency shall not only be measured 
in terms of converting feed inputs to human food 
but also of differences in the animal’s ability to 
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use feedstuff that cannot otherwise be used by 
humans. Thus, any regulatory framework with 
market-based core values may result in sidelining 
production systems that are deemed to be high 
emitters of GHGs resulting in the decline of asso-
ciated AnGR diversity. Further, promoting ani-
mals that may not adapt well to stressful 
production environments may result in compro-
mise in fertility and survivability which will ren-
der the system unsustainable. 

 As has been told, GHG emission depends on 
the production system. For example, GHG emis-
sion per unit of meat produced is less with inten-
sive feedlot systems than extensive grazing 
systems when beef cattle production is 
 considered. Intensive and mixed farming dairy 
production has lower emission than grassland-
based systems as has been reported by Gerber 
and Vellinga ( 2009 ) who also reported on life-
cycle assessment of global GHG emissions per 
kilogramme of fat- and protein-corrected milk 
(FPCM). While comparing milk and beef pro-
duction, milk protein can be produced with less 
methane emission than beef (Williams et al. 
 2006 ). Thus, dairying might become the major 
focus of cattle production, and beef may become 
a by-product of dairying in an intermediate GHG 
reduction scenario (Hoffmann  2010 ). This may 
see prominence of dual-purpose breeds and 
crossbreeding (Flachowsky and Brade  2007 ). 

 Grazing system which is particularly popular 
in traditional livestock rearing possesses the 
highest contrasting feature. On one side, it results 
in high methane production because of low- 
quality forages consumed by the ruminants. On 
the other, it is the backbone of animal production 
in developing world which ensures livelihoods to 
large numbers of livestock keepers who are 
mainly resource poor. More interesting is the fact 
that grazing systems mainly involve the lands 
that are otherwise unsuitable for crop production. 
This means that animal products are derived 
without direct competition with crops for human 
consumption. The concept of ‘human edible 
return’ as suggested by Gill and Smith ( 2008 ) 
may be a better indicator for assessing livestock 
effi ciency. This may also partly substantiate that 
livestock keeping provides an alternative to more 
damaging types of land use. However, increasing 

trend of restricting extensive grazing specially in 
dryland areas may pose severe threat to associ-
ated AnGR diversity. In the same vein, the sug-
gestion of lowering stocking rate for promoting 
carbon sequestration does not match with popu-
lar and increasing trend of livestock grazing as a 
tool in wildlife and landscape management.    

25.1.3     Climate Change 
and Production System 

 The infl uence of CCs on production system is 
exerted through its direct and indirect effects and 
explained in earlier sections. The change in the 
organic nature of the production system because 
of CC is discussed here. In the face of CCs, the 
livestock keepers have the option of either adapt-
ing their animals to the changed environments or 
changing the production environment without 
many changes in the animal genetic portfolio. 
Since livestock species and breeds that we see 
today have evolved over many generations assim-
ilating environment and production challenges, 
breeding programme to maintain animal genetic 
portfolio so that it continues to render the same 
goods and services may not be fundamentally 
different from what we practise today. However, 
the process may not be smooth. It may witness 
shift of choice of the species and breeds either 
locally or regionally affecting the production sys-
tem. Technologies available for the intensive ani-
mal production system may not be readily 
available and economic to the smallholder pro-
duction system. Further, the rate of technology 
adoption varies greatly both by choice and capac-
ity. This will result in further vulnerability of tra-
ditional and pastoral systems.   

25.2     Adaptability of AnGR 
and Breeding Strategies 
to Counteract Climate 
Change 

 Adaptation is a dynamic process, wherein living 
beings are modifi ed phenotypically over the sig-
nifi cant course of time as a response to several 
environmental stimuli which modulate the 
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genomic expression of the organism to suit the 
needs of time. An interesting thing about the 
adaptation of the organisms to environmental 
stimuli is that the information obtained from 
external stimuli is learned by living systems that 
in turn help to change the genetic and phenotypic 
expression that fi nally inherits in the subsequent 
generations. AnGR have faced a lot of challenges 
in the past and the way ahead is tougher. The 
challenge of CC comes with varying degrees of 
problems and those need to be counteracted sys-
tematically. The most trusted method to bring the 
change in the livestock is rigorous selection for 
the desired traits. However, the selection for 
adaptability in the era of changing climate seems 
to be the most diffi cult path to tread. 

25.2.1     Adaptability of AnGR in Place 

 AnGR play a very important role in our life due 
to complete dependence of mankind on them. 
Throughout the course of evolution, AnGR have 
modifi ed themselves according to the need of 
mankind through the process of domestication 
and selection, although it was by and large for the 
benefi t of man. The Intergovernmental Panel on 
CC (IPCC) has defi ned ‘adaptation’ as ‘initia-
tives and measures to reduce the vulnerability of 
natural and human systems against actual or 
expected CC effects’ (Hoffman  2010 ). Adaptation 
includes all activities that help people and eco-
systems reduce their vulnerability to the adverse 
impacts of CC and minimise the costs of natural 
disasters. There is no one-size-fi ts-all solution for 
adaptation; measures need to be tailored to spe-
cifi c contexts, such as ecological and socio- 
economic patterns, and to geographical location 
and traditional practices (IFAD  2013a ). 
Adaptability is then a measure of potential or 
actual capacity to adapt, for example, if one breed 
is used in different environments. Adaptation 
traits are usually characterised by low heritabil-
ity. In relatively stable environments, such traits 
have probably reached a selection limit; however, 
they are expected to respond to selection if the 
environment shifts, resulting in change of fi tness 
profi les and increase in heterozygosity (Hill and 

Zhang  2009 ). Many generations of natural selec-
tion and human-controlled selective breeding and 
husbandry, in a wide range of production envi-
ronments, have given rise to great genetic diver-
sity among the world’s livestock. Breeds and 
populations that have been exposed to climatic 
extremes, heavy disease and parasite challenges, 
poor-quality feed, high elevations or diffi cult ter-
rain have often developed adaptations that enable 
them to thrive where other animals struggle to 
survive. Although advances in feeding, housing 
and veterinary care have increasingly enabled the 
establishment of production systems that isolate 
animals from such stresses, locally adapted ani-
mals remain essential to many livestock-keeping 
livelihoods especially in marginal areas (Pilling 
and Hoffman  2011 ). 

 While CC is a global phenomenon, its nega-
tive impacts are more severely felt by poor peo-
ple in developing countries who rely heavily on 
the natural resource base for their livelihoods 
(IFAD  2013a ). Rural poor communities rely 
greatly for their survival on agriculture and live-
stock keeping that are among the most climate- 
sensitive economic sectors. Livestock producers 
have traditionally adapted to various environ-
mental and climatic changes by building on their 
in-depth knowledge of the environment in which 
they live. However, the expanding human popu-
lation, urbanisation, environmental degradation 
and increased consumption of animal source 
foods have rendered some of those coping mech-
anisms ineffective (Sidahmed  2008 ). In addition, 
changes brought about by global warming are 
likely to happen at such a speed that they will 
exceed the capacity of spontaneous adaptation of 
both human communities and animal species 
(IFAD  2013b ). Research on production systems 
and local and indigenous knowledge systems 
during the last 10–15 years has yielded ample 
evidence that in many cases the locally available 
breeds represent the ‘best fi t’ in terms of adapt-
ability to the physical and animal husbandry 
environment. If this is the case for the production 
system(s) under consideration, and unless there is 
clear evidence for the benefi t of using an exotic 
breed, a decision to use the locally available 
AnGR would be a reasonable outcome of the 
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decision-making process (FAO  2010a ). AnGR 
have been modulating the phenotype according 
to the change in climatic factors, but at a very 
slow pace. However, in today’s CC era, the need 
to change is altogether different and demands a 
fast rather very fast pace that seems to be diffi cult 
from every perspective.  

25.2.2     Adaptability of Production 
Systems in Place 

 Production systems in modern era are highly 
specialised. Production environments, and the 
intensities and purposes of production, vary 
greatly within and across countries. Developed 
countries have objective-oriented and result 
framework- documented production systems, 
whereas in developing and underdeveloped part 
of the world, still the production systems are 
integral to their livelihood and stakeholders are 
mostly ignorant about the business model of the 
production system, say, for example, sheep hus-
bandry in India. Indian shepherd considers his 
sheep as an integral part to his livelihood and 
thus does not pay much attention to the modes 
of rapid revenue generation through better sci-
ence and economics. Sheep husbandry in India 
is with the people who are poor, and also it is the 
lifeline for them as it helps in sustaining their 
livelihood. Proper marketing and technical 
inputs for feeding, breeding and health are usu-
ally based on age-old wisdom rather than mod-
ern scientifi c knowledge. That results in 
sociological animal husbandry practices rather 
than scientifi c practices. However, this type of 
production system has one advantage that it can 
be shifted to any kind of system as the need 
arises. On the contrary, the highly specialised 
production systems of developed world have a 
very little scope to deviate from their existing 
systems. Therefore, to study the adaptability of 
the production systems, it is necessary to fi rst 
characterise the environment associated with 
the production system. FAO ( 2010a ) has detailed 
pointwise the crux of characterising the envi-
ronment associated with the production system 
as given below:

•    Briefl y characterise the nature – including 
major seasonal features – and the state of eco-
systems affected by the production system. 
Consider groundwater, forest and forest habi-
tat, other fl ora, wild fauna and soil.  

•   Are components of the ecosystem sensitive to 
changes in livestock management?  

•   Are components of the production system 
sensitive to the possible effects of global CC?  

•   Is there evidence that the production system 
causes environmental damage?  

•   How does the production system enhance eco-
systems (e.g. providing organic fertiliser or 
maintaining habitats)?  

•   Do constraints or opportunities result from 
interactions between the production system 
and the environment? Are some of these con-
straints seasonal?    
 Animal agriculture systems have been catego-

rised on the basis of agro-ecological opportuni-
ties and demand for livestock commodities. In 
general, these systems are shaped by prevailing 
biophysical and sociocultural environments, and 
without external inputs, they have traditionally 
been mostly in sustainable equilibrium with such 
environments. Many of these systems that are the 
result of a long evolution are currently under 
pressure to adjust to rapidly evolving socio- 
economic conditions; large intensive livestock 
production units, in particular for pig and poultry 
production, have emerged over the last decades 
in many developing regions in response to the 
rapidly growing demand for livestock products. 
Several researchers have classifi ed the produc-
tion systems according to the criteria of existing 
systems (Steinfeld et al.  2006 ) such as: (1) inte-
gration with crops, (2) relation to land, (3) agro- 
ecological zone, (4) intensity of production and 
(5) type of product. These criteria have been used 
by several authors to classify the systems in sev-
eral categories; however, the basic remains the 
same. In the future, production will increasingly 
be affected by competition for natural resources, 
particularly land and water, by competition 
between food and feed and by the need to operate 
in a carbon-constrained economy. Developments 
in breeding, nutrition and animal health will con-
tinue to contribute to increasing potential production 
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and further effi ciency and genetic gains (Thornton 
 2010 ). 

 Although varied natures of the production 
systems that involve animal, land and man 
exist and are best suited to the existing condi-
tions, the challenges of the future are demand-
ing. It has always been said that the adaptation 
of the livestock and also of the production sys-
tems to the agro-ecological niches they are 
placed in is a product of several years of slow 
change. However, the rapid change due to 
increased human activities leading to sudden 
rise of temperature in the last few decades and 
expected changes in the future if the trend con-
tinues (it shall continue!) pose several threats 
in pipeline. The fi rst steps in adapting produc-
tion systems to the effects of CC are likely to 
involve attempts to alter husbandry practices 
rather than to make major changes in the utili-
sation of AnGR, such as introducing new 
breeds or adjusting breeding strategies (Pilling 
and Hoffman  2011 ). However, the sudden 
replacement of the breeds or changes in the 
breeding objectives does not seem to be the 
only options as they too need a signifi cant 
amount of time. Various technologies can be 
used to protect animals from the direct effects 
of rising temperatures. Similarly, vaccinations 
and other preventive measures can be used 
against many of the diseases and parasites that 
may spread into new areas as a result of CC 
(Pilling and Hoffman  2011 ). Every so-thought-
out remedy seems to come with challenges. 
The biggest one is, suppose the alternate strat-
egy fails in an event of threat due to CC, then 
what? People round the world are working for 
this, and many a times, boomerang to the roots 
seems to be the best solution. 

 In most of the African and Asian countries, the 
sociological mode of livestock keeping is in prac-
tice since ages. The least change in the animal 
husbandry practices helped the communities in 
this region to maintain the diversity of the live-
stock to a good extent. All the livestock from 
cattle, sheep, goat, poultry, pig, etc. have many 
different breeds, which are important not only for 
their product but also for traits like heat toler-
ance, disease resistance, longevity, aesthetic 

value and many more. This diversity will be the 
only solution to the challenges of tomorrow.  

25.2.3     Breeding for Climate Change 
Adaptation and Mitigation 

 Nature has possibly already created every alter-
native for future threats; the need is to identify 
them, act swiftly and respect the nature and the 
resources it gives to us. Breeding is a science that 
has mimicked the process of evolution (selection 
for desired adapted traits) through man’s interfer-
ence. How can breeding be useful for the process 
of adaptation in the era of CC is a tough question. 
Not only this but also mitigating the effects of CC 
on animal productivity and production by breed-
ing strategies is also a function of imagination 
and positive projections as we do not have suffi -
cient scientifi c data as of now. An adaptive trait is 
an aspect of the developmental pattern which 
facilitates the survival and/or reproduction of ani-
mals in a certain succession of environments 
(Dobzhansky  1956 ). Fitness is an important trait 
for any species which centres on the adaptation 
of individual species in a given environment to 
propagate their genes in subsequent generations. 
Livestock keepers throughout the world have 
been practicing animal husbandry and breeding 
in unfavourable environment for centuries. As a 
result, many breeds of the unsympathetic envi-
ronment have developed many adaptive traits that 
enhance survivability. Today, with advancement 
in the scientifi c acumen, efforts are needed for 
enhancing the competence of breeding for harsh 
environments and also for making the future 
planning and execution for developing strains 
which can withstand the unforeseen climatic 
changes (Naskar et al.  2012 ). In the following 
few sections, we will discuss in detail the breed-
ing strategies for adaptation to CC mitigating the 
challenges posed by CC in the near future. 

 To sustain the traits of local importance and to 
have improvement in these traits, a very good 
practice of keeping a community bull usually 
owned by temple in a village was adopted since 
ages in India. These days, there has been decline 
in this concept as penetration of crossbreeding 

25 Strategies to Improve Livestock Genetic Resources to Counter Climate Change Impact



454

and other means has increased in villages of inte-
rior India too. However, looking into the old con-
cept of keeping community bull in each village, it 
seems that it has greatly helped in improving the 
desired traits of interest in the fl ock of cattle in 
that region. Today, characterising the traits of 
interest as far as CC is concerned and reviving 
the concept of community bull, wherever local 
breeds or strains need conservation, can very well 
be practised. WoDaaBe of Niger is another exam-
ple of cultural habits of exchange of germplasm 
(Kratli  2007 ). In livestock-keeping communities, 
social interactions often involve animals. 
Friendships are sealed with animal loans; mar-
riages involve the payment of a bride price; ani-
mals are offered as wedding gifts; disputes and 
compensation claims are settled with animals. 
These and other traditional practices, such as ani-
mal exchanges, herd splitting and herding con-
tracts (known locally among the WoDaaBe of 
Niger as  mafi sa ,  haBBana ’ e  and  bulisana , 
respectively), entail numerous movements of ani-
mals. The cultural customs are therefore of direct 
relevance to animal breeding. While breeding is 
rarely the primary motivation for such customs, 
they infl uence breeding because any movement 
of animals from one herd or fl ock to another 
implies an exchange of genetic material. 

 The continuing approach of breeding strat-
egy will be explored further, but before that, it is 
essential to understand whether we have enough 
groundwork for adopting a proper and success-
ful breeding policy. According to FAO ( 2010b ), 
livestock policy is indispensable for formulating 
a breeding policy. To cite a case, reference may 
be made to the enactment of the same in United 
Republic of Tanzania in 1991. In 2003, a second 
attempt led to the presentation of a draft animal 
breeding policy. However, the Ministry of 
Agriculture realised that no livestock policy was 
yet in place and gave priority to establishing 
one, which was done in 2006. In March 2008, an 
FAO workshop on policies and strategies for the 
development of AnGR was held in Dar es 
Salaam, with the objective of revitalising the 
draft animal breeding policy. A new task force 
was given the job of reformulating the policy. 
Similar cases in other countries, such as 

Burundi, illustrate that before formulating a 
breeding policy, it is important to establish a 
comprehensive livestock policy that defi nes 
livestock development objectives and associated 
strategies (FAO  2010a ). Another example where 
clear-cut directives are issued for breeding the 
indigenous cattle of Africa is the case of 
N’Dama cattle (ICAR/FAO  2000 ). The directors 
of the livestock/veterinary services and of the 
research organisations dealing with livestock in 
Gambia, Guinea, Guinea-Bissau, Senegal and 
Sierra Leone made the following qualitative 
statement on breeding goals: The N’Dama will 
remain the cattle breed of choice for the low- 
input system from the Gambia southwards. 
Throughout the region, the breed is regarded as 
triple purpose (for milk, meat and traction), and 
emphasis for improvement will be on milk and 
meat without the loss of disease resistance and 
other adaptive traits. This type of straightfor-
ward approach is very urgently required in 
countries where local germplasms are fast dis-
appearing due to dilution of the germplasm. 

25.2.3.1     Developing a Suitable 
Breeding Strategy 

 Throughout the world, breeding programmes for 
improving the productivity of the livestock are in 
progress. These strategies use the already set 
rules and knowledge about the basic principles of 
genetics. Many programmes go for strict adop-
tion of within-breed selection with stringent 
selection criteria for a trait of economic interest. 
Selection or straight breeding implies genetic 
improvement based on variation among individu-
als within the population. This approach brings a 
permanent change in the structure of the popula-
tion but with relatively slow rate. Another 
approach is crossbreeding, where two different 
breeds are crossed and improver breed bring fast 
genetic improvement in the receptor breed. 
Crossbreeding can also be used for mixing two 
desired traits of interest in the population. 
Biotechnological techniques are also in use these 
days to enhance the productive and reproductive 
performance at a faster rate. In a few instances, 
biotechnological tool has been integrated with 
the breeding programmes that has resulted in 
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reduced generation interval and enhanced pro-
ductivity (Mishra et al.  2007 ). 

 According to FAO ( 2010a ), among the many 
factors that must be considered in the develop-
ment of a breeding programme are the animal 
species involved; the types of traits considered; 
the availability, accessibility and affordability of 
different breeds; the production environment; the 
time frame for the planned genetic improvement 
(improvement through straight breeding usually 
takes longer than through crossbreeding); and the 
infrastructure of the livestock sector and the 
resources allocated to the programme. 

 For successful initiation of any breeding pro-
gramme, it is essential to identify the trait of 
interest that needs to be improved in the targeted 
population. In an event of probable global warm-
ing and CC, there shall be shift in the traits of 
interest from productivity to adaptability and fi t-
ness. What we expect from the challenge of CC is 
again the shift of stress to animal from produc-
tion to balance between production and traits of 
fi tness. It will be a tough task not only for the 
livestock but also for the stakeholders especially 
breeders and farmers associated with the animal 
husbandry with regard to how to keep the balance 
between these two contrasting traits. CC poses a 
great threat to the AnGR. Threats are numerous 
starting from effect on individual animals to the 
population as a whole. The change in the pattern 
of disease occurrence and distribution, geograph-
ical disease barrier erosion, heat stress as a com-
mon factor demanding more heat-tolerant 
individuals, scarcity of the food resources and 
water as a general factor, overall decline in the 
production level of the animals as a compensa-
tory mechanism for stress tolerance, reproductive 
disturbances and loss of animal genetic diversity 
at population level will be a few among the many 
effects of CC on AnGR (Naskar et al.  2012 ). The 
overall increase in temperature will have its 
impact on the physiological stress and thermo-
regulatory control, nutrition and disease status of 
the animals. 

25.2.3.1.1    Heat Tolerance 
 The challenge ahead is to manage the livestock 
genetic resources amiably in accordance with the 

expected change in the climate. Among the many 
stressors in animal production system, heat stress 
is one important factor that needs most attention. 
Heat stress is known to alter the physiology of 
livestock, reduce male and female reproduction 
and production and increase mortality (Hoffman 
 2010 ). Livestock’s water requirements increase 
with temperature. Heat stress suppresses appetite 
and FI; thus, feeding rations for high-performing 
animals need to be reformulated to account for 
the need to increase nutrient density. Body tem-
peratures beyond 45–47 °C are lethal in most 
species. Heat stress is an important factor in 
determining specifi c production environments 
(Zwald et al.  2003 ). There are several factors that 
determine the differences for the heat tolerance in 
livestock. Some species are more tolerant than 
others; same is the case with breeds within spe-
cies. We do not have a concrete scientifi c data to 
comment on the fact that how the selection for 
production affects the heat tolerance in animals; 
however, it is well established that temperate 
breeds perform better in production, whereas 
tropical breeds are better for heat tolerance. A 
good volume of literature is available on adapta-
tion differences between zebu and taurine cattle 
(Frisch  1972 ; King  1983 ; Burns et al.  1997 ; 
Prayaga et al.  2006 ).  Bos indicus  is generally 
more heat resistant than  Bos taurus  (Burns et al. 
 1997 ). When we talk about the heat tolerance 
level of  Bos indicus , it is a result of hundreds of 
years of adaptation and evolution to the harsh cli-
mate of Asian, Arab and African countries. 

 In an event of increase in the climatic temper-
ature, there will be a need to incorporate the trait 
of heat tolerance in the breeds which are less 
resistant to heat stress. Current trend in which 
genetic selection in dairy cow is primarily infl u-
enced by milk yield is likely going to give rise to 
increase in ‘elite’ germplasm with increased sus-
ceptibility to heat stress (Naskar et al.  2012 ). 
Genetic adaptation to adverse environmental 
conditions including heat stress is a slow process 
and is the result of natural selection over many 
generations (Ames and Ray  1983 ). Good envi-
ronment favours high production whereas bad 
environment hampers it. Production of any kind, 
milk or meat characteristics or wool traits requires 
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congenial environment to have better GEI 
(Naskar et al.  2012 ). Selecting animals for heat 
tolerance needs a new understanding by livestock 
holders and development agencies. 

 Adaptation traits are usually characterised by 
low heritability. Selection on the basis of 
 observation of heat stress seems to be diffi cult 
and costly. Crossbreeding for heat tolerance per 
se needs to be traded carefully vis-à-vis produc-
tion. In Brazil, Indian cattle breeds have been 
used for genetic improvement that involves the 
use of Nellore cattle. Now, this move seems to be 
a good option, where a breed with trait for heat 
tolerance is used for enhancing productivity. 
However, where the industries are based on high 
milk yielding ability of the cattle, whole animal 
crossbreeding will not be useful. In such 
instances, use of molecular markers or transgenic 
approaches for incorporating the heat tolerance 
genes seems suitable. Heat shock protein 70 
(Hsp70) are ubiquitously expressed proteins 
which protect animals against heat shock (HS) or 
stress, whether extreme hot or cold. These pro-
teins virtually exist in all living organisms includ-
ing microorganisms. They are an important part 
of the cell’s machinery for protein folding and 
help to protect cells from stress. Finding the 
polymorphism at genetic level for Hsp70 and 
their correlation with the observed heat stress 
resistance are useful tools for discovering sturdy 
animals. There are reports where it was recorded 
that the polymorphisms in the bovine HSP90AB1 
gene were associated with heat tolerance in Thai 
indigenous cattle (Charoensook et al.  2012 ). 
Another gene ‘slick’ was identifi ed as a gene that 
improves heat tolerance in dairy cattle. The dis-
covery is very important to the beef cattle indus-
try, since it should greatly facilitate the slick 
gene’s introgression, into other economically 
important breeds, such as Holstein or Angus, to 
improve their heat tolerance (Olson et al.  2003 ). 
Cattle with slick hair were observed to maintain 
lower rectal temperature (RT). The gene is found 
in Senepol cattle and Criollo (Spanish origin) 
breeds in Central and South America. This gene 
is also found in a Venezuelan composite breed, 
the Carora, formed from the Brown Swiss and the 
Venezuelan Criollo breed. The decreased RT 

observed for slick-haired crossbred calves com-
pared to normal-haired contemporaries ranged 
from 0.18 to 0.4 °C. Liu et al. ( 2010 ) examined 
the genetic polymorphism of the ATP1A1 gene 
in Holstein cows. Nucleotide substitution of G to 
A at position 14,103 in exon 14 and C to T at 
position 14,242 in intron 14 of the bovine 
ATP1A1 gene was identifi ed having a signifi cant 
correlation between ATP1A1 gene polymor-
phism and the coeffi cient of heat tolerance 
( P  < 0.01) and with respiratory rate ( P  < 0.01). 

 For many breeds of sheep, goat, buffalo, pig 
and poultry, several genes are responsible for 
heat tolerance. However, in each breed, selection 
for heat tolerance does not seem logical. In the 
breeds of tropical climate, especially in Asia, 
Africa, etc., the livestock are adapted to the harsh 
climate. In the future, if the temperature rises (if 
it rises signifi cantly!), then the breeds will prob-
ably adapt to those changes, as has been the case 
in the past. In breeds where commercialisation 
has reached to its peak such as in pig and poultry 
in the Western world and in-house production 
systems are used, it will be cheaper and effi cient 
to provide micro-climate that controls the outside 
temperature than to change the genetic structure 
of the population for heat tolerance.  

25.2.3.1.2     Production, Productivity 
and Feed Effi ciency 

 Production and productivity of the livestock are 
very important criteria for profi table animal hus-
bandry practices. To increase the production of 
the livestock, efforts have been made in recent 
past through several genetic improvement pro-
grammes, where milk yield; beef yield; live 
weight gain in sheep, goat and pig; egg quality 
and quantity; and several other traits have been 
improved signifi cantly. In the era of CC, the pro-
duction and productivity of the animals will be at 
stake, as the changing climate will pose a threat 
in terms of stressors that negatively infl uence the 
productivity of the livestock. An experiment for 
fi ne wool production by crossbreeding was 
adopted in the semiarid region of Rajasthan, 
India, in which Rambouillet and Russian Merino 
were crossed with the local breeds to evolve a 
fi ne wool breed called Bharat Merino. However, 
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it was seen that the harsh environment in the 
semiarid region posed constraints for this geno-
type to fully exhibit its potential. These animals 
were then shifted to a subtemperate region 
(Mannavanur, south India) where already a fl ock 
of Bharat Merino sheep was maintained, which 
resulted in better performance of the genotype 
(Gowane et al.  2010 ). It refl ects the importance 
of climate on the productivity of animals and 
the extent to which it can affect breeding 
programmes. 

 Milk productivity in dairy farming is a refl ec-
tion of interactions between the production 
potential of the livestock, nutritional knowledge, 
veterinary care, availability of technologies, 
investment, active extension service, research as 
well as readiness to agree and accept innovations 
(Naskar et al.  2012 ). Productivity also depends 
on the kind of nutritional input given to the ani-
mals. All livestock production depends on access 
to the feed and water that animals need to sur-
vive, produce and reproduce. The future of live-
stock production systems, and of the associated 
AnGR, depends on the continued productivity of 
various feed-producing areas – all of which are 
potentially affected by CC (Pilling and Hoffman 
 2011 ). 

 In any breeding programme, the main target 
for improving the production and productivity 
must be complimented with the parameters that 
take into consideration the feed effi ciency of the 
animals such as high FCR, reduced age at matu-
rity, reduced mortality, as they all have a signifi -
cant say in the productivity per unit in animal 
husbandry practices. Assuming that future dairy 
systems may become more reliant on pasture 
than grain feeding, Hayes et al. ( 2009 ) proposed 
to select sires whose daughters will cope better 
with low feeding levels and higher heat stress. 
They identifi ed markers associated with sensitiv-
ity of milk production to feeding level and sensi-
tivity of milk production to THI in Jersey and 
Holstein. Because feed-effi cient animals are also 
more cost-effective and productive, the Australian 
beef industry now includes net feed effi ciency as 
an integral part of its breeding programme (Beef 
CRC). Indian zebu cattle, sheep, goat and other 
species mostly rely on pasture feeding than on 

grains. These animals are mostly very effi cient in 
effective utilisation of low-quality feed and 
require very less input. However, selective breed-
ing to increase the feed effi ciency may not be 
widely applicable specially in extensive system 
of production and small-scale holding. The 
breeds of different agro-climatic zones world-
wide are evolved and adapted to the locally avail-
able feed resources that have in turn changed the 
physiology of the livestock for feed effi ciency. 
Today, the option open for CC situation is man-
agement of the AnGR for feed effi ciency; herein, 
change in the feeding systems can be suggested. 

 One such desired change where feeding sys-
tem, if manoeuvred, can result in signifi cant 
reduction is in the methane production from the 
livestock. Methane gas is a potent greenhouse gas 
produced in the rumen of livestock during the 
normal process of feed digestion and represents a 
signifi cant loss of feed energy that increases feed 
costs. For example, a lactating dairy cow pro-
duces about 400 g of methane each day. These 
methane losses quickly add up. In 1 year, the 
amount of methane a dairy cow produces is 
equivalent to the greenhouse gas emissions from 
a mid-sized vehicle driven 20,000 km. Because 
methane production increases as the animal eats 
more feed, improving feed conversion effi ciency, 
the amount of feed consumed per kilogramme of 
milk produced or weight gained, decreases meth-
ane output. Diets that are more digestible lower 
the amount of methane emitted per product pro-
duced. It may also be possible to breed more effi -
cient cattle that produce less methane. Many 
strategies such as feeding oils and oilseeds, 
higher grain diet, legumes, rumen modifi ers or 
animal selection for reduced methane production 
are suggested for reduced methane production. In 
India, animals are reared on different feeding 
systems/diets comprising locally available rough-
age and feed ingredients according to the animal 
physiological needs in different AERs of the 
country. Enteric CH 4  emission estimated for 
Indian livestock using animal population of 2003 
was 9.10 Tg, wherein indigenous cattle and buf-
falo had the major contribution (Singh et al. 
 2012 ). Nutritional intervention in Indian live-
stock for reduced methane emission is suggested. 
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Location-specifi c nutritional interventions can be 
taken up for altered dietary composition to reduce 
CH 4  production.  

25.2.3.1.3     Disease Tolerance 
and Resistance 

 In animal production system, disease tolerance 
and disease resistance are two different aspects. 
In the disease tolerance, animal is infl icted with 
the attack of parasite; however, it has a mecha-
nism by which the negative effects of the disease 
are not exhibited on the production and reproduc-
tion performance of the animal. Disease resis-
tance defi nes a case wherein the animal’s immune 
system does not allow the antigen to enter the 
system, and thus, the animal is protected from the 
disease. In farm animal science, tolerance to 
infections is sometimes termed disease resilience 
(Albers et al.  1987 ). Resistance is different from 
tolerance. Disease resistance is the  host trait  that 
prevents infection or reduces the number of 
pathogens and parasites within or on a host. For 
animal production system, both disease resil-
ience and resistance traits are important. 

 There is considerable variation among indi-
viduals in the response to infectious disease and 
vaccination, a signifi cant proportion of which can 
be shown to be genetic (Davies et al.  2009 ). 
Identifying the causal genes involved in disease 
resistance is no straightforward. Parasitic dis-
eases like gastrointestinal (GI) nematodes and 
trypanosomiasis are worldwide an important 
cause of reduced production effi ciency in rumi-
nants and partly even limited livestock produc-
tion in some regions of the world. GI nematodes 
are among the most important infections faced by 
livestock, especially affecting poor keepers 
(Perry et al.  2002 ). A potential alternative to alle-
viate the problems is breeding for disease resis-
tance. Extensive research on the genetics and 
breeding for worm resistance has been carried 
out in Australia, New Zealand, South Africa (de 
Greef  2009 ) and also in India (Singh et al.  2009 ). 
Tick counts, faecal worm egg counts (FEC), RT 
and coat scores have been used as indicator traits 
of adaptability of beef cattle to assess the suit-
ability of particular genotypes to tropical envi-
ronment. Singh et al. ( 2009 ) evaluated Avikalin 

(Rambouillet x Malpura) breed of sheep for fae-
cal egg count at naive and exposed stage of natu-
ral infection (predominantly  Haemonchus 
contortus ), and two divergent lines were created 
by selecting progenies from sires with low (R 
line) and high (S line) mean faecal egg count 
(FEC). The performance of selected animals 
from both lines was compared over the years, and 
no untoward effects on different performance 
traits were observed. 

 Climate affects vectors, pathogens, hosts and 
host-pathogen interactions from the level of cel-
lular defence to that of the habitat. Hoberg et al. 
( 2008 ) provide an overview of predicted 
responses of complex host-pathogen systems to 
CC. CC may affect the spatial distribution of dis-
ease outbreaks and their timing and intensity. 
Outbreaks of African horse sickness, peste des 
petits ruminants, Rift Valley fever, bluetongue 
virus, facial eczema and anthrax are triggered by 
specifi c weather conditions and changes in sea-
sonal rainfall profi les (Hoffman  2010 ). Climatic 
effects on host-vector and host-parasite popula-
tion dynamics will further the geographic expan-
sion of vector-borne infectious diseases to higher 
elevations and higher latitudes and affect the 
transmission and course of the diseases (Rogers 
and Randolph  2006 ). One example is availability 
of mosquitoes  Culicidae  (vector for disease like 
malaria) in the higher altitudes of the Himalayan 
ranges at 7,500 ft high in Mukteshwar. It is evi-
dent that mosquitoes were never seen at that 
height due to low temperatures; however, due to 
increase in the average temperature, the presence 
of these vectors is felt which is dangerous with 
regard to the spread of dreaded diseases like 
malaria, yellow fever, etc. in the virgin areas. 
FAO ( 2007a ) lists breeds, mainly from develop-
ing countries, that are reported to be resistant or 
tolerant to trypanosomiasis, tick burden, tick- 
borne diseases, internal parasites, dermatophilo-
sis or foot rot (59 cattle, 33 sheep, 6 goat, 5 horse 
and 4 buffalo breeds). Trypano-tolerant N’Dama 
cattle respond more rapidly and with a greater 
magnitude to infection compared to the trypano- 
susceptible Boran cattle. Gorman et al. ( 2009 ) showed 
major gene expression differences exist between 
cattle from trypano-tolerant and trypano- susceptible 
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breeds. Breeding for disease resistance in the era 
of CC is increasingly being looked at as a prom-
ising option and several experiments are going on 
worldwide. The use of new molecular techniques 
to identify the  candidate genes and then the use 
of transgenic technique to introgress this gene of 
interest (if found a major gene) in the animals are 
in waiting.   

25.2.3.2     Conservation 
 The Global Plan of Action for AnGR (FAO 
 2007b ) recognises the signifi cance of CC and the 
need for conservation programmes and strategies 
to account both for gradual environmental 
changes in livestock production systems and the 
effects of disasters and emergencies. Genetic 
diversity signifi es a unique resource to respond to 
the present and future needs of livestock produc-
tion and human needs. Nevertheless, livestock 
diversity is shrinking rapidly. Among the domes-
ticated populations, it is estimated that one to two 
breeds are lost every week (Schearf  2003 ). 
However, the impact of these losses on the global 
or the local diversity remains undocumented. 
According to the State of the World’s AnGR, 
20 % of all reported breeds are at risk of extinc-
tion; however, the population status of many 
breeds is still unknown, and the problem may 
thus be underestimated. Most developing coun-
tries and some developed countries do not cur-
rently have AnGR conservation strategies or 
policies in place. Without strategically planned 
interventions, using both in situ and ex situ con-
servations, erosion will continue and may accel-
erate (FAO  2007b ). There is an urgent need to 
document the diversity of our livestock genetic 
resources and to design strategies for their sus-
tainable conservation. Looking at this problem 
from a bigger perspective, the mission is massive, 
and it has prompted the Food and Agriculture 
Organization and other international organisa-
tions to develop databases [ILRI Domestic 
Animal Genetic Information System (DAGRIS) 
and DAD-IS]. In India, the National Bureau of 
Animal Genetic Resources (NBAGR) has also 
developed an information system on AnGR of 
India (AGRI-IS) to inventorise and monitor 
trends in breed characteristics and population. 

 There are several reasons for losses of the 
genetic diversity of domestic animals; however, 
CC remains one of the most important criteria. To 
conserve the available genetic resources is a task 
ahead so that the resources shall be available for 
sustainable use and management for the future 
generations. The Global Plan of Action for AnGR 
and the Interlaken Declaration (FAO  2007b ) have 
prioritised some points wherein appropriate con-
servation measures should ensure that farmers 
and researchers have access to a diverse gene 
pool for further breeding and research. This 
genetic diversity provides an essential resource to 
cope with the impacts of CC, pest and disease 
outbreaks, and new and growing consumer 
demands. Strategic and considered investment in 
the conservation of AnGR is of critical impor-
tance, and international collaboration is essential 
to halt the serious decline of these resources. 

 In situ conservation programmes are the best 
options, wherein the resources are available and 
chances of strengthening the resources are high. 
Many genetic improvement schemes worldwide 
also involve in situ conservation as a major objec-
tive. In situ measures facilitate continued co- 
evolution in diverse environments and avoid 
stagnation of the genetic stock. In situ conserva-
tion measures are best based on agroecosystem 
approaches and ideally should be established 
through economically viable and socially benefi -
cial sustainable use (FAO  2007b ). There are sev-
eral instances where these programmes need 
extra input from the agencies that run these pro-
grammes. In developing countries like India, 
mostly these programmes are run by government 
agencies and thus completely funded. However, 
here too, for successful accomplishment of these 
programmes, participatory approach of workers 
with the real stakeholders is necessary. On farm 
programmes, active participation of the farmers 
along with the research workers is mandatory for 
in situ conservation programmes. 

 Ex situ conservation basically refers to con-
servation away from the home tract and produc-
tion system where the resources are developed. 
This category involves both maintenance of live 
animals and cryopreservation. Improvement and 
natural selection also lead to disturbance of the 
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Hardy-Weinberg (HW) equilibrium in such pop-
ulations. Cryopreservation on the other hand is 
for future use, when probably the breeds shall be 
extinct, or a specifi c desired character goes 
 missing. Semen, ova, embryos, tissue, etc. for 
potential future use are cryopreserved. The 
Global Plan of Action recognises that global or 
regional facilities may play a role in ex situ con-
servation. Many stakeholders express support for 
the idea of their countries’ participation in such 
endeavours, with regional initiatives being the 
most popular option (FAO  2010b ). 
Cryopreservation of domestic animal embryos 
has become an integral part of embryo biotech-
nology especially programmes related to germ-
plasm conservation (Fahning and Garcia  1992 ; 
Dobrinsky  2002 ). The transfer of germplasm 
resources as embryos rather than animals on 
hoofs is economical, warrants less risk of disease 
transmission and possesses added advantage of 
allowing exotic stocks to develop in recipients 
well adapted to local conditions. The prospect 
that CC will bring more frequent catastrophes 
and major disruptions to livestock production 
probably increases the signifi cance of establish-
ing back-up ex situ collections of AnGR and the 
importance of situating these collections in dis-
persed locations (Pilling and Hoffman  2011 ). 

25.2.3.2.1    Characterisation 
 AnGR which are available today are a product of 
several centuries of evolution and adaptation to 
the local agro-climatic zones in which they are 
located. In an event of probable catastrophes or 
threat of CC, there is a possibility to shift these 
resources to new locations where safe livelihood 
is assured along with matching production sys-
tems. In such a case, it becomes mandatory to 
have complete knowledge of the genetic and phe-
notypic characteristics of the AnGR before tak-
ing any major decision with regard to shift in the 
production system or place or any other factor. 
Many breeds in the developing and underdevel-
oped countries are yet to be characterised and 
posses a worth information with regard to traits 
of importance. There are several breeds which 
are important for disease resistance traits, feed 
effi ciency traits, heat tolerance traits, etc., and all 

these breeds must be characterised for their prob-
able future use. 

 Assessments of the risk posed to AnGR by cli-
matic and other disasters require knowledge of 
the geographical distribution of breeds and popu-
lations. Prioritisation and planning of conserva-
tion programmes and measures to promote 
sustainable use of AnGR require knowledge of 
the respective breeds and of their production 
environments, demographics and geographical 
distributions (Pilling and Hoffman  2011 ). 
Detailed advice on phenotypic and molecular 
characterisation and on surveying and monitor-
ing of AnGR is provided in the respective draft 
FAO guidelines (FAO  2010c ,  d ,  e ). Ideally, such 
studies and surveys should be part of cohesive 
national strategies addressing countries’ needs 
for AnGR-related data and information (Pilling 
and Hoffman  2011 ). The potential effects of CC 
should be taken into account in the development 
of such strategies, both in terms of the informa-
tion targeted and in terms of the frequency with 
which monitoring surveys need to be repeated 
(FAO  2010c ). Such strategy shall help for better 
planning and help for mitigating the challenges 
that will be posed by CC.  

25.2.3.2.2    Funding and Sustainability 
 The conservation and characterisation pro-
grammes are in majority funded by government 
agencies worldwide. As per Global Plan of 
Action for AnGR (FAO  2007b ), implementation 
will require substantial and additional fi nancial 
resources and long-term support for national, 
regional and international AnGR programmes 
and priority activities, provided such incentives 
are consistent with relevant international agree-
ments. The process should encourage and sup-
port the participation of governments and all 
relevant stakeholders. Regional and international 
collaboration will be crucial. 

 CC represents an increasing threat to so many 
planet species – including our own. Science tells 
us now is the time to act. Targets and promises 
need to be put into action – before it is too late. 
WWF-UK has engaged itself in conservation 
activities especially those related to wildlife and 
nature. There are many agencies worldwide that 
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are setting an example of this type. Barring these 
agencies, public funding remains a major source 
for conservation programmes. Large-scale aware-
ness programmes of civic societies for 
 conservation of livestock are an important pre-
requisite for success. The public funding can still 
raise an issue as to why taxpayer’s money needs 
to be spent on animal conservation. Awareness 
regarding the impact of CC on human life and its 
association with the livestock has to be studied 
and advertised to the public in detail through 
media, discussions, print and several other ave-
nues. The need for conserving the golden gene 
pool for tomorrow must come within, and for 
that, awareness is essential. In many countries 
including India, a very good example of such ini-
tiative is the tiger conservation programme. The 
government has initiated and successfully carried 
out the awareness among the people regarding 
the need and utility of conserving the tiger and 
also other wildlife. This has not only resulted in 
public funding but also has attracted a lot of pri-
vate funds too. Conservation of domestic animal 
biodiversity in an era of CC is a much gigantic 
task than conserving wildlife. This is so, because 
the threats are largely unknown and probable 
impacts cannot even be imagined. A concerted 
effort to raise the fund like collaboration with 
other organisations such as multi-government 
funding, private funding, FAO, World Bank, etc. 
may be essential.   

25.2.3.3     Planning Altered Species 
and Breed Stratifi cation 

 To decide whether the breeding programmes will 
be carried out on the locally available breed or 
alternate breeds remains the choice of stakehold-
ers and benefi ciaries. Looking into the probable 
effects of CC, it is very much possible that in 
temperate parts of the world, introduction of new 
germplasm which can tolerate the effects of CC 
may be practised. Ideally, decisions as to which 
breed should be introduced and for what use 
should be based on an evaluation of the alterna-
tive breeds and their crosses in the production 
environment in which it is planned to be intro-
duced. Although introduction of the new breeds 
in different production systems is still an option, 

it must be looked at very cautiously. Traits of 
interest such as heat tolerance, disease resistance, 
effi cient feed and water consumption and also 
better production have to be incorporated in an 
index. The planning with regard to the use of 
crossbreeding, transgenic approach or just intro-
duction of new breeds as such should also con-
sider the available production system and 
adaptability of the new germplasm in such envi-
ronment. Introducing a new breed to a new envi-
ronment however has a lot of issues surrounding 
it, but one important thing is to avoid the negative 
consequences of it. Australia maintains a strict 
policy on importing alternative breeds of sheep. 
One policy objective is to protect the quality of 
its wool clip, where one black fi bre per million is 
suffi cient to reduce value considerably. Therefore, 
the proportion of black fi bres in the fl eece is a 
critical attribute of an imported breed. A second 
policy objective is to keep scrapie (a sheep dis-
ease) out of the country. Therefore, no breeds that 
might introduce the disease are considered for 
importation (FAO  2010b ). 

 Breed stratifi cation according to the landscape 
of the production system is also essential. An 
example of breed stratifi cation for sheep in India 
based on the user’s purpose, interest, availability 
of the resources and objective of the breeding 
system has been described by Shinde et al. 
( 2013 ). The alternate species or breed stratifi ca-
tion is a demand-based choice. In general, all 
species will be adversely affected by global 
warming and there will be fewer animals per 
farm as a result. The livestock business that 
demands more input and amiable environment is 
likely to be affected fi rst, an example being the 
beef cattle industry. Sheep and goat are the ani-
mals of the future. Throughout the world, they 
have very high population growth rate in spite of 
heavy consumption. CC is expected to determine 
a decrease in beef cattle and an increase in sheep 
and goats. This change of species from large 
ruminant to small ruminant is very much possible 
in India, Africa, Asian countries and also in the 
Western world, if the situation arises. Smallholder 
farmers who are able to switch to sheep and goats 
may not be as vulnerable to higher temperatures 
as large-scale farmers who cannot make this 
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switch. Farm size can shape the way farmers 
respond to CC. Smallholder farmers are diversi-
fi ed, relying on dairy cattle, goats, sheep and 
chickens, while large-scale farmers specialise in 
dairy and especially beef cattle. As a result of 
CC, large-scale farmers are likely to shift away 
from beef cattle and chickens in favour of dairy 
cattle, sheep and goats. Livestock keeping will be 
a safety valve for smallholder farmers if warming 
or drought causes their crops to fail (Seo and 
Mendelsohn  2006 ).   

25.2.4     Matching AnGR 
with Production Systems 

 Matching AnGR with production systems means 
looking for the optimal breed to satisfy the needs 
of the production system (FAO  2010b ). As it has 
been discussed earlier, the locally adapted and 
available breeds throughout the world are the 
best choice as far as their utility, adaptability and 
future use are concerned. This is so, because the 
available production system has forced the live-
stock resources to mould or modify themselves to 
existing situations and any deviation from this 
combination of AnGR and production system 
does not seem viable. Farmers or the stakehold-
ers who are involved in the animal husbandry 
practices know well how and why the livestock 
they keep best suits their need and the need of 
production system. 

 A beautiful example in this context is the case 
of Indian Chilika buffalo (FAO  2010b ). Chilika 
buffaloes are prevalent in the islands and periph-
ery of Chilika Lake on the coast of eastern India 
(Khurda, Ganjam and Puri districts in the state of 
Orissa). The animals are well suited to the back-
waters of the lake and enter the knee-deep waters 
to feed on weeds and grasses, generally during 
the night. During the daytime, they rest on the 
shore, under the trees. The Chilika buffaloes have 
an important ecological role – their dung and 
urine support zooplankton, which support the 
lake’s fi sh population, which in turn supports 
livelihoods around the lake. Other breeds are not 
well adapted to the local production system, and 
introduced animals have proved unable to meet 

the multiple roles performed by the Chilika buf-
faloes. Murrah buffaloes or Murrah-Chilika 
crosses, for instance, do not survive in this envi-
ronment, because they are less well adapted to 
the humid conditions and due to the absence of 
non-saline drinking water. Now, this must be 
seen very seriously, as to how the real stakehold-
ers of the AnGR know the importance of the 
resources, and these criteria must be given due 
weightage while deciding on the importance of 
breeds, their conservation programmes and 
related issues. 

 Another example of matching production 
system with AnGR is given here in the context 
of sheep in the semiarid region of Rajasthan, 
India. In India, several efforts for introducing 
the crossbreeds of sheep with exotic inheritance 
of Rambouillet or Merino ram were made in the 
semiarid region of Rajasthan. However, the 
acceptability of the farmers for these crosses 
was not high in spite of their high production 
potential. Ultimately the crossbreeds of sheep 
were fi nally shifted to the temperate regions. 
The production system available in the semiarid 
region of Rajasthan demands exhaustive grazing 
of the sheep that demands covering distance of 
30 miles or so per day in the harsh climate. Such 
demand can only be met by locally evolved and 
adapted breed ‘Malpura’. Since the last 10 years, 
rainfall pattern in this area has changed drasti-
cally, and it is receiving hardly 400 mm of rain-
fall per year. This has resulted in the scarcity of 
resources available in the fi eld due to which 
farmers have started taking their sheep on 
migration as an alternative strategy. Migration 
has become common during drought season 
(Rathore  2004 ). Malpura sheep was in between 
crossed with the Marwari sheep from arid region 
during migration, which resulted in the produc-
tion of crossbreeds which are sturdier, have long 
legs and are best for migration purpose. These 
sheep are now preferred whenever farmers need 
to go on migration. Kheri sheep is a product of 
farmers’ own intellect, where need-based inter-
vention yielded the desired results (Gowane and 
Arora  2010 ). 

 FAO ( 2010b ) has published guidelines 
regarding how to proceed for matching AnGR 
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with production systems that involve the 
following tasks:
    1.     Defi ne the overall breeding goal for the 

production system of interest.   
   2.    Collate available information on experiences 

in the conduct of breeding programmes.   
   3.    Collate available information on the roles and 

characteristics of locally available breed(s).   
   4.    Examine possible alternative breeds.   
   5.    Decide whether the breeding programme will be 

based on locally available or alternative breeds.   
   6.    Conduct a feasibility study for the introduc-

tion of alternative breeds and take a decision.   
   7.    Prepare the germplasm introduction plan.   
   8.    Implement the germplasm introduction plan.    

  These tasks may be of use for planning intro-
duction of new breeds to the different agro- 
climate or production systems and to assess the 
impact of such intervention. However, for any 
step to be executed, the views of local prime 
stakeholder must be given due importance in 
decision making.   

25.3     Genetic Tools for AnGR 
to Counteract Climate 
Change 

25.3.1     Genes of Importance 
to Counteract Climate Change 

 Selection of animals with improved thermal tol-
erance is one of the ways to counteract the harsh 
effect of CC. The primary impact of CC is the 
rise in ambient temperature. Although several 
reports are available on the adverse impact of 
heat stress on livestock production, the reports 
pertaining to genes involved in heat stress adapta-
tion are very meagre. The following section will 
provide information on genes involved in ther-
motolerance in livestock. 

25.3.1.1     Heat Shock Factors (HSF)  
 At cellular level during the onset of increased cell 
temperature, a transcription factor family known 
as the HSF has been considered as important fi rst 
responders (Page et al.  2006 ). HSFs are known to 
interact with specifi c DNA sequence in the pro-

moter HS elements. The HS element is a stretch 
of DNA located in the promoter region of suscep-
tible genes containing multiple sequential copies 
(adjacent and inverse) of the consensus pentanu-
cleotide sequence 5′-nGAAn-3′ (Morimoto 
 1998 ) mostly found in HSP genes. These tran-
scription factors coordinate the cellular response 
to thermal stress and affect the expression of a 
wide variety of genes including HSPs (Akerfelt 
et al.  2007 ). A total of four HS factors have been 
identifi ed so far (Morimoto  1998 ), out of which 
three, viz., HSF-1, HSF-2 and HSF-4, are found 
in mammalian systems and HSF-3 is present in 
avian systems. In cattle, the HSF-1 gene has been 
mapped to chromosome 14 (Winter et al.  2007 ). 
During HS, HSF-1 is activated by thermal stress 
and found mainly in the nucleus in trimeric form 
(Sarge et al.  1993 ) which binds to the HS ele-
ments and is primarily involved in elevated gene 
expression level of HSPs (Pirkkala et al.  2001 ).  

25.3.1.2     Heat Shock Proteins 
 Many candidate genes for thermal tolerance have 
been identifi ed, out of which HSPs are the major 
responders during thermal stress. HSPs were 
originally identifi ed as proteins whose expression 
was markedly increased by HS (Lindquist  1986 ). 
HSPs are usually expressed in normal cells too to 
play important functions in normal cell physiol-
ogy. Their numbers in cells are increased when 
an animal is subjected to various stressors such as 
heat, cold and oxygen deprivation. The HSP40, 
HSP60, HSP70 and HSP90 families of proteins 
are the example of the fi rst biochemical activity 
group. The second biochemical activity is regula-
tion of cellular redox state. HSP32, better known 
as heme oxygenase-1 (HO-1), is an example of 
this group (Otterbein and Choi  2000 ). The third 
principal biochemical activity of HSPs is the reg-
ulation of protein turnover (Parsell and Lindquist 
 1993 ). Ubiquitin, which is expressed in unstressed 
cells, up-regulated by HS, is a classical example 
of this group. 

 Patir and Upadhyay ( 2007 ) indicated that 
thermal exposure of Murrah buffaloes caused 
induction of HSP70 and declined the immune 
status of buffalo heifers. HSP70.1 and HSP70.3 in 
mouse (Huang et al.  2001 ) and HSP72 in human 
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(Fehrenbach et al.  2001 ) have been identifi ed as 
candidate genes for thermal resistance. Gaughan 
et al. ( 2009 ) studied the effect of chronic heat 
stress on plasma concentration of secreted 
HSP70 in growing feedlot cattle and found that 
its concentration is a reliable indicator of chronic 
stress. Prostaglandin A1 (PGA1) induces HSP 
synthesis in bovine mammary epithelial cells 
resulting in protection against cellular stresses 
(Collier et al.  2007 ). Zhang et al. ( 2002 ) identi-
fi ed polymorphisms of the regulatory and coding 
regions of the HSP70 gene associated with differ-
ent heat tolerance capabilities in broiler chickens. 
A functional promoter and 3′-UTR variants of 
highly conserved inducible HSP70.2 gene in pigs 
signifi cantly affected mRNA stability and cell 
response to stress (Schwerin et al.  2001 ,  2002 ). 

 Sodhi et al. ( 2013 ) identifi ed several distinct 
nucleotide changes in HSP70.1 gene of 14 diver-
sifi ed Indian zebu cattle breeds and six buffalo 
breeds. They also identifi ed four microsatellite 
markers within the buffalo HSP70.1 gene and 
three microsatellites within the bovine HSP70.1 
gene that could further be evaluated as molecular 
markers for thermotolerance. Basiricò et al. 
( 2011 ) investigated the association between 
inducible HSP70.1 single nucleotide polymor-
phisms (SNPs) and HS response of peripheral 
blood mononuclear cells (PBMC) in dairy cows 
and suggested mutations in the 5′-UTR region of 
inducible HSP70.1 may be useful as molecular 
genetic markers to assist selection for heat toler-
ance. While analyzing the heat and cold chal-
lenge responses in terms of expression of different 
HSP family genes and HSP70 protein in the 
PBMC of goat, increased levels of expression of 
 HSP27  in both heat and cold stress conditions 
was reported by Mohanarao et al. ( 2013 ).  

 Mehla et al. ( 2014 ) through microarray study 
in four Sahiwal heifers exposed to heat stress 
demonstrated that gene expression changes 
through activation of HSF-1 and HSPs. An exper-
iment of both induced in vitro and environmental 
stress conditions by Deb et al. ( 2014 ) indicated 
that Sahiwal cattle may express higher levels of 
Hsp90 than Frieswal cattle to regulate their body 
temperature and increase cell survivality under 
heat stressed conditions.  

25.3.1.3     Halothane Gene in Pigs 
 Porcine stress syndrome (PSS) gene is associated 
with a condition called malignant hyperthermia 
induced by environmental stressors. PSS gene is 
commonly referred to as halothane (HAL) gene, 
because this condition can be triggered by expos-
ing pigs to the anaesthetic halothane gas. This is 
a major gene inherited on single locus with two 
alternate alleles, dominant (N) and recessive (n). 
Pigs possessing recessive allele are more sensi-
tive to stress conditions. Homozygous recessive 
(nn) genotype is associated with production of 
PSE pork characterised by its pale colour, lack of 
fi rmness, dripping of exudates from cut surfaces 
and denaturation of muscular proteins (Monin 
et al.  1999 ). Malignant hyperthermia in nn pigs is 
a muscular disorder characterised by an abnor-
mal response to stress, exercise and anaesthetics 
(Klip et al.  1986 ; Monin et al.  1999 ). Different 
HAL genotypes produce different amounts of 
HSP70, suggesting a role for dominant HAL 
gene (N) in promoting cell survival in response to 
stressful conditions (Khazzaka et al.  2006 ). 
Successful introgression of halothane normal 
allele into a Pietrain line that otherwise had a 
high frequency of the halothane-positive allele is 
reported (Hanset et al.  1995 ).  

25.3.1.4    Slick Hair Gene in Cattle 
 The slick hair gene is found in Senepol cattle and 
Criollo (Spanish origin) breeds in Central and 
South America. Studies have shown that Senepol 
cattle and their crosses with Holstein, Charolais 
and Angus animals are as heat tolerant as 
Brahman cattle. This has been attributed to the 
slick hair coat of Senepol cattle, which is thought 
to be controlled by a single dominant gene and 
has been mapped on bovine chromosome 20 
(Mariasegaram et al.  2007 ). These breeds have 
been developed from crossbreeding of N’Dama 
cattle to include favourable heat stress traits. 
However, origin of slick hair gene in Senepol 
remained uncertain. Cattle with slick hair were 
observed to maintain lower RT. The effect of the 
 slick hair  gene on RT depended on the degree of 
heat stress and appeared to be affected by age 
and/or lactation status. The decreased RT 
observed for slick-haired crossbred calves 
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 compared to normal-haired contemporaries 
ranged from 0.18 to 0.4 °C (Olson et al.  2003 ).  

25.3.1.5    Nramp1 Gene 
 Natural resistance-associated macrophage pro-
tein 1 (Nramp1) has been identifi ed as a major 
gene in many species (Vidal et al.  1993 ) expressed 
in late endosomes of macrophages. Nramp1 reg-
ulates antimicrobial activity of macrophages 
(Barton et al.  1995 ). In mouse, a point mutation 
in the coding region of the gene Nramp1 causes a 
single amino acid change from Gly to Asp at 
position 169, and it results in a susceptibility phe-
notype of mice in the early phases of infection 
with  S. enterica  serovar  Typhimurium , 
 Leishmania donovani  or various species of 
 Mycobacterium  (Vidal et al.  1995 ). (GT) n  micro-
satellite polymorphism at 3′-UTR of Nramp1 has 
been found to be associated with resistance/sus-
ceptibility to  Brucella abortus  (Adams and 
Templeton  1998 ; Barthel et al.  2001 ), salmonella 
and paratuberculosis (Pinedo et al.  2009 ) infec-
tion in cattle and buffalo (Ganguly et al.  2008 ). 
This gene holds promise in disease resistance 
which may be relevant in changing climatic situ-
ations to combat many diseases in the future.  

25.3.1.6    Other Genes 
 Recently, many genes have been reported to be 
involved in heat stress and affected by HS and 
interact with HSPs. With the help of gene chip 
arrays, it has become possible to screen the 
expression of thousands of sequences simultane-
ously. Several gene chip array experiments have 
been performed that specifi cally examined the 
role of HS on gene expression. An experiment 
reported in 1996 (Schena et al.  1996 ) used an 
array containing 1,000 genes to examine changes 
in gene expression in human T cells and demon-
strated the feasibility of using this technology to 
identify new candidate heat-responsive genes. 
Approximately 50 genes not traditionally consid-
ered to be HSPs have been found to undergo 
changes in expression in response to heat stress 
(Sonna et al.  2002 ). There are many genes with 
known physiological functions which are induced 
by cold stress. p53 and p21 are the most impor-
tant genes to play signifi cant role in cell physiol-
ogy during cold exposure (Matijasevic et al. 

 1998 ; Ohnishi et al.  1998 ). Many genetic factors 
apart from the slick hair gene have been identi-
fi ed which infl uence the colour pattern of the 
cattle and hence may be useful in differential 
selection and performance under different heat 
stress conditions. The spotted locus in Hereford 
cattle and Kit locus on bovine chromosome 6 are 
few of the examples and have been extensively 
studied (Fontanesi et al.  2010 ). A cDNA microar-
ray analysis found 140 transcripts to be upregu-
lated and 77 downregulated in the Sahiwal cattle 
blood after heat treatment (Mehla et al.  2014 ). 

 Several genes have been identifi ed in poultry 
which play a major role in heat tolerance. Naked 
neck (Na) a dominant gene responsible for reduc-
ing feather cover and sex-linked recessive gene 
for dwarfi sm (dw) responsible for reduced body 
size and thereby reduced metabolic heat output 
are few of the examples. The frizzle (F) gene is 
another important gene related to the economic 
performance of the stock under hot humid 
conditions.  

25.3.1.7    Emerging Technologies 
Shaping the Future 
of Livestock Breeding 

 As we know, a vast natural variation exists in our 
livestock population that will form the basis for 
further genetic improvement and selection by 
including new traits to meet the challenges in the 
coming decades. Following are new technologies 
which will be the limelight in the future to accel-
erate genetic gains in livestock to cope with the 
threats of CC.  

25.3.1.8    Genomic Selection 
 Genomic selection (GS) is a marker-assisted 
selection (MAS) method, in which high 
 density- markers covering the whole genome are 
used simultaneously for individual genetic evalu-
ation via genomic estimated breeding values 
(GEBVs). GS is based upon linkage disequilib-
rium between the markers and the polymor-
phisms present in various traits of importance 
(Meuwissen et al.  2001 ). Hayes et al. ( 2013 ) 
described the method of exercising GS. The 
equation that predicts breeding value from SNP 
genotypes must be estimated from a sample of 
animals, known as the reference population, that 
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have been measured for the traits and genotyped 
for the SNPs. This prediction equation can then 
be used to predict breeding values for selection 
candidates based on their genotypes alone. The 
candidates are ranked on these estimated breed-
ing values, and the best ones are selected to breed 
the next generation. 

 GS is advantageous over selection based on 
phenotype because meritorious animals in GS 
can be identifi ed early with genomic prediction. 
There are many traits which are diffi cult or 
expensive to measure like GHG emissions, feed 
effi ciency, disease inheritance, reproductive traits 
like fertility, etc. Large dairy ruminants are tradi-
tionally selected on the basis of progeny testing 
as merit of breeding bulls is evaluated on the milk 
production of his daughters. An advantage of GS 
is that generation interval can be reduced to 
2 years and also result to almost double the rate 
of genetic gain (Pryce and Daetwyler  2011 ). Due 
to the above reasons, GS has got wide and rapid 
acceptance among dairy industries in all over the 
world. However, GS in beef cattle is adopted at 
lower pace due to reasons that reference popula-
tion in beef cattle is smaller than dairy cattle. In 
addition, as compared to few dairy breed, there 
are several beef breeds of importance around the 
world. Requirement of suffi cient reference popu-
lation to achieve expected accuracy of genomic 
breeding value in beef cattle is challenging; 
therefore, international collaborations are 
required to pool reference population across 
countries (Hayes et al.  2013 ). However, accuracy 
is compromised in this case due to differences in 
linkage disequilibrium phases between SNPs and 
causative mutations across breeds (Daetwyler 
et al.  2012a ). 

 GS is also being practised in meat, wool and 
dairy sheep (Duchemin et al.  2012 ). Daetwyler 
et al. ( 2011 ) utilised available 50,000 ovine SNPs 
to predict estimated breeding values for wool and 
meat traits in sheep. The effects of all SNP mark-
ers in a multi-breed sheep reference population 
of 7,180 individuals with phenotypic records 
were estimated to derive prediction equations for 
GEBVs for greasy fl eece weight, fi bre diameter, 
staple strength, breech wrinkle score, weight at 
ultrasound scanning, scanned eye muscle depth 

and scanned fat depth. Breeding value of 540 
industry sires was used as a validation population 
and the accuracies of GEBVs were assessed 
according to correlations between GEBVs and 
sheep breeding values. Results showed that accu-
racy of GEBVs will increase with the increase in 
size of reference population. 

 In meat sheep, genomic predictions have been 
made for health attributes in lambs; Daetwyler 
et al. ( 2012b ) predicted carcass and novel meat 
quality traits in a multi-breed sheep population 
that included Merino, Border Leicester, Polled 
Dorset and White Suffolk sheep and their crosses. 
Further, there are already some promising esti-
mates of the accuracy of genomic predictions for 
feed conversion effi ciency in chickens, dairy cat-
tle and pigs. Pryce et al. ( 2012 ) postulated a term 
residual feed intake (RFI) which is the difference 
between actual and predicted FI that may be a 
useful selection criterion for greater feed effi -
ciency. A group of DNA markers explaining 
genetic variation in RFI would enable cost- 
effective GS. In their study, eight SNPs with large 
effects on RFI were located on chromosome 14 at 
around 35.7 Mb, and these may be associated 
with the gene NCOA2, which is known for con-
trolling energy metabolism. Genomic prediction 
of female fertility with high accuracy is also 
available to be used for GS (Wiggans et al.  2011 ). 
Improvement in FI and feed effi ciency of live-
stock is strongly associated with methane emis-
sion levels. It is suggested that genomic 
predictions of FI may be used as indirect GS for 
low methane emission (Haas et al.  2012 ). FI 
plays an important economic role in beef cattle 
and is related with feed effi ciency, weight gain 
and carcass traits. The genome-wide association 
study (GWAS) for dry matter intake (DMI) and 
RFI of Nellore cattle was studied in which three 
SNPs surpassed the threshold of Bonferroni mul-
tiple tests for DMI and two SNPs for RFI. These 
markers are located on chromosomes 4, 8, 14 and 
21 in regions near genes regulating appetite and 
ion transport and close to important QTL as pre-
viously reported to RFI and DMI, indicating that 
two processes are important in the physiological 
regulation of intake and feed effi ciency (Santana 
et al.  2014 ). 
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 GS can also be exercised to improve perfor-
mance of animals in heat stress conditions. To 
select cattle adapted to changing environments, 
Hayes et al. ( 2009 ) conducted a GWAS to detect 
SNPs associated with the sensitivity of milk pro-
duction to environmental conditions and vali-
dated many markers located on chromosomes 9 
and 23, associated with sensitivity of milk pro-
duction to feeding level and sensitivity of milk 
production to temperature humidity index (THI). 
There is a need to identify signatures of selection 
related to heat stress and individual genes asso-
ciated with mechanisms to fi ght climate chal-
lenges by the use of genomics (Rothschild and 
Plastow  2014 ). Many genes in the insulin path-
way have been identifi ed and associated with the 
capacity of camel to go long periods of time 
without water in hot dry environments (Jirimutu 
et al.  2012 ). Huson et al. ( 2013 ) and Elbeltagy 
et al. ( 2014 ) examined many possible signatures 
of climatic stress in sheep and goats. Similar 
study to examine stressed chickens has revealed 
many signifi cant genomic differences by Lamont 
et al. ( 2013 ) which could be possible genomic 
markers to select avian in the future. Similarly, a 
novel SNP in the ATP1A1 gene has also been 
associated with heat tolerance traits in dairy 
cows (Liu et al.  2010 ). 

 There are some diseases which are present in 
wild counterparts of domesticated animals with-
out any serious effect, but have deleterious effect 
in domesticated livestock species. African swine 
fever is one of the examples which is present in 
warthogs without any serious consequences but 
is deadly in domesticated pigs. Comparison of 
genomic sequences of indigenous pigs to that of 
domesticated pigs to determine regions of sus-
ceptibility/resistance will lead to open a new 
approach to GS (Mujibi et al.  2014 ). Such efforts 
also may provide targets for genome editing or 
other modifi cations to create resistant or more 
tolerant animals that could be utilised in these 
environments. 

 Assembling large number of reference popu-
lations will be the major challenge in implication 
of GS in the coming future. In this process, very 
large number of phenotyped individuals will be 
required to make accurate predictions. 

International collaborations to increase the size 
of reference populations and to fi nd the economi-
cal ways for genomic screening will decide the 
future of GS.  

25.3.1.9    Signifi cant Quantitative Trait 
Loci of Climate Change 
Adaptation in Livestock 

 A quantitative trait locus (QTL) is a genomic 
region that is associated with or modulates the 
variation in a measurable phenotype (Williams 
et al.  1998 ). In particular, certain QTLs may 
account for a comparatively large portion of the 
variance in different complex traits, which could 
be analysed by studying the pattern when separat-
ing alleles are derived from opposing spectrums at 
a major QTL (Williams et al.  1998 ). The identifi -
cation of specifi c genomic regions that affect eco-
nomically important traits in farm animals holds 
great interest for the livestock industry as it aims at 
incorporating genomic markers linked to QTL into 
breeding programmes, by making use of MAS 
(Anderson  2001 ). In the search of QTL and major 
genes, different approaches have been investigated 
including genome-wide scans using relatively 
high density panels of microsatellites or SNP 
markers across the genome together with genome-
wide association studies or candidate gene 
approaches (Ron and Weller  2007 ; Hayes and 
Goddard  2010 ). Liu et al. ( 2010 ) studied the poly-
morphism of ATP1A1 gene of Holstein cows and 
identifi ed two SNPs out of which AC genotype 
was associated with heat tolerance and has a 
potential as genetic marker in future breeding to 
combat with CC. Dikmen et al. ( 2013 ) performed 
a GWAS for RT during heat stress in Holstein cow 
and identifi ed SNPs. The largest proportion of 
SNP variance (0.07–0.44 %) was explained by 
markers fl anking the region between 28,877,547 
and 28,907,154 bp on  Bos taurus  autosome (BTA) 
24. These SNPs could prove useful in genetic 
selection and for identifi cation of genes involved 
in physiological responses to heat stress. 
Signifi cant QTLs have been identifi ed on chromo-
some 5 related to stress and anxiety (Tarricone 
et al.  1995 ; Roberts et al.  1995 ; Dai et al.  2009 ). 
Thermal stress on bovine mammary development 
by microarray technique has been evaluated 

25 Strategies to Improve Livestock Genetic Resources to Counter Climate Change Impact



468

(Collier et al.  2006 ). Study revealed an overall 
upregulation of genes associated with the stress 
response and protein repair. Four QTLs in pig have 
been identifi ed with signifi cant effect (Lilja et al. 
 2000 ). They are present on chromosomes 2, 6, 8 
and 12 and are responsible for induction of IL-2 
activity, phagocytic capacity and mitogen induced 
proliferation. Two signifi cant and two suggestive 
Marek’s disease QTLs were detected in four chro-
mosomal regions, explaining 11–23 % of the phe-
notypic and 32–68 % of the genetic variation in 
Marek’s disease in poultry (Vallejo et al.  1998 ). 
QTLs associated with resistance to avian coccidio-
sis to GGA1 were mapped by using 119 microsat-
ellite markers (Zhu et al.  2003 ). 

 Genetic variation associated with nematodes 
resistance has been utilised by implementation of 
marker-assisted breeding value estimation 
(MA-BVE) using dense maps covering the entire 
genome (Meuwissen et al.  2001 ). The interest in the 
MA-BVE approach is solely in the breeding value 
of the candidates with the objective to estimate the 
breeding value with the highest possible accuracy 
using all phenotypic and genomic information.    

25.4     Conclusion 

 CC adds another layer of uncertainty to the ever- 
evolving and dynamic livestock sector. Although 
AnGR and the goods and services rendered by it 
are affected by direct and indirect effects of CC, 
it has largely not been integrated in their actual 
context because of highly concentric focus on 
present human needs ignoring environmental 
costs. The lion share of the veritable goldmine of 
AnGR in the form of many different livestock 
species and breeds is concentrated in developing 
and least developed countries, most of which are 
with the smallholder and pastoralist. It is them 
who will be most affected by CC. 

 Undoubtedly resource effi cient livestock pro-
duction will be key to secure the future. Industrial 
and commercial production will be better able to 
handle the direct effects of CC through their 
access to technologies and manipulation of 
micro-environments. But smallholder and 
 pastoralist livestock production system will face 

signifi cant challenges in addressing it. In the 
absence of appropriate, accessible and affordable 
technologies to counteract CC-induced chal-
lenges, the diversity of the production system, 
AnGR and breed portfolio is likely to be 
restricted. Further, the inherent structural vari-
ability in livestock production along with its dif-
ferential ability to absorb changes may not allow 
assimilation of resource-use effi ciency at every 
stratum. This may result in the growing dichot-
omy between industrial and smallholder live-
stock production. 

 In all probability, resource-use effi ciency will 
be measured increasingly through feed conver-
sion effi ciency of livestock in immediate and 
medium terms. This will see altered preference 
for livestock species as well as breeds. The spe-
cies and breed portfolio in CC scenario will vary 
locally as well as regionally. Superior FCR of 
monogastrics will put them in comparative 
advantage over cereal-fed ruminants (Hoffmann 
 2010 ). However, ruminants may increase in 
rangelands with suffi cient vegetation growth 
(Seo and Mendelsohn  2008 ). On the other hand, 
small ruminants are likely preferred in extensive 
systems of production (Herrero et al.  2008 ; Seo 
and Mendelsohn  2008 ). The typical outlook of 
FCR may not help in traditional livestock pro-
duction; instead, ‘human edible return’ as sug-
gested by Gill and Smith ( 2008 ) may be a better 
indicator for assessing effi ciency. Fertility and 
longevity of livestock will be more important in 
the future, and more selection pressure on them 
along with FCR will be expected. However, key 
to the climate-resilient livestock production will 
be the adaptability of the animals to their produc-
tion environments. This will require careful 
trade-off between production, productivity and 
adaptability since they are not favourably related. 
Although adaptive traits are characterised by low 
heritability like fertility, signifi cant prominence 
of fi tness traits is expected. This will entail over-
coming problems associated with measuring the 
phenotypes relevant to adaptation and better 
understanding of its physiology and genetics. 

 Breeds of livestock species that dominate 
industrial production have been developed 
through highly structured breeding programmes 
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and intensive selection for years. Narrow pool of 
these highly developed animal genetics will con-
tinue to catalyse global trade of animal products. 
As against this, local breeds that predominate tra-
ditional livestock production have largely not 
been placed under any structured breeding and 
genetic improvement programmes although they 
have been subjected to differential selection pres-
sures in the form of their ability to survive in 
harsh production environments and low input. If 
the common trend of purchasing genetic gain for 
quick results, through import of  superior  live-
stock genetics, continues in developing countries 
instead of developing their own production envi-
ronment-specifi c livestock breeds, it will see rais-
ing stocks largely not in sync with production 
environments, thus increasing vulnerability and 
further marginalization of local and adapted 
breeds. Of course recent trends of increasing 
focus on local superior livestock germplasm and 
its promotion as an alternative to import of  supe-
rior  genetics and mutual share may not go unno-
ticed in many developing countries like India. 

 Understanding the dynamics of CC and ani-
mal production in the  most  comprehensive man-
ner and appropriate modelling to counteract or 
absorb it shall be the most important step towards 
ensuring prioritisation of research and develop-
mental goals which shall also help create aware-
ness among all stakeholders including policy 
planners. Central to the development of climate- 
resilient animals are characterisation of the 
AnGR in a broad-based manner and its valuation 
in the context of its environmental niche and sci-
entifi c understanding of adaptability. Most tropi-
cally adapted breeds that reside in developing 
countries are largely under-characterised. It shall 
be an important priority. 

 Breeding strategies for livestock genetic 
resources to counter CC impact will not be fun-
damentally different than what is practised today. 
Between the choice of matching genetics with 
environment and vice versa, the norm and prac-
tice shall be system specifi c. Natural stratifi cation 
of species and breeds of livestock shall be an 
important guide in the design. Effi cient livestock 
production ensuring diversity of gene pool, fi t-
ness for the production environments and opti-

mum fertility that shall also meet sociocultural 
needs and have low environmental footprint shall 
be the desirable shape for sustainability. A 
healthy combination of higher production and 
productivity with heat resilience, fertility, disease 
tolerance and challenged nutrition will require 
fl exibility of breeding indices. Irrespective of the 
scale, GEI may not be ignored. 

 Large-scale transboundary movement of supe-
rior animal genetics and specially considering its 
relative ease may not match well when coopera-
tion and share of knowledge, expertise and 
resources are considered with respect to broad- 
based use of AnGR. A positive change in this 
regard is desired. Promotion of breed societies 
will be indispensible, and performance recording 
of livestock of smallholder production system 
will be increasingly important for the improve-
ment of AnGR in the CC era. 

 Although livestock is an important pillar for 
livelihood, nutritional security and poverty alle-
viation in most of the developing and poor coun-
tries, enabling policies and long-term commitment 
for its sustainable growth have mostly been miss-
ing. Continuation of treating this as an allied sec-
tor of agriculture in many parts of the developing 
world undermining its signifi cant contribution to 
agricultural GDP and the potential it holds has 
restricted its growth path and will not help in the 
long run. A sound policy framework for animal 
breeding, commitment for long-term investment 
and close cooperation between stakeholders and 
partners regionally, nationally and internationally 
are the need of the hour to ensure that livestock 
continues to progressively provide diverse goods 
and services even in the face of looming uncer-
tainties posed by CC.     
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    Abstract  

  Climate change and climate change mitigation will bring about major 
structural change in the agriculture, forestry, and other land use sectors. 
With effective global action, climate change mitigation would become the 
more important force for change. In agricultural and animal production, to 
control and decrease emission of harmful greenhouse gases (GHGs) have 
become important in environmental protection. The contributions to global 
warming by ruminant livestock are by and large through enteric CH 4  pro-
duction. Hence while aiming at sustainable livestock production, it is 
imperative to concentrate on reduction strategies for enteric methane pro-
duction. The enteric methane emission reduction strategies can be grouped 
under three broader headings including management, nutritional, and 
other molecular strategies. The application of a single strategy would not 
help and may need a combination of strategies to address mitigation based 
on the agroecosystems, the production systems, and the resources avail-
able with the farmer. While measures to reduce the growth of GHG emis-
sions 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. Promotion of sustainable livestock production will be 
vital to ensure that the impact of climate change is minimized on the live-
stock farmers. This will involve rearing of animals which are more sturdy, 
heat tolerant, disease resistant, and relatively adaptable to the adverse cli-
matic stress conditions. Livestock has potential to strengthen resilience to 

        C.  S.   Prasad      (*)
  ICAR-National Institute of Animal Nutrition 
and Physiology ,   Adugodi, Hosur Road ,  Bangalore , 
 Karnataka   560030 ,  India   
 e-mail: cadaba_prasad@yahoo.co.in  

 26      Climate Change Impact 
on Livestock Sector: 
Visioning 2025  

           Cadaba     S.     Prasad      and     Veerasamy     Sejian   

    V.   Sejian      
  Animal Physiology Division ,  ICAR-National Institute 
of Animal Nutrition and Physiology ,   Adugodi, 
Hosur Road ,  Bangalore ,  Karnataka   560030 ,  India    

mailto:cadaba_prasad@yahoo.co.in


480

climate change, as livestock production systems tend to be more resilient 
than crop-based systems. In developing a strategy for adapting to climate 
change, one key challenge is dealing with uncertainty. The challenge for 
governments and agricultural industry stakeholders is to deal with these 
uncertainties through further research and the development of policies and 
farm management approaches that are fl exible enough to deal effectively 
with a range of potential climate change outcomes.  

  Keywords  

  Adaptation   •   Breeding   •   Climate change   •   Heat tolerance   •   Livestock and 
resilience  

26.1         Introduction 

 Climate change represents one of the greatest 
environmental, social, and economic threats fac-
ing the planet today (IPCC  2013 ). In developing 
countries, climate change will have a signifi cant 
impact on the livelihoods and living conditions of 
the poor. It is an impediment to the attainment of 
the Millennium Development Goals (MDGs) and 
progress in sustainable development. Increasing 
temperatures and changing rainfall patterns 
reduce access to food and impact regions, farm-
ing systems, households, and individuals in vary-
ing ways. Additionally changed trade patterns 
and energy policies have the potential to exacer-
bate the negative effects of climate change on 
some of these systems and groups. Thus, analy-
ses of the biophysical and socioeconomic factors 
that determine exposure, adaptation, and the 
capacity to adapt to climate change are priority 
areas so that policymakers can make more 
informed decisions (IPCC  2001 ,  2007 ). 

 While measures to reduce the growth of 
greenhouse gas (GHG) emissions are an impor-
tant response to the threat of climate change, 
adaptation to climate change in addition to miti-
gation will also form a necessary part of the 
response. In this context, adaptation refers to 
strategies that act to reduce the adverse impacts 
of climate change. Developing adaptation strate-
gies is therefore an important part of ensuring 
that countries are well prepared to deal with any 

negative impacts that may occur as a result of cli-
mate change. Given limited resources, adaptation 
strategies must target those populations most vul-
nerable to global change and equip them with the 
tools and incentives that will enable them to do 
so. Adaptation to climate variability has been an 
ongoing necessity, more so, for the agricultural 
sector. Existing strategies to manage climate 
variability provide opportunities for addressing 
the challenges of future climate change.  

26.2     Importance of Minimizing 
Climatic Change on Animal 
Husbandry 

 Climate change and climate change mitigation 
will bring about major structural change in the 
agriculture, forestry, and other land use sectors. 
With effective global action, climate change miti-
gation would become the more important force 
for change. A rising carbon price will alter the 
cost of land management practices and commod-
ities, depending on their emission profi les. 
Domestic food production in many developing 
countries will be at immediate risk of reductions 
in agricultural productivity due to crop failure, 
livestock loss, severe weather events, and new 
patterns of pests and diseases (FAO  2006 ). 
Climate change could disrupt ocean currents, 
which would have serious ramifi cations on the 
availability of fi sh, a major protein source. 
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Farmers in developing countries possess lesser 
options to adapt to and effectively manage these 
risks due to the higher proportion of small-scale 
and subsistence farms, poorly developed 
infrastructure, and lesser access to capital, tech-
nology, and market (Evenson  1999 ; Easterling 
et al.  2007 ). These impacts, together with the 
considerable increases in population and food 
demand expected in developing countries, could 
lead to an increase in global food prices (Deressa 
et al.  2005 ). 

 In agricultural and animal production, to con-
trol and decrease emission of harmful gases 
(GHGs) has become important in environmental 
protection. It should be noted that certain gases 
released in agriculture/animal husbandry 
 production, such as methane, carbon dioxide, 
nitrous oxide, and ammonia, directly affect 
global climate change which infl uences the 
development of social economy by acting on 
agriculture, animal husbandry, and water 
resources. If the warming of global climate is 
continually accelerated, it is possible that further 
increase is likely to infl uence occurrence of fl ood 
and drought. Because of the pressure on land and 
water coupled with increased demand of agricul-
ture and pasture, the shortage of water will 
become serious and the quantity and quality of 
herbage will largely decline. The increase of tem-
perature will lead to the decline in the yield of 
crops resulting in decreased forage for livestock 
thereby decreasing animal production and repro-
duction performance to different degrees. Climate 
change will also infl uence etiologic bacteria and 
parasites in livestock. Therefore, in order to avoid 
threats to global environment and prevent it from 
further deterioration, it is vital that immediate 
strategies to control the density of greenhouse 
gases in the atmosphere are taken on priority.  

26.3     Sustenance of Livestock 
Production and Mitigation 
of Climate Change 

 Promotion of sustainable livestock production 
will be vital to ensure that the impact of climate 
change is minimized on the livestock farmers. 

This will involve rearing of animals which are 
more sturdy, heat tolerant, disease resistant, and 
relatively adaptable to the adverse climatic stress 
conditions. In such a situation, some of the indig-
enous breeds are able to cope much better than 
the crossbred, as crossbreds containing higher 
exotic inheritance exhibit problems in adapting 
when compared to indigenous breeds because of 
their acclimatization to different agroecological 
systems. 

 Relatively, there is a lot of basic knowledge on 
the interaction between heat stress and livestock 
production, reproduction, and health traits. The 
implementation of the knowledge to maintain the 
welfare of animals maintained under extensive 
management systems is diffi cult because of 
objective limitations to monitor heat stress and 
economic compulsions in applying measures to 
ameliorate. From welfare point of view, ideally 
the animals should be raised in the zone of opti-
mal thermal well-being. However, these would 
be almost impracticable goal to attain in domi-
nant grazing system of the world. The following 
recommendations are general rules that can be 
applied under extensive conditions: (1) provision 
of shade/shelter in areas where typical ambient 
temperature during summer exceeds above than 
normal, (2) provision of adequate water (it is rec-
ommended that the distance between watering 
spot and grazing area be such that grazing ani-
mals are able to visit the water spot at least once 
a day), and (3) provision of balanced feed with 
micronutrients to address heat and oxidative 
stress. There are substantial environmental bene-
fi ts associated with sustainable livestock produc-
tion. In extensive system of rearing, generally, 
sustainable livestock production is pasture based 
and is offered little or no supplemental feed.  

26.4     Signifi cance of Improving 
the Adaptive and Resilience 
Capacity of Livestock 
to Climate Change 

 Changes in rainfall and seasonal patterns are 
already being experienced in many parts of the 
world, including Indian subcontinent, creating 
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problems for vulnerable farmers and other land 
users in securing their livelihoods and increasing 
the risks they face. The frequency and intensity 
of extreme climatic events such as heat waves 
and erratic heavy rainfall, as well as the long- 
term chronic effects of higher temperatures, are 
set to increase. The effects of these climatic 
changes will become even more pronounced in 
the future, particularly in sub-Saharan Africa 
where livelihoods and ecosystems are highly sen-
sitive to changes in climate. 

 Livestock has potential to strengthen resil-
ience to climate change, as livestock production 
systems tend to be more resilient than crop-based 
systems. This chapter also discusses a number of 
innovative social, technical, and management 
interventions that might be helpful to increase the 
resilience of livestock production systems to cli-
mate change. However, substantial controversy 
exists about the short-term and long-term effec-
tiveness of a number of them. This will require 
more in-depth analyses over the coming years. 
Strengthening resilience in the livestock sector 
relies on building the adaptive capacity of live-
stock keepers, and it is necessary to take an ambi-
tious approach to address the fundamental 
determinants of capacity. Four dimensions of 
adaptive capacity are:
•    Ability to make informed assessment of immi-

nent threats  
•   Ability to make an informed choice, from a 

range of options, about the best response mea-
sure under different production systems  

•   Being capable of deploying the preferred 
option (skills, money, infrastructure)  

•   Access to implement this option (policy, gov-
ernance, rights)    
 To address the above, adaptive strategies 

would be:
•    Production adjustments  
•   Breeding strategies  
•   Livestock management system  
•   Science and technology development  
•   Development of early-warning system  
•   Capacity building of livestock keepers  
•   Policy framework and changes  
•   Market responses     

26.5     Strategic Plans for Meeting 
the Challenges of Climate 
Change 

     (a)    Identifi cation and characterization for genes 
to adapt to drought and heat stress   

   (b)    Developing germplasms with greater toler-
ance to climatic variability   

   (c)    Reducing risks to pastoralists by improved 
rangeland management   

   (d)    Fostering community-based development 
plans that increase local capacity to coman-
age natural resources   

   (e)    Developing resilient crop-livestock produc-
tion systems through better soil and water 
management and higher water-use 
effi ciency   

   (f)    Managing crop rotations that sequester car-
bon conserve water and maintain soil 
fertility   

   (g)    Improving feed resources that reduce green-
house gas emissions   

   (h)    Building scenarios and models to determine 
trade-offs between development and climate 
change (e.g., optimizing on-farm water 
allocation)   

   (i)    Conducting livelihood analyses that include 
strategies to cope with unpredictable ecosys-
tems and climate variability and change   

   (j)    Enabling policy and institutional options to 
promote the uptake of technologies that 
enhance the capacity of communities to 
adapt to climate change      

26.6     Strategies to Reduce GHG 
Emission and to Improve 
Livestock Production Under 
Changing Climatic Scenario 

 The ways and means by which sustainable live-
stock production can be achieved under changing 
climatic conditions are:
•       Producing forage on-site without the use of 

energy-intensive inputs including fertilizers, 
herbicides, and fuels and drying and storing 
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feed generally lower the embodied energy in 
livestock feed.  

•   When feeding native hay and grains that are 
produced locally, the energy required for 
transportation is reduced further due to shorter 
distances between the feed source and the ani-
mal farm.  

•   Since fossil fuels are primary sources of 
greenhouse gas emissions such as CO 2 , using 
fewer energy inputs usually reduces emissions 
as well.  

•   Providing livestock with access to pasture for-
age improves the ecological balance between 
forage and livestock.  

•   Distributing manure and urine on the pasture 
also reduces methane emissions from manure 
slurry.  

•   Proper soil and pasture management can also 
mitigate the release of emissions. Under cer-
tain soil conditions, N 2 O emissions are 
released from the soil through a process called 
denitrifi cation. An excessive buildup of 
manure and urine (nitrogen, ammonium) in 
water-saturated soils can lead to denitrifi ca-
tion and the release of N 2 O, a greenhouse gas 
310 times more powerful than CO 2 . Rotating 
animals through pastures and moving feeding, 
watering, and shade areas will help spread the 
manure and urine more uniformly and may 
help decrease N 2 O emissions from pasture 
soils.    
 The contributions to global warming by rumi-

nant livestock are by and large through enteric 
CH 4  production. Hence while aiming at sustain-
able livestock production, it is imperative to con-
centrate on reduction strategies for enteric 
methane production (Sirohi and Michaelowa 
 2007 ). The enteric methane emission reduction 
strategies can be grouped under three broader 
headings including managemental, nutritional, 
and other molecular strategies. Any reduction 
strategies must be confi ned to the following gen-
eral framework such as development priority, 
product demand, infrastructure, livestock 
resource, and local resources. The most attractive 
emission mitigation projects must balance the 
needs in all of these areas, so that no one factor 
creates a constraint on continued improvement in 

production effi ciency and resultant CH 4  emission 
reductions (Sejian et al.  2011 ). Within this frame-
work, CH 4  emission mitigation options for enteric 
fermentation can encompass a wide range of 
activities across these areas. However, underly-
ing these activities must be specifi c options for 
improving the production effi ciency of livestock. 
Without these options, CH 4  emissions cannot be 
reduced. 

 The total GHG and methane emissions over 
the years would increase considerably as shown 
in Figs.  26.1  and  26.2  below.   

 A similar trend in methane emissions could 
also be seen requiring immediate ameliorative 
measures to control. 

 Several approaches including dietary, chemi-
cal, and biological interventions are available or 
on the anvil, and each method could have its mer-
its and demerits. 

 The application of a single strategy would not 
help and may need a combination of strategies to 
address mitigation based on the agroecosystems, 
the production systems, and the resources avail-
able with the farmer. However, the feed-based 
strategy appears to hold promise as it could be 
much easier to modify diets and feeding prac-
tices. Figure  26.3  describes the various 
approaches for enteric methane reduction, while 
Fig.  26.4  describes the comparative effi cacy of 
different approaches for in vivo methane 
reduction.    

26.7     Adaptation Measures 
to Be Undertaken to Improve 
Livestock Production Under 
Changing Climatic Scenario 

 Projections for 2050 suggest an increase in both 
global mean temperatures and weather variabil-
ity, including precipitation. This will clearly 
affect the type and location of agricultural pro-
duction worldwide. The entire patterns of pro-
duction and livelihoods could be transformed. 
Many countries will be able to adapt and some 
may even benefi t by being able to grow new 
crops. But poorer communities and those living 
in fragile lands, such as deltas and low-lying 
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coasts, may be exposed to greater risks (Kabubo- 
Mariara  2005 ,  2007 ,  2008 ). This makes adapta-
tion vitally important. It also confi rms just how 
key global cooperation will be in meeting adapta-
tion needs in the years ahead (Calvosa et al. 
 2009 ). 

 Broadly speaking, at the national, regional, or 
local level, the new strategies consist of a dis-

placement of livestock into areas where natural 
resources are available. At the local level, new 
feeding approaches are used, leading to the adop-
tion of either new feeds or other forms of range-
land management. There are a number of 
initiatives of adaptation to climate change on a 
regional or national scale. Be they regional or 
national, the strategies proposed to respond to 

  Fig. 26.1    Total GHG emissions and projections for the livestock sector: 2000–2030       

  Fig. 26.2    Methane emission projections for the livestock sector: 2010–2030       
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climate change are not specifi c to livestock, even 
in arid and subarid eco-regions where livestock is 
an important part of the economy and very often 
is the sector most affected by climate change. 
With regard to regional initiatives, these are at the 

stage of design and strategy development rather 
than concrete proposals ready for implementa-
tion (Calvosa et al.  2009 ). 

 National actions are envisaged by the states 
under the United Nations Framework Convention 

  Fig. 26.3    Different possible approaches for enteric methane reduction       

  Fig. 26.4    Comparative effi cacy of different approaches for in vivo methane reduction       
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on Climate Change. These include the National 
Communication Programs for climate change 
and the National Adaptation Programs for Action 
(NAPA). In fact, under these two frameworks, the 
states have limited their actions to doing a vul-
nerability analysis and an inventory of measures 
for adaptation and mitigation without advocating 
to appropriate actions relevant to national agro-
climatic conditions and traditional livestock 
practices (Nordhaus  1998 ; Quiggin  2007 ).

   Different Livestock Adaptation Options to 
Sustain Production  
•   Developing and promoting drought-tolerant 

and early-maturing crop species  
•   The adoption of improved animal breeds and 

grass/legume seed stock with increased resil-
ience to projected climate conditions  

•   Adapting annual production cycle to better 
match feed production  

•   Adopting integrated disease surveillance 
response systems and emergency prepared-
ness to prevent, mitigate, and respond to 
epidemic  

•   Strengthening meteorological services to pro-
vide time series weather and climate forecast/
information early-warning systems  

•   Promoting and strengthening aquaculture, 
poultry raising, and the like as alternative live-
lihood options  

•   Developing and promoting guidelines for 
using herbal and alternative medicine  

•   Increasing agriculture extension activities for 
wide dissemination of knowledge about cli-
mate change impact  

•   Reducing livestock density    

26.7.1     Technological Interventions 
to Meet the Climate Change 
Challenge 

•     Conserving genetic resources: This requires 
better characterization of breeds, production 
environments, and associated knowledge, the 
compilation of more complete breed invento-
ries, improved mechanisms to monitor and 
respond to threats to genetic diversity, more 

effective in situ and ex situ conservation 
measures, genetic improvement programs tar-
geting adaptive traits in high output and per-
formance traits for developing countries in 
their management of animal genetic resources, 
and wider access to genetic resources and 
associated knowledge.  

•   Projections suggest that further selection for 
breeds with effective thermoregulatory con-
trol will be needed. This calls for the inclusion 
of traits associated with thermal tolerance in 
breeding indices and more consideration of 
genotype-by-environment interactions (GxE) 
to identify animals most adapted to specifi c 
conditions. Selections for heat tolerance based 
on temperature-humidity index (THI) in 
genetic evaluation models are promising. The 
signifi cance of including molecular markers 
like heat shock proteins (HSPs) and marker- 
assisted selection in such breeding programs 
offers huge scope for developing the most 
appropriate breed which can survive and 
reproduce normally in specifi c agroecological 
zone   .  

•   Similarly breeding animals for low residual 
feed intake (RFI) which is a heritable trait 
would be benefi cial to use the available feed 
resources judiciously.  

•   A variety of technologies can be used to deal 
with the effects of short-term heat waves, 
including shading or sprinkling to reduce 
excessive heat loads. Improved farmhouse 
microclimate management through the use of 
thermal insulating construction materials and 
modern ventilation systems to protect live-
stock from extreme conditions and increase 
productivity.  

•   Improved pasture management by matching 
stocking rates to pasture production and inte-
grating pasture improvement to increase feed 
value.     
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26.7.2     Challenges While Formulating 
Breeding Programs Under 
Changing Climate Scenario 

 Breeding for improved performance has become 
a technology-intensive exercise; the technologies 
and skills required present a bias toward certain 
breeds and production systems. Similarly, while 
GxE is the measure of choice for assessing vari-
ability of breed performance and adaptation 
across different environments, there are several 
caveats related to its wide application:
•    Limited breeds: GxE to identify animals most 

adapted to specifi c conditions are available 
only for very few breeds as per international 
genetic evaluation programs. Routine GxE 
assessments are not available for other breeds 
or species.  

•   Limited countries: Researches pertaining to 
breeding for adaptation to climate change are 
currently in practice only in developed coun-
tries. GxE effects are more pronounced in 
tropical countries.  

•   Limited production systems: International 
genetic evaluation programs are mostly con-
fi ned to high-input production systems and 
often do not differentiate between environ-
ments within countries. Such programs should 
address between grazing and confi ned dairy 
herds, especially those in extensive, hot areas, 
semi-intensive to intensive.  

•   Demanding data quality and analysis: Only a 
small percentage of national herds are usually 
used for progeny testing. Electronic data cap-
ture which increasingly forms the basis of 
genetic evaluations is mostly prevalent in 
large herds; in future even smaller herds will 
be needed for progeny testing. Adaptation 
traits are more diffi cult to study and to record, 
have lower heritability and higher levels of 
nonadditive genetic variation and phenotypic 
variance, and are more susceptible to GxE 
than production traits.  

•   Economic constraints: There are no breeding 
programs in developed countries that target 
developing country environments. As only a 
relatively small amount of genetic material is 
sold to developing countries, commercial 

breeders fi nd it hard to justify specifi c breeding 
programs for such environments.     

26.7.3     Supporting Adaptive 
Capacities 

 Adaptive capacity, at individual, community, or 
national levels, is poorly understood. However, 
there are risks inherent in externally driven deter-
mination of risks and opportunities for adapta-
tion. Top-down and externally driven approaches 
have often been harmful to development in the 
past, and it is critical to develop a broader under-
standing of the determinants of adaptive capacity. 
The ability to adapt may consist of a number of 
fundamental attributes that are relevant across a 
range of threats. 

26.7.3.1     Improving the Assessment 
of Threats 

 This can enable farmers and planners to react 
appropriately and rapidly. This requires better 
access to information and greater capacity to 
interpret information and understand the implica-
tions of a given threat. At a local level, this 
requires training and awareness, improved under-
standing between farmers and extension workers, 
and investment in information infrastructure. At 
the national level, greater investment may be 
required to improve meteorological data collec-
tion and dissemination so that information is 
available regularly and reliably.  

26.7.3.2     Capability to Adopt 
the Chosen Strategy 

 This relies to a large extent on the core livelihood 
assets: human, social, physical, fi nancial, and 
natural capital. In more practical terms, to be 
capable of deploying a preferred adaptation 
option, people need particular skills, resources, 
and infrastructure. Many of the basic capabilities 
of livestock keepers are weak, leading to their 
underdevelopment and contributing to their vul-
nerability to climate change and other threats. 
Training is important to develop these capabili-
ties, as is access to fi nancial services and 
markets.  
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26.7.3.3     Freedom to Implement 
the Chosen Strategy 

 These cut across policy, governance, and rights. 
At a local level, farmers need secure property 
rights, strong and equitable local institutions, and 
functioning legal systems. They also need gov-
ernment to put in place supportive policies, to 
relax policy disincentives, and to effectively 
implement key policies. Important policy gaps 
include forward and backward linkages, natural 
resource governance and tenure, gender issues, 
legitimizing local organizations, and the regulation 
and protection of transhumance routes. Freedom 
to adapt can also be constrained by cultural 
and societal norms, which must be taken into 
consideration by embracing appropriate partici-
pative and empowering approaches to adaptive 
development.  

26.7.3.4    Enabling Informed Choice 
 Livestock keepers and advisors/planners do not 
necessarily require the development of new 
choices. Many adaptation options are already 
known, and it is important to ensure that farmers 
and planners can make use of the options 
 available to them. This requires the building of 
human capabilities through education, skill 
development, and improved extension services 
and through better access to information sources. 
Collaborative research is required where adapta-
tion options still need to be developed to ensure 
that both endogenous and exogenous knowledge 
is considered.    

26.8     Conclusion 

 Climate change is one additional factor affecting 
the already highly dynamic livestock sector. 
However, due to its slow but long-term effect and 
more pressing current needs such as increasing 
demand for animal products, climate change is 
not yet fully on the radar screen of the livestock 
community. It will increase the need for resource- 
effi cient livestock production and may thus inten-
sify current trends with a growing dichotomy 
between livestock kept for livelihoods by small-
holders and pastoralists and those kept for com-

mercial production. The direct effects of climate 
change depend very much on the production and 
housing system, resulting in a buffered effect for 
the high-output breeds in confi ned systems. 

 Scientifi c research can help the livestock sec-
tor in the battle against climate change. All ani-
mal scientists must collaborate closely with 
colleagues of other disciplines, fi rst with agrono-
mists, then physicists, meteorologists, engineers, 
economists, etc. The effort in selecting animals 
that up to now has been primarily oriented toward 
productive traits must be oriented toward adapt-
ability to heat stress. In this way, molecular biol-
ogy could allow to directly achieve genotypes 
with the necessary phenotypic characteristics. 
Research must continue developing new tech-
niques of cooling systems such as thermo- 
isolation, concentrating more than in the past on 
techniques requiring low energy expenditure. 
New indices that are more complete than THI to 
evaluate the climatic effects on each animal 
species must be developed, and weather forecast 
reports must also be developed with these indices 
to inform the farmers in advance. Above all to 
negate the climate change or in any case not to let 
the climate negate livestock systems, researchers 
must be aware of technologies of water 
conservation. 

 Adaptation to climate change is an integral 
part of agricultural production now and will 
become more important in the future as the 
impacts of climate change become more evident. 
In developing a strategy for adapting to climate 
change, one key challenge is dealing with uncer-
tainty. Signifi cant uncertainty relates to the nature 
and extent of regional climate change impacts, 
impacts across agricultural industries, and 
impacts over time. The challenge for govern-
ments and agricultural industry stakeholders is to 
deal with these uncertainties through further 
research and the development of policies and 
farm management approaches that are fl exible 
enough to deal effectively with a range of poten-
tial climate change outcomes.     
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    Abstract  

  Given that the livestock production system is sensitive to climate change 
and at the same time itself a contributor to the phenomenon, climate 
change has the potential to be an increasingly formidable challenge to the 
development of the livestock sector in the world. This chapter provides the 
salient fi ndings established by various researchers in their fi eld of special-
ization and also elaborates on the future research priorities that are avail-
able before the researchers in the fi eld of climate change and livestock 
production. In the changing climatic scenario, apart from high ambient 
temperature, air movement, solar radiation, wind speed, and relative 
humidity are other critical attributes of the climatic variables that hamper 
livestock production. The direct effects on livestock production are pri-
marily mediated through increased temperature, altered photoperiod, and 
changes in rainfall pattern. The indirect effects on livestock production are 
mediated through sudden disease outbreaks, less feed and water availabil-
ity, and low grazing lands. There are different adaptive mechanisms by 
which livestock respond to fl uctuations of climatic changes including 
physiological, blood biochemical, neuroendocrine, cellular, and molecular 
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mechanisms of adaptation, respectively. Globally, the livestock sector con-
tributes 18 % of global GHG emissions. Hence, understanding of GHG 
emissions by sources and removal by sinks in animal agriculture is critical 
to take appropriate mitigation and adaptation strategies and to estimate 
and develop inventory of GHGs. The chapter also signifi es that consider-
able research efforts are needed to modify the existing shelter design to 
make them more suitable for the current climate change scenario. The 
chapter also calls for multidisciplinary approach to develop suitable tech-
nological interventions to cope up to climate change for the ultimate ben-
efi t of  livestock farmers who rely heavily on livestock resources for their 
livelihood security. If one attempts improving livestock production under 
the changing climate condition, research efforts are needed to develop 
strategies encompassing adaptation, mitigation, and amelioration strate-
gies simultaneously, apart from strengthening the existing extension 
system.  

  Keywords  

  Breeding   •   Epigenetics   •   LCA   •   Heat tolerance   •   Simulated heat stress 
model   •   Shelter design  

27.1         Conclusions 

 The introductory chapter provides the overall 
vision of the book. It presents an insight of the 
impact of climate change on livestock production 
and its amelioration. Further, it addresses the role 
of livestock in climate change and its mitigation. 
There are two chapters (Chaps.   2     and   3    ) in the 
fi rst part of this book. This part particularly 
addresses in detail the greenhouse gas (GHG) 
emission and climate change and also the general 
principles governing GHG emission and carbon 
(C) stock accounting. Chapter   3     focuses on dif-
ferent sources of GHG emission from the agri-
culture sector in particular and their key 
mitigation strategies. These chapters highlight 
three broad anthropogenic sources of GHG emis-
sion from agriculture including energy use and 
management of land- and livestock-related emis-
sions. Among these sources, globally, the live-
stock sector contributes 18 % of global GHG 
emissions. Chapter   3     signifi es that an under-
standing of GHG emissions by sources and 
removal by sinks in agriculture is critical to take 

appropriate mitigation and adaptation strategies 
and to estimate and develop inventory of GHGs. 
It also highlights the signifi cance of improving 
the effi ciency of agricultural production to meet 
global food supply demands and to decrease 
impact of agriculture on climate change. 

 Part II of this book deals with the climate 
change impact on livestock production and repro-
duction. These multifold impacts of climate 
change on livestock production are presented in 
Chaps.   4    ,   5    ,   6    ,   7    ,   8    , and   9     and cover this aspect 
with detailed description on both direct and indi-
rect impacts of climate change on livestock pro-
duction. The direct effects on livestock production 
are primarily mediated through increased tem-
perature, altered photoperiod, and changes in 
rainfall pattern. The indirect effects on livestock 
production are mediated through sudden disease 
outbreaks, less feed and water availability, and 
low grazing lands. Chapter   4     addresses the 
impact of climate change on livestock production 
and reproduction. It elaborates the impact of cli-
mate change on growth and milk and meat pro-
duction and highlights the impact on reproductive 
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processes. Chapter   5     deliberates the effect of 
thermal stress as the key factor in reducing ani-
mal production and negatively impacting health 
and development during postnatal life. It also 
deals with the global impact of heat stress on 
livestock production and its subsequent eco-
nomic and food security issues and reiterates that 
the importance of heat stress on livestock produc-
tion must not be overlooked. Both heat and cold 
stresses compromise animal production by 
directly altering metabolism and the hierarchy of 
nutrient utilization. A prerequisite to understand-
ing thermal stress adaptation is an appreciation 
for the physiological and metabolic adjustments 
responsible for altered postabsorptive metabo-
lism in livestock species during periods of inad-
equate  nutrient intake. These altered metabolic 
adaptations due to heat stress are described per-
taining to carbohydrate, protein, and lipid meta-
bolic pathways. During heat stress exposure, 
animal productivity is compromised due to 
reduced feed intake (FI), an altered metabolic 
profi le, and gastrointestinal integrity perturba-
tions. On the contrary, cold stress-induced per-
formance reductions are primarily a result of 
enhanced thermogenesis required to maintain 
homeothermy. 

 Chapter   6     describes the impact of climate 
change on both the quality and quantity of water 
resources and signifi es the importance of water 
for agricultural activities and forecasts climate 
change to be the most crucial factor infl uencing 
the quality and quantity of water resources. It sig-
nifi es that water requirements differ with breeds 
and elaborates the adaptive mechanisms in terms 
of changes in behavioral, blood biochemical, and 
endocrine responses as exhibited by livestock to 
cope up to deprived water resources. It also 
emphasizes that water deprivation in rumen plays 
a vital role in maintaining homeostasis in adapted 
animals and states that variability and distribu-
tion of water can aggravate the competition 
between livestock and other farming sectors. 
Thus, strategies have to be developed to improve 
water use effi ciency by conservation of diversi-
fi ed production system in different locations. 
Chapter   7     describes the impact of climate change 
on feed and pasture availability for livestock by 

altering the herbage growth and composition. It 
highlights that parameters such as atmospheric 
carbon dioxide concentrations, temperature, pre-
cipitation, and ozone are the primary factors 
infl uencing the quality and quantity of pasture 
available for livestock. In addition, climate 
change alters the composition of pastures by 
altering the ratio of grasses to legumes apart from 
infl uencing the herbage quality, with changing 
concentrations of water-soluble carbohydrates 
and N for the dry matter yields. It also empha-
sizes that greater incidences of drought and rain-
fall may also offset the dry matter yield and lead 
to nitrogen leaching, respectively. The impact of 
environmental stresses on grasslands and range-
lands, along with key farm-level adaptations 
(e.g., changing planting dates and associated 
decisions to match evolving growing seasons and 
improving cultivar tolerance to high temperature, 
drought conditions, and elevated CO 2  levels), is 
also discussed. The other adaptation strategies 
include matching stocking rates with pasture pro-
duction, adjusting herd and water point manage-
ment to altered seasonal and spatial patterns of 
forage production, managing diet quality, more 
effective use of silage, pasture seeding and rota-
tion, fi re management to control woody thicken-
ing, using more suitable livestock breeds or 
species, migratory pastoralist activities, and a 
wide range of biosecurity activities to monitor 
and manage the spread of pests, weeds, and 
diseases. 

 Chapter   8     in Part II deals with impact on live-
stock disease occurrences and emphasizes that 
climate change and livestock diseases are a rela-
tively neglected area of research and signify the 
importance of such studies to prevent huge pro-
duction loss because of the sudden outbreaks of 
livestock diseases. It also highlights the signifi -
cance of studying the zoonotic diseases and 
accentuates the importance of modeling to pre-
dict and prepare for countering climate change- 
related livestock diseases. Thus, different models 
discussed include environmental niche modeling, 
epidemiological modeling using R 0  map, and 
teleconnection modeling. The chapter empha-
sizes an urgent need to consider the entangled 
linkages between ecosystems, society, and health 
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of animals and humans. The need of elaborated 
scenarios of livestock diseases linked to climate 
change and variability, which necessitates devel-
oping and improving the recording of livestock 
diseases, is also discussed. The signifi cance of 
incorporating climate-mediated physiological 
responses into the programs that manage breed-
ing genetic diversity is also presented. Chapter   9     
addresses the different adaptive mechanisms 
exhibited by the domestic livestock to cope up to 
the adverse environmental condition that arises 
due to climate change. The authors of this par-
ticular chapter rationalized that climatic change 
is a common phenomenon in the arid and semi-
arid region of the world, where more than 75 % 
of the populations of livestock are reared cur-
rently. Discussions in Chap.   9     vividly indicate 
that apart from high ambient temperature, air 
movement, solar radiation, wind speed, and rela-
tive humidity are other critical attributes of the 
climatic variables that hamper livestock produc-
tion. As a result, the authors of Chap.   9     signifi ed 
the importance of studying the infl uence of mul-
tiple environmental factors simultaneously infl u-
encing livestock production in the changing 
climatic condition. It is imperative, therefore, 
that researchers aiming at improving livestock 
production under the changing climatic condi-
tions should also address the effects of multiple 
stresses simultaneously rather than studying heat 
stress alone. In addition, authors of Chap.   9     elab-
orately discussed different adaptive mechanisms 
by which livestock respond to fl uctuations of cli-
matic changes including physiological, blood 
biochemical, neuroendocrine, cellular, and 
molecular mechanisms of adaptation, respec-
tively. They further highlighted the importance of 
developing suitable mitigation strategies to sus-
tain livestock production under the changing cli-
mate scenario. 

 Part III of this book covers in detail the role of 
livestock in climate change. This part comprises 
of six chapters (Chaps.   10    ,   11    ,   12    ,   13    ,   14    , and   15    ) 
dealing in detail the sources and sinks of GHG 
that emerge from livestock and livestock-related 
activities that contribute to climate change/global 
warming. This particular chapter provides an 
overview of the current state of knowledge con-

cerning global warming with special reference to 
contribution from livestock resources. The 
authors of this particular chapter emphasize the 
contribution of livestock to climate change 
through emissions of carbon dioxide, methane, 
and nitrous oxide into the atmosphere. While 
direct GHG emissions from livestock refer to 
emissions from enteric fermentations in live-
stock, urine excretion, and microbial activities in 
manure, indirect GHG emissions are those not 
directly derived from livestock activities but from 
manure applications on farm crops, production of 
fertilizer for growing crops used for animal feed 
production, and processing and transportation of 
refrigerated livestock products. Other indirect 
emissions include deforestation, desertifi cation, 
and release of carbons from cultivated soils due 
to expansion of livestock husbandry. It was con-
cluded that from the global warming perspec-
tives, assessing the contribution of livestock and 
its production systems in relation to GHG emis-
sions using the life cycle assessment (LCA) 
approach is very crucial. They assumed that this 
will facilitate better understanding of the sector’s 
impacts, taking into account the differences 
across production systems and species, and the 
development of effective design and mitigation 
options. 

 Chapter   11     of Part III describes in detail the 
process of enteric fermentation and methanogen-
esis in ruminant livestock. Rumen fermentation 
is the process by which the food particles are 
digested in rumen to release the end product of 
digestion, the volatile fatty acids. The authors of 
Chap.   11     conclude that the metabolic pathways 
involved in volatile fatty acid (VFA) production 
are strictly linked to methane emission because 
hydrogen is actively produced during the fermen-
tation of structural carbohydrates and it is rapidly 
metabolized by methanogens, in order to main-
tain the optimal thermodynamic condition for the 
metabolism of the microbial consortium in the 
rumen. Further, the chapter addresses in detail 
the relationship between hydrogen, VFA, and 
methane production. Chapter   12     of this volume 
deals with enteric methane under different feed-
ing systems of livestock rearing. This chapter in 
particular signifi es the importance of methane to 
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global warming by highlighting its superior 
global warming potential as compared to carbon 
dioxide. Further, Chap.   12     described different 
livestock rearing systems and identifi ed inten-
sive, extensive, and semi-intensive systems to be 
the commonly identifi ed livestock rearing sys-
tems in most of the countries rearing livestock. 
This chapter further highlights the different fac-
tors that infl uence enteric methane emission in 
different livestock feeding systems. In addition, 
the authors of Chap.   12     suggested suitable miti-
gation strategies that may be followed to curtail 
enteric methane production under different feed-
ing systems. 

 Chapter   13     of this volume signifi es the impor-
tance of developing suitable methane estimation 
methodologies from individual ruminant animals 
as well as the entire herd/fl ock. The authors of 
this chapter urged the need for such methodologi-
cal developments to counter global warming as 
well as to prevent feed ineffi ciency which other-
wise would occur as a result of enteric methane 
production. Further, these authors opined that 
developing methane estimation methodologies 
might pave way for developing suitable mitiga-
tion strategies. In addition, these efforts will help 
to test the mitigation strategies for their applica-
bility. Chapter   13     addresses in detail both in vivo 
and in vitro methane estimation methodologies 
for ruminant animals. Discussion in Chap.   13     
vividly indicated the advantages and disadvan-
tages of each methane estimation methodologies 
currently being in use. Important in vivo tech-
niques that were discussed in detail in this chap-
ter include open- and closed-circuit respiration 
chambers, open-circuit hood systems, sulfur 
hexafl uoride (SF 6 ) tracer, polythene tunnel sys-
tem, methane/carbon dioxide ratio, GreenFeed, 
infrared (IR) thermography, laser methane detec-
tor, and intraruminal gas measurement device. 
Furthermore, in Chap.   13     authors described the 
in vitro gas technique (IVGT) that estimates the 
methane emissions from different dairy rations. 
However, the authors of this chapter opined that 
selection of the most appropriate technique for 
methane estimation depends on the cost, species, 
accuracy of the technique, maintenance, and 
environment of the ruminant. 

 A new theme of research, signifying the use of 
metagenomics approaches in understanding the 
rumen function and establishing the rumen 
microbial diversity in the rumen, is discussed in 
Chap.   14    . The authors of this chapter highlighted 
that the metagenome of the rumen is considered a 
determining factor for the effi ciency of the par-
ticular digestive metabolism of ruminants as well 
as the accompanying environmental problems. 
These authors signifi ed the importance of scien-
tifi c research pertaining to gene signature and 
biological fi ngerprinting of microorganisms pres-
ent in ruminants. This chapter suggests that the 
recent advances in the ruminant gut microbiol-
ogy and genomics offer new opportunities to 
conduct a more holistic research to establish the 
function of rumen ecology. The authors of this 
chapter emphasized the signifi cance of applying 
the metagenomics concept for providing an 
insight into the functional dynamics of the rumi-
nomics database which apart from achieving the 
major goal of rumen ecosystem may also help to 
identify the microbial communities’ function and 
interaction among these microbes as well as with 
the host. The fi nal chapter of Part III (i.e., Chap. 
  15    ) addresses in detail the various opportunities 
and challenges for carbon trading from the live-
stock sector. The author of this chapter denoted 
that such attempts in the livestock sector are in 
nascent stage, largely confi ned to animal waste 
management projects not taking into account the 
emissions from enteric fermentation. This chap-
ter discusses the potential of generating carbon 
credits by improving the feed fermentation effi -
ciency through nutritional interventions and 
increasing the productivity of animals through 
breeding and other long-term management strate-
gies. However, the author opined that while tar-
geting carbon trading from the livestock sector, 
there are several challenges for the stakeholders 
including socioeconomic, institutional, and tech-
nical for implementing such mitigation 
strategies. 

 Part IV of this volume covers methane mitiga-
tion strategies in livestock both from enteric fer-
mentation and from manure management. This 
part consists of six chapters (Chaps.   16    ,   17    ,   18    , 
  19    ,   20    , and   21    ) covering in detail methane 
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 mitigation strategies including manipulation of 
rumen microbial ecosystem, plant secondary 
metabolites, ration balancing, alternate hydrogen 
sink, and modeling. Chapter   16     of this part cov-
ers in detail the manipulation of rumen microbial 
ecosystem for reducing enteric methane emission 
in ruminant livestock. This chapter describes in 
detail the process of rumen methanogenesis and 
highlights the importance of understanding the 
relationship between methane-producing 
microbes with others. The authors of Chap.   16     
identifi ed three broad approaches for inhibiting 
the process of methanogenesis including plant 
secondary metabolites, microbial intervention, 
and chemical inhibitors. Further, the authors of 
this chapter discussed their results on rumen 
microbial manipulation and its signifi cance on 
reducing enteric methane production based on 
their in vitro and in vivo experiments. In addition, 
these authors concluded that long-term feeding 
trials are needed to establish whether these feed 
supplements can provide sustained efforts in 
methane inhibition for a prolonged period with-
out adaptation of the microbes. Further, they 
opined that the animals fed these feed supple-
ments should not have any adverse effect on the 
quality and acceptability of the livestock prod-
ucts. Chapter   17     of Part III deals with the impact 
of plant secondary metabolites (PSM) on enteric 
methane reduction. The author of this chapter 
concluded that there are many naturally occur-
ring compounds that appear to have anti- 
methanogenic properties, such as tannins, 
saponins, and essential oils. The author empha-
sized that researchers are actively engaged in 
evaluating the potential of these plant secondary 
constituents as natural means of modifying rumi-
nal fermentation. Further, the author reported the 
methane reduction potential of PSM including 
tannins, saponins, and essential oils based on 
both in vivo and in vitro experiments in ruminant 
species. Based on the discussion in Chap.   17    , the 
author concluded that although PSM look very 
promising in suppressing enteric methane emis-
sions in ruminants, results are not consistent in 
several studies primarily due to great variations 
in chemical composition of phytochemicals, 
doses, and feed composition. 

 Chapter   18     deals with yet another new theme 
of research, by employing ration balancing tech-
nique in improving production effi ciency as well 
as reducing enteric methane emission in rumi-
nant livestock. The authors of Chap.   18     signifi ed 
the importance of using ration balancing tech-
nique for improving both feed conversion effi -
ciency and milk production. Further, it was 
concluded that ration balancing can be very 
effective in reducing enteric methane emission in 
ruminant livestock. Discussions in Chap.   18     
lucidly indicate that ration balancing can inhibit 
methane emission by acting as electron sink as 
well as by altering the microbial nitrogen supply. 
Chapter   19     of this volume deals with alternate H 
sink as one of the primary mechanisms for reduc-
ing methanogenesis in ruminant livestock. The 
authors of this particular chapter signifi ed the 
importance of reducing methane emission in 
order to reduce global warming/climate change 
as compared to other GHGs primarily due to its 
high global warming potential and a short half- 
life. Based on their discussion in Chap.   19    , the 
prospects of some emerging approaches to redi-
rect metabolic H 2  away from methanogenesis 
which may serve as potential alternate sink for H 2  
in rumen for conserving the energy were 
addressed. Further, the alternate H 2  sink as a 
potential methane reduction strategy by the pro-
cess of sulfate and nitrate reduction, reductive 
acetogenesis, and propionogenesis was targeted. 

 Chapter   20     of Part IV is very important for 
this volume as it is the sole chapter to address in 
detail the GHG emission from manure manage-
ment and its mitigation strategies. The author of 
Chap.   20     apart from describing the different 
sources of GHG emission from livestock manure 
also highlighted the importance of studying 
ammonia (NH 3 ) emissions as it contributes to 
global warming when it is converted to nitrous 
oxide. Therefore, Chap.   20     targets reduction of 
GHG as well as ammonia from livestock manure. 
This chapter specifi ed the mitigation strategies 
for reducing GHG and ammonia emission from 
livestock manure based on diet manipulation, 
manure storage techniques, using additives, 
manipulating the pH of manure, using chemical 
inhibitors covering manure storage, anaerobic 
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treatment, and incorporation to soil. Additionally, 
Chap.   20     also deals with several novel mitigation 
strategies including manure management to pro-
duce value-added products and bioenergy and 
life cycle analysis to improve productivity and 
effective use of resources apart from reducing 
GHG emissions. The fi nal chapter of Part IV (i.e., 
Chap.   21    ) of this volume addresses the signifi -
cance of modeling of GHGs in livestock farms to 
predict GHG emission and to develop suitable 
mitigation strategies for the sector. The author of 
Chap.   21     concluded that computer simulation 
provides a cost-effective and an effi cient method 
of estimating GHG emissions from dairy farms 
apart from paving way for developing suitable 
GHG mitigation strategies. Based on discussions 
in Chap.   21    , the author concluded that it is very 
diffi cult to conduct research trials to ascertain the 
effects of multiple changes on production, eco-
nomics, and GHG emissions from a dairy pro-
duction system and further explained that such an 
attempt would be highly expensive and time con-
suming. Therefore, the author of Chap.   21     signi-
fi ed the importance of using whole farm models 
with short-term studies for its validation and con-
fessed that such an attempt would prove to be an 
attractive alternative for curtailing GHG from 
livestock farms. Further the author of Chap.   21     
emphasized that in simulating the whole farm 
production process, the integrated farm system 
model (IFSM) allows for the evaluation and com-
parison of alternative agronomic, feeding, 
manure storage, and disposal strategies in terms 
of production, profi tability, and nutrient cycling. 
In addition, these models also account for the use 
of fossil fuels used in the production process. 

 The Part V of this volume covers in detail the 
various adaptation strategies to improve livestock 
production under the changing climate scenario. 
This part is covered in fi ve chapters (Chaps.   22    , 
  23    ,   24    ,   25    , and   26    ) addressing the various adapta-
tion, mitigation, and amelioration strategies to 
counter climate change impact on livestock. 
Chapter   22     provides an overview on climate 
change adaptation, mitigation, and amelioration 
strategies to sustain livestock production. The 
authors in this chapter concluded that while 
efforts to mitigate the impact of livestock on cli-

mate change are of real concern, simultaneous 
efforts pertaining to reducing the already existing 
impact of climate change on livestock production 
are also equally important. The authors addressed 
in detail the different adaptation strategies includ-
ing developing less sensitive breeds, improving 
water availability, improving animal health, pro-
moting women empowerment, developing vari-
ous policy issues, establishing early warning 
systems, and developing suitable capacity- 
building programs for different stakeholders. 
Further, they provided a detailed overview on dif-
ferent methane mitigation strategies. The salient 
mitigation strategies addressed in the chapters 
were management strategies, nutritional inter-
vention, manipulation of rumen microbial eco-
system, PSM, immunization for reducing enteric 
methane mitigation, and modeling. In addition, 
the authors in this chapter highlighted the rele-
vance of various amelioration strategies that are 
needed to be implemented to sustain livestock 
production under the changing climate scenario. 
The various amelioration strategies that were dis-
cussed here are physical protection, ideal housing 
requirements, nutritional intervention, disease 
surveillance measures, advanced reproductive 
technologies, and developing breeding program 
to identify thermotolerant genes in livestock. 
Finally, they concluded that all three strategies, 
i.e., adaptation, mitigation, and amelioration 
strategies, should be implemented simultane-
ously if one aims at improving livestock produc-
tion under the changing climate scenario. 

 Chapter   23     deals in detail shelter designs for 
different livestock species from climate change 
perspectives. The authors suggested that consid-
erable efforts are needed to modify the existing 
shelter design to make them more suitable for the 
current climate change scenario. These authors 
suggested that the major shelter design consider-
ations for livestock in the climate change sce-
nario should be thermal stress alleviation, 
methane mitigation, and space requirement opti-
mization. The chapter focuses on housing 
requirements for cattle, sheep, goat, pig, rabbit, 
and poultry to cope up to the existing changing 
climatic conditions. It was concluded that cre-
ation of suitable shelter designs for livestock will 
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ensure food security, reduce stress, and help in 
carbon recycling. In addition, they emphasized 
the importance of developing innovative, inte-
grated, and self-suffi cient shelter designs for cli-
mate change adaptation of animal agriculture and 
opined that such an attempt is possible only 
through multidisciplinary approaches. They sig-
nifi ed the importance of developing an integrated 
housing system by highlighting their research 
fi ndings on the recently developed innovative 
integrated housing model with goat, rabbit, poul-
try, and fodder production. This chapter specially 
targets developing strategies to improve livestock 
reproduction under the changing climate sce-
nario. Chapter   24     is about various strategies that 
are available to improve reproduction in the 
changing climate scenario. Here various 
 management strategies including ideal shelter 
design and nutritional interventions to reduce the 
impact of climate change on livestock reproduc-
tion were discussed. Special emphasis was given 
to describe the body condition score technique as 
one of the important tools to optimize reproduc-
tive effi ciency in livestock species that gives eco-
nomically viable returns to livestock farmers. 
Further, this chapter highlights the importance of 
developing advanced reproductive technologies 
including improving follicular dynamics, hor-
mone interventions to improve reproductive 
cyclicity in animals, timed artifi cial insemina-
tion, embryo transfer, and genetic selection and 
production of progenies of desired sex to aug-
ment reproductive effi ciency of livestock. Finally, 
the authors concluded that if one attempts to 
improve livestock reproduction in the changing 
climate, a combination of heat stress ameliorative 
measures including nutritional management, 
shelter management, and advanced reproductive 
strategies is required for harvesting rich 
dividends. 

 Chapter   25     of Part V deals with nutritional 
interventions to sustain livestock production in 
the changing climate scenario. The authors here 
particularly discussed in detail the different nutri-
tional strategies that may be implemented to 
improve the productivity of livestock species 
under the changing climate scenario. The fi nal 
chapter of Part V (i.e., Chap.   26    ) of this volume 

deals with strategies to improve livestock genetic 
resources to cope up to the changing climatic sce-
nario. Here, the authors describe various chal-
lenges associated with improving animal genetic 
resources from the climate change perspectives. 
Further, they emphasized the signifi cance of 
developing suitable breeding programs involving 
components of thermotolerance, production and 
feed effi ciency, and disease tolerance and resis-
tance. In addition, the signifi cance of conserving 
the indigenous germplasms to plan for the future 
of developing thermotolerant breed was high-
lighted. Finally, in Chap.   26     it was concluded that 
it is high time genetic tools are developed involv-
ing identifi cation of genes associated with cli-
mate change and calls for concerted efforts 
among multidisciplinary research groups in 
attainting this milestone by using the emerging 
technologies to shape up the future of livestock 
breeding. 

 The fi nal part of this volume (i.e., Part VI) 
describes research and development priorities 
that are required for sustaining livestock pro-
duction under the changing climate scenario. 
Chapter   27     signifi es the importance of forecast-
ing climate change impact on the livestock sec-
tor by 2025. The authors concluded that such a 
vision can help researchers to plan appropriate 
preventive strategies for the future that may be a 
handful to tackle the climate change issues. The 
authors concluded that such an attempt of visu-
alizing climate change impact on livestock pro-
duction by 2025 warrants concerted efforts from 
researchers to develop suitable adaptation and 
mitigation strategies to sustain livestock pro-
duction in the changing climate. Apart from 
this, the authors of Chap.   27     also highlighted the 
signifi cance of developing policy issues to sup-
port researchers involved in research pertaining 
to climate change and livestock production. The 
authors of this chapter call for a multidisci-
plinary approach to develop suitable technologi-
cal interventions to cope up to climate change 
and emphasized strengthening extension activi-
ties in disseminating such knowledge for the 
ultimate benefi t of livestock farmers who rely 
heavily on livestock resources for their liveli-
hood security.  
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27.2     Future Researchable 
Priorities 

 Changes in climate and climate variability will 
affect livestock production systems in all parts 
of the world and will inevitably impact the 1.3 
billion people whose livelihoods are wholly or 
partially dependent on livestock. At the same 
time, livestock production is a major contributor 
to GHG emissions. Therefore, livestock keepers 
will have to mitigate emissions as well as adapt 
to the changing climate. The immediate need for 
livestock researchers aiming to counter climate 
change impact on livestock production is to 
understand the biology of climate change impact 
response components in deep as well as the 
 measures of animal well-being. This will give 
the researchers a basis for predicting when an 
animal is under stress or distress and in need of 
attention. The future research needs for amelio-
rating heat stress in livestock are to identify 
strategies for developing and monitoring appro-
priate measures of heat stress; assess genetic 
components, including genomics and pro-
teomics of heat stress in livestock; and develop 
alternative management practices to reduce heat 
stress and improve animal well-being and per-
formance. Substantial efforts are also needed to 
identify specifi c genes associated with tolerance 
and sensitivity to heat stress. Continued research 
for evaluating genomic and proteomic 
approaches to improve reproductive perfor-
mance and nutritional status of heat- stressed 
animals is also warranted. Further researches 
are required to quantify the genetic antagonism 
between adaptation and production traits to 
evaluate the potential selection response. 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 
scientists to improve the accuracy and the effi -
ciency of selection for heat tolerance. Epigenetic 
regulation of gene expression and thermal 
imprinting of genome could also be an effi cient 
method to improve thermal tolerance. 

27.2.1     Future Strategies 
for Improving Livestock 
Production Under 
the Changing Climate 
Scenario 

 If one attempts improving livestock production 
under the changing climate condition, research 
efforts are needed to develop strategies encom-
passing adaptation, mitigation, and amelioration 
strategies simultaneously, apart from strengthen-
ing the existing extension system. Strategies in 
isolation may not yield results, and hence, com-
bined research efforts are needed to develop strat-
egies covering all aspects of climate change and 
livestock production. Figure  27.1  describes the 
future researchable priorities for the livestock 
sector aiming to sustain livestock production 
under the changing climate scenario.  

27.2.1.1     Adaptation Strategies 
 The primary focus in adaptation strategies is on 
developing suitable technological intervention at 
different stages of livestock production cycle. 
These technologies should be essentially farmer 
friendly and cost-effective. Thorough understand-
ing of local resources available and the valuable 
experiences of local farmers must form the bases 
for the development of such technologies to ensure 
easy adoption by the local farmers. For self-sus-
taining livestock production, economic and eco‐
friendly nutritional strategies such as search for 
newer unconventional feeds including herbal and 
microbial feed additives, organic mineral supple-
ments for better bioavailability, and improved 
health and production of designer livestock prod-
ucts by modifying the rumen microbes using con-
ventional and advanced biotechniques should be 
taken up. Newer feed supplements for domesti-
cated animals ensuring their health, immunity, and 
productivity should be considered. Research 
efforts to identify specifi c diets for different dis-
ease conditions of livestock also should be devel-
oped. Considerable research efforts are also 
needed to conserve water resources for improving 
livestock productivity under the changing climate 
scenario. Water conservation for livestock produc-
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tion in changing climate is relatively a neglected 
research area, and emphasis should be given to 
develop such research projects with primary focus 
on themes including integrating climate adaptation 
measures in the activities of sustainable use of 
water resources, enhancing groundwater recharg-
ing mechanisms, constructing livestock watering 
points, and integrating climate adaptation mea-
sures in activities supporting sustainable use of 
water resources.  

27.2.1.2     Mitigation Strategies 
 Considerable research efforts are still needed for 
mitigating the livestock-related GHG emissions. 
The primary focuses of such efforts need to 

concentrate in further refi ning the LCA models, 
and other integrated farm system models address 
mitigation strategies at national/international 
level. The LCA offers an approach that can relate 
the emission during the whole production chain 
to multiple products, irrespective of where in the 
chain the product boundaries are placed. 
Improving feed resources for effi cient livestock 
production and diverting research efforts to 
develop vaccines for enteric methane reduction 
are some of the other research priorities targeted 
at mitigating livestock-related GHG emission. 
There are new needs for further concerted 
research on methane emission by livestock and 
its mitigation. For instance, there are several 

  Fig. 27.1    Future researchable priorities for sustaining livestock production in the changing climate scenario       
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novel and advanced CH 4  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 to validate their effectiveness in vivo in 
reducing CH 4  production in dairy animals. In 
addition, it is essential to improve the effi cacy of 
current strategies both economically for livestock 
production and increasing their capacity to limit 
emissions. Vaccine development against metha-
nogens is promising and calls for concerted 
research efforts if this strategy is to become a 
reality. The development of biomarkers to iden-
tify low-CH 4 -emitting animals or low-CH 4 - 
producing bacteria also merits further 
investigation. Future developments in the area of 
modeling must include any improved under-
standing of the underlying rumen biology. 
Furthermore, the need to develop simpler and 
more accurate models that are compatible with 
current trends in computer technology cannot be 
overemphasized.  

27.2.1.3     Amelioration Strategies 
 The priority focus of developing ameliorative 
strategies should be to prevent economic losses 
incurred due to environmental stresses on live-
stock productivity. Reducing heat stress in live-
stock requires multidisciplinary approaches 
which emphasize animal nutrition, housing, and 
health. It is important to understand the livestock 
responses to the environment and analyze them, 
in order to modify nutritional and environmental 
management, thereby improving animal comfort 
and performance. Identifying season-specifi c 
feed requirement for livestock offers huge scope 
for future research. Such research efforts can 
ensure economically viable returns by reducing 
the impact of weather parameters on livestock 
production. 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 facilitate livestock cope 
with adverse conditions. In addition to these 
changes, manipulation of diet energy density and 
intake may also be benefi cial for livestock chal-

lenged by environmental conditions. Another 
research area which needs due attention is to 
develop suitable markers for heat and drought 
stress for livestock. Given the fact of technologi-
cal advancement, consorted research efforts are 
also needed to develop new biological markers to 
identify climate change impact on livestock pro-
duction and reproduction. Additionally, socio-
economic status, technological tools, and 
fi nancial infrastructure have pivotal roles in mod-
ifying environmental stress response. The ame-
liorative measures, to be incorporated, are 
therefore strongly driven by socioeconomic and 
environmental factors.  

27.2.1.4    Strengthening Extension 
Systems 

 Establishing an effective extension system is very 
crucial for disseminating the importance of cli-
mate change and livestock production research. 
Efforts are needed for initiating public awareness 
and education program on protecting animals 
from environmental extremes. An extension sys-
tem should assist the government in developing 
suitable policies to support the adaptation and 
mitigation strategies for climate change. Efforts 
are also needed to strengthen support system for 
producers through the distribution of inputs and 
the dissemination of technological knowledge. 
One of the crucial points for success of climate 
change adaptation and mitigation program is to 
promote participatory research approach involv-
ing different stakeholders including the ultimate 
target groups of small and marginal farmers. 
Capacity-building programs are other important 
activities of a good extension system that ensures 
training of manpower for effective implementa-
tion of strategies developed for climate change 
adaptation. Increasing awareness, education, and 
training for farmers is very crucial for the success 
of any development program. Considerable 
efforts are also needed for implementing 
awareness- creation programs about the effects of 
GHG emissions, climate change, and natural 
environment among the farming community to 
ensure preparedness of those communities to 
tackle climate change-associated natural calami-
ties. In addition, the extension system should also 
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support crop and animal production by acquiring 
and distributing agricultural materials, develop-
ing income-generating activities in different 
regions, and promoting animal vaccination camps 
for successfully sustaining the livestock produc-
tion under the changing climate scenario.   

27.2.2     Other Researchable Priorities 

 There are in vogue several future priorities that 
offer ample scope for research pertaining to cli-
mate change impact on livestock production. 
Figure  27.2  describes in detail the various 
researchable priorities for studying climate 
change adaptation, mitigation, and amelioration 
strategies specifi c to the livestock sector.  

27.2.2.1    Technological Interventions 
to Meet the Climate Change 
Challenge 

 Greater emphasis should be given for identifi ca-
tion and distribution of indigenous technical 
knowledge for reducing vulnerability and adapta-
tion to climate change. Technological interven-
tion is needed to protect rich animal genetic 
diversity. This will enable to characterize the 
breeds for genetic improvement programs target-
ing adaptive traits in high-output and perfor-
mance traits. A variety of technologies can be 
used to deal with the effects of short-term heat 
waves, including shading or sprinkling to reduce 
excessive heat loads. Access to these techno-
logies and to capital will determine the ability 
of producers to protect their herds from the 

  Fig. 27.2    Researchable priorities for climate change adaptation, mitigation, and amelioration strategies in the livestock 
sector       
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 physiological stress of climate change. The use 
of multispecies and multi-breed herds is one 
strategy that many traditional livestock farmers 
use to maintain high diversity in on-farm niches 
and to buffer against climatic and economic 
adversities. Breeding for climate change adapta-
tion and mitigation offers huge scope for techno-
logical interventions to develop breeds with high 
thermotolerant ability. Environment-specifi c 
breeding programs are necessary to breed for 
special adaptability. Selection for heat tolerance 
in high-output breeds based on rectal temperature 
measurements and inclusion of a temperature- 
humidity index (THI) in genetic evaluation mod-
els are promising. Research must continue on 
developing new techniques of cooling systems 
such as thermo-isolation, concentrating more 
than in the past on techniques requiring low 
energy expenditure. New indices that are more 
complete than THI to evaluate the climatic effects 
on each animal species must be developed, and 
weather forecast reports must also be developed 
with these indices, to inform the farmers in 
advance. Above all to beat the climate change or 
in any case not to let the climate beat livestock 
systems, researchers must be very aware of tech-
nologies of water conservation.  

27.2.2.2    Exploiting the Genetic 
Potential of Native Breeds 

 We need to concentrate not only on breeds that 
may be of immediate value in current production 
systems but at the same time will have to con-
sider on the potential long-term benefi t of pre-
serving unique allelic diversity across the local 
breeds that may not have immediate commercial 
concerns. Strong investments are now needed to 
expand efforts to identify and preserve the unique 
traits in our native germplasm. Several molecular 
tools are now available to identify valuable traits 
in our indigenous breeds. This pool of informa-
tion will be crucial in maintaining and increasing 
productivity in times to come. Adaptation 
research, particularly for developing and upscal-
ing strategies to cope with climate change, is an 
important area that needs prime attention. The 
elucidation of molecular basis of thermotoler-
ance in native breeds and comparing with other 

livestock species would be key in developing 
strategies to minimize the effect of heat stress on 
productivity.  

27.2.2.3    Nutritional Research 
 The development of nutritional strategies to man-
age heat stress in dairy animals is one of the pri-
ority areas of research in livestock adaptation to 
climate change. Applications of new informa-
tions through functional and nutrigenomics stud-
ies promise to revolutionize the way 
agriculturalists and animal scientists think about 
livestock production. These new information will 
provide vital clues for studies involving complex 
metabolic interactions that dictate fertility and 
infl uence reproductive effi ciency. Applications of 
molecular technology will provide new ways to 
evaluate reproductive potential and the basic 
physiological mechanisms that limit reproductive 
performance. These technologies will also pro-
vide new tools for managing and monitoring live-
stock fertility. Nutrigenomics studies are 
becoming important as we acquire an under-
standing of the relationship between nutrition, 
genetics, and fertility. These sciences can provide 
new tools that can be used to more clearly under-
stand how nutritional management can be applied 
to address disease, performance, and fertility 
limitations in livestock. Further, research efforts 
are needed to fi nd the nutritional requirement of 
stressed animals in the rapidly changing climate 
scenario. These studies are required to have a 
clear understanding of these associations at a 
mechanistic level to fully exploit the potential of 
nutritionally manipulated production and repro-
duction in livestock. It is hoped that this approach 
will be valuable in gaining a thorough under-
standing of adjusting the nutrient requirements to 
deal with existing environments and will there-
fore aid in developing rational managerial deci-
sions to optimize productivity in livestock farms.  

27.2.2.4    Early Warning Systems 
 Predicting and forecasting extreme events are a 
crucial component for preparedness and response 
to climate change-associated uncertainties. 
Efforts are needed to strengthen meteorological 
services to provide timely weather and climate 
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forecast/information early warning systems 
(EWS). The primary focus of EWS should be to 
reduce risks to farmers arising from drought, 
extreme weather events, and pests and disease 
outbreaks. The components of EWS should 
include risk mapping; monitoring and forecasting 
of weather events and pests and disease out-
breaks; system of disseminating information 
through alerts to producers, municipal offi cials, 
and the population at large; and adoption of 
appropriate methods to respond to these alerts. 
All efforts need to be taken to work in coordina-
tion with other international organizations that 
are directly involved in climate change and envi-
ronment change issues. Disaster relief programs 
include (1) incorporation of an early warning sys-
tem in the animal relief communities, (2) conduc-
tion of joint disaster trainings and exercises with 
animal protection experts, and (3) incorporation 
of animal shelter and veterinary clinics to protect 
livestock against strong wind and earthquake, (4) 
some information system for disaster manage-
ment, and (5) disaster recording facility.  

27.2.2.5    Livestock Disease 
Surveillance Measures 

 On the basis of all aspects about climate change 
impact on livestock diseases, our planet is likely to 
face several problems with the livestock produc-
tivity. Th e scientifi c community and related 
organizations pertaining to livestock research 
should take steps ahead to reduce losses from cli-
mate disaster to ensure global livestock related 
food security. A clear futuristic program should be 
executed to overcome this in the long run. We need 
to design a global strategy to assist members to 
reduce/prevent adverse effects of climate and envi-
ronment changes on animal disease and produc-
tion. Efforts are needed to conduct mass 
vaccination programs in the event of sudden out-
breaks of diseases. The disease- control program 
should have provision of trained manpower and 
resources to implement disease- control strategies 
in the event of an outbreak. Regular surveillance 
will provide up-to-date information about changes 

in pathogen populations. Laboratory and fi eld 
research will help illuminate how climate change 
infl uences pathogen characteristics, and models 
will help researchers and producers predict and 
plan for pathogen threats. A nationwide network 
of research facilities and a history of groundbreak-
ing pathogen research demand cross-fi eld partner-
ships internationally and nationally. Surveillance 
of infectious diseases should be increased, and 
special emphasis must be given for vector-borne 
and viral diseases where threat of climate change 
epidemiology is highest. On a global scale, 
improved disease surveillance and monitoring sys-
tems should be implemented with use of geo-
graphic information systems (GIS), and modern 
veterinary and animal health production systems 
are required to be followed. We can use GIS by 
which we can both monitor the level of stress and 
how our climate is changing and monitor the 
spread of disease. Predictive modeling systems 
need to be developed to predict the probability of 
an outcome. Furthermore, laboratory and fi eld 
research will also help researchers and producers 
predict and plan for pathogen threats.  

27.2.2.6    Rumen Manipulation 
to Improve Nutrient 
Utilization 

 Efforts to benefi cially manipulate rumen should 
differ from country to country primarily due to 
the differences in type and quantity of feed avail-
ability. Efforts need to be made primarily to iden-
tify and quantify the enzyme and microbial 
profi le most suited for fi ber degradation in the 
rumen. Once we have identifi ed the most appro-
priate microbial consortium, efforts need to be 
made in creating that consortium by selective 
stimulation of microbes by different feed addi-
tives so that optimum level of productivity could 
be achieved with the feed resources available at 
farm-gate level. Simultaneously efforts should 
also be made for exploring the poorly understood 
microbial diversity in the rumen to better under-
stand the mechanism of energy extraction from 
poor quality fi brous feeds.  
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27.2.2.7    Metagenomics and Other 
Advanced Strategies 
to Mitigate Methane 
Emission 

 Integrated research involving animal, plant, 
microbe, and nutrient level strategies might offer 
a long-term solution in methane mitigation. 
Developing strategies to mitigate methane emis-
sions by manipulating methane-producing 
microbes in the guts of ruminants through 
metagenomics approaches offers huge scope. At 
the animal level, genetic selection is an area of 
research with the best chance of fi nding a solu-
tion. At the microbe level, vaccination and probi-
otics are the promising approaches for future 
research. Advances brought about through rumen 
metagenomics projects and the utilization of new 
technologies will broaden our understanding of 
the mechanisms involved in methanogenesis and 
other metabolic hydrogen-consuming and 
hydrogen- releasing processes that will help fi nd 
new targets for mitigation. Research pertaining to 
manipulation of methane-producing microbes in 
the guts of ruminant animals is the need of the 
hour. Metagenomics offers huge scope to estab-
lish the interrelationship among the rumen- 
residing microbes. This may help to understand 
the hidden intricacies of rumen methanogenesis. 
Although new research efforts are in place with 
respect to application of metagenomics in under-
standing rumen microbiology, still there are lots 
of scopes for improvement. It is also important to 
assess the scope for the application of breeding 
and genetics along with metagenomics tools to 
reduce methane emission from the livestock sys-
tem, while maintaining or improving animal 
well-being, food safety, quality, and biodiversity. 
It is therefore inevitable to understand the genetic 
components of unique characters of our native 
livestock species and create mechanisms to better 
exploit them in response to changing environ-
mental conditions.  

27.2.2.8    Developing Complete Life 
Cycle Assessment Models 

 With the global demand for animal-sourced foods 
expected to double by 2050, the implications of 
GHG emissions will be profound. The contribu-

tions from animal agriculture to global GHG 
emissions will therefore increase in importance 
unless more effective and climate-friendly sys-
tems are adopted. Life cycle assessment (LCA) is 
an appropriate and proven methodology to quan-
tify the environmental impact of a product 
through the product chain. At the same time, this 
tool can effi ciently be used to identify hot spots 
and, thereby, improvement options in relation to 
environmental impacts associated with a certain 
product. LCA has been the primary focus of 
researchers currently to reduce the impact of 
GHG emission from livestock farms; however, 
there are still scopes for fi ne-tuning these models 
to make them more appropriate for curtailing 
GHG emission. Further refi nement in LCA mod-
els is required to make it suitable to various pro-
duction systems which can act as an ideal tool for 
developing potential mitigation options related to 
livestock farm. Therefore, considerable research 
efforts are needed to further refi ne the existing 
LCA models.  

27.2.2.9    Signifi cance of Whole Farm 
Modeling 

 Livestock undoubtedly will be the priority focus 
of attention as the global community seeks to 
address the challenge of climate change. The 
magnitude of the discrepancy among estimates 
illustrates the need to provide the climate change 
community and policy makers with accurate 
emissions estimates and information about the 
link between animal agriculture and climate. 
Improving the global estimates of GHG attrib-
uted to livestock systems is of paramount impor-
tance. This is not only because we need to defi ne 
the magnitude of the impact of livestock on cli-
mate change, but also we need to understand their 
contribution relative to other sources. Estimates 
of GHG emission through experiments under dif-
ferent production systems are practically impos-
sible. Growing awareness of global warming and 
its continuous negative impact on the agricultural 
production system demands immediate mitiga-
tion strategies to curtail such emissions. In this 
context, simulation models offer greater scope to 
predict accurately the GHG emission in farms as 
a whole. Such information will enable effective 
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mitigation options to be designed to reduce emis-
sions and improve the sustainability of the live-
stock sector while continuing to provide 
livelihoods and food for large population.  

27.2.2.10    Signifi cance of Basic 
and Strategic Research 

 To achieve superior and healthy livestock pro-
ductivity, physiological responses, genes, and 
allele mining associated with abiotic stress toler-
ance and immune competence under natural and 
controlled climatic stress conditions in livestock 
adaptation, facilitation and amelioration of stress 
via newer-generation biotechnological 
approaches are important areas which need 
research attention. Application of gene-based 
physiological strategies and exploration of 
applied molecular biology to improve the live-
stock resilience for climate change are the need 
of the hour, and considerable research efforts are 
needed to augment animal production and perfor-
mance in farm animals under the changing cli-
mate scenario.  

27.2.2.11    Simulated Heat Stress 
Models to Different Species 

 In the current global perspective on climate 
change, it is essential to understand the effect of 
environmental changes on the organism as well 
as the adaptive mechanisms in their arsenal to 
combat them. However, only the summer season 
cannot offer suffi cient time to conduct all the 
research activities and identify solutions. Hence, 
in order to quickly cope up to the climate change 
scenario, such research needs to be done round 
the year. Climate chambers are the only solution 
to overcome this drawback as it offers enough 
opportunity to conduct controlled environmental 
stress-related studies on livestock throughout the 
year. But the majority of studies involving cli-
matic chambers have used a constant temperature 
as heat stress model for livestock. However, 
under fi eld condition, livestock species are not 
subjected to a constant heat. Hence, it is essential 
to conduct climatic chamber studies involving 
simulation of natural heat stress as that would 
occur in the natural environment based on the cli-
mographs of the study location. The latter types 

of stress models will be more meaningful while 
attempting to study the impact of heat stress on 
livestock production. There is a general lack of 
simulation models for assessing adaptation of 
livestock. Keeping this in view, a lot of research 
attempts are needed to develop a heat stress simu-
lation model suitable for different species of live-
stock to observe their impact on production and 
adaptation. Such studies would be more mean-
ingful from ethical perspectives and further 
would be ideal for establishing mitigation strate-
gies as it simulates the natural environmental 
conditions.  

27.2.2.12    Genetic Development 
of Heat-Resistant Breeds 

 There are clear genetic differences in resistance 
to heat stress. Tropically adapted breeds experi-
ence lower body temperatures during heat stress 
than non-adapted breeds. Even in non-adapted 
breeds, it is probably possible to perform genetic 
selection for heat resistance. There are specifi c 
genes that could be selected which confer 
increased thermoregulatory ability. It may be 
possible to identify genes that control cellular 
resistance to elevated temperature. The superior 
fertility of tropically adapted breeds during heat 
stress is due to their better thermoregulation abil-
ity during heat stress. However, certain tropically 
adapted breeds are also more resistant to elevated 
temperature at the cellular level. Identifi cation of 
those genes responsible for enhanced cellular 
resistance to heat shock may allow these genes to 
be transferred into thermally sensitive breeds 
through conventional or transgenic breeding 
techniques to produce an animal whose oocytes 
and embryos have increased resistance to ele-
vated temperature. The present scenario calls for 
mining of the genetic resources for identifying 
the genes/genomic regions associated with ther-
moregulation and adaptive biology and develops 
further functional gene resource for native live-
stock with inherent thermotolerant ability as a 
model for better understanding of thermoregula-
tion pathways/molecular mechanism of heat 
stress. A strong foundation for exploitation of 
molecular markers may be in place for selection 
of animals with superior adaptive ability.  
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27.2.2.13    Improving Pasture 
and Fodder Availability 

 The use of indigenous and locally adapted fodder 
grasses as well as the selection and multiplication 
of crop varieties and races adapted or resistant to 
adverse conditions will ensure adequate avail-
ability of fodder for the livestock. The selection 
of crops and cultivars tolerant to stresses (e.g., 
high temperature, drought, fl ooding, high salt 
content) as well as resistance to insect pests and 
diseases helps to utilize the genetic variability in 
new crop varieties to cope with climate change. 
There are many fodder crop species already in 
use with wide range of climatic adaptation, and 
one crop can be substituted for another to suit the 
climate. The fi rst priority in breeding would be 
the screening and development of the vast amount 
of material already available to develop a robust 
range of cultivars of each species. It would be 
prudent to increase collection and screening of 
more material of forages already in use so that, as 
change happens, the material will be available to 
develop cultivars adapted to new conditions. The 
plant breeders have to play a key role to convert 
the climate change challenge into an opportunity. 
Stay-green genotypes possess higher leaf chloro-
phyll content at all stages of development and 
more photosynthetically active leaves. A range of 
traits are being developed in crop and pasture 
species to help farmers adapt to the impacts of 
climate change. Similarly, the biotechnologists 
have greater responsibility in the development of 
varieties with these improved characteristics.  

27.2.2.14    Harnessing Nontraditional 
Feeds 

 The worldwide discussion on climate change 
based on the reported data and evidences of shift 
in environmental parameters, human health, 
crop, and livestock production warrants well- 
thought policies and tested technological innova-
tions to manage the unfavorable outcomes. It is 
estimated that by 2050, the world needs to feed 
an additional two billion people and requires 
70 % more meat and milk. The increasing future 
demand for livestock products due to increase in 
income, population, and urbanization will impose 
a great demand on feed resources. Sustainability 

of feed production systems is being threatened 
due to biophysical factors such as land, soil, and 
water scarcity, food-fuel-feed competition, and 
frequent climatic vagaries. One of the immediate 
answers for sustainable livestock development is 
the effi cient use of available feed resources by 
expansion of the feed resource basket through 
research, technology adoption, extension, reduc-
tion in wastage, and effi cient recycling. Strategies 
for strengthening the feed/fodder base should 
focus on regional availability and suitability of 
potential resources depending on the existing 
cropping and livestock system. The use of certain 
nontraditional feed stuffs avoids dependency on 
conventional ingredients. Perception of end users 
about the technology and their involvement in 
technology assessment is a key to successful 
adoption. Local milk unions, Krishi Vigyan 
Kendras, organized livestock farms, and village- 
level self-help groups should act as subcenters of 
technology transfer and harness benefi ts of inno-
vation. These efforts should be part of developing 
climate-resilient management strategies to sus-
tain and improve livestock production.  

27.2.2.15    Livestock Shelter Design 
from Climate Change 
Perspectives 

 Livestock need to be protected from extreme 
changes in climate. Suitable shelter or housing 
that matches with climatic conditions and type of 
production system needs to therefore be provided 
if livestock are to produce optimally. Efforts are 
needed to develop housing systems ideal to the 
prevailing agroecological zones. The traditional 
housing system will not serve the purpose in the 
changing climatic condition. Therefore, con-
sorted efforts are needed from site selection to 
construction of housing and the type of housing 
should match the production systems. The hous-
ing site should be a well-drained area and on a 
fl oor 1–1.5 m above the ground should the area 
be waterlogged or prone to fl ooding. While 
designing an animal house, the important factors 
that are to be considered are agroecological con-
dition, local farmer’s opinion, and utilizing low- 
cost indigenous materials. Further, cost of 
construction, ease of cleaning, proper ventilation 
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and drainage, and adequate lighting are important 
aspects to be considered in designing an animal 
house. The role of extension services is very cru-
cial, and the extension specialists should under-
stand their role that correct housing plays an 
important role in improving overall animal pro-
ductivity and advise farmers/pastoralists 
accordingly.  

27.2.2.16    Genomics Tools to Establish 
Thermotolerance 

 With the technological advancement, it is possi-
ble to identify genes involved in key regulatory/
metabolic pathways for thermal resistance/sensi-
tivity using genomic advancements such as whole 
genome arrays, RNA sequencing, next- generation 
sequencing (NGS), and whole transcriptome 
analysis, in different native breeds of livestock. 
Genome-wide association studies are needed to 
detect panel of DNA markers associated with the 
sensitivity of production (milk/meat) and repro-
duction (semen quality/fertility) traits to heat 
stress and other environmental stresses. This will 
aid in selecting animals for high production/
reproduction capacity under anticipated climate 
change scenarios. The identifi ed SNPs can poten-
tially be utilized as markers to screen the varia-
tion in animal response (resistance/sensitivity) to 
heat stress. Once these are validated, they can be 
utilized in the breeding programs. Such efforts 
will provide the possibility to introgress desirable 
genes/alleles and drift herds toward superior tol-
erant ability against environmental stresses. 
Efforts are also equally needed to systematically 
assess and record phenotypes related to adaptive 
traits in response to different environmental 
stresses in breeds of livestock to undertake accu-
rate phenotype-genotype association studies in 
livestock in the current climate change scenario.  

27.2.2.17    Studying the Epigenetics 
of Livestock Adaptation 

 The DNA methylation and histone modifi cations 
are important for the coordinated transcription, 
replication, and repair process. In all those com-
plex cellular events, cross-talk between DNA 
methylation and histone modifi cations may help 
to maintain correct and ordered recruitment of 

protein factors onto chromatin for coordinated 
function. Therefore, deregulation of cross-talk(s) 
can lead to aberrant outcomes of important bio-
logical processes in living cells. The study of epi-
genetic variation is expected to be an attractive 
challenge during the next decade. Efforts should 
focus on proving that DNA methylation (DNAm) 
marks contribute to variation of traits of interest 
in the livestock populations. Subsequently, 
research efforts should focus on the development 
of technology to detect DNAm on individuals in 
an affordable manner.   

27.2.3     Closing Remarks 

 Given that the livestock production system is sen-
sitive to climate change and at the same time 
itself a contributor to the phenomenon, climate 
change has the potential to be an increasingly for-
midable challenge to the development of the live-
stock sector in the world. Responding to the 
challenge of climate change requires formulation 
of appropriate adaptation and mitigation options 
for the sector. Livestock population is expected to 
increase tremendously over the next few years, 
and hence, developing an authentic database for 
GHG inventory is important for studying the 
future impacts of livestock to climate change. 
Strategies which are cost-effective, improve pro-
ductivity, and have no potential negative effects 
on livestock production hold a greater chance of 
being adopted by farmers/producers. 

 In order to make progress along a sustain-
able development path under the changing cli-
mate scenario, more research into alternative 
models that address the double challenge of 
food and environmental security is vital. 
Innovative research is essential to meet the 
challenge of growing more food for the ever-
growing world population on limited land, with 
less energy and other scarce resources. At the 
same time, efforts should also be made for 
improving soil fertility and ecosystems resil-
ience capacity as well as exploring all possibili-
ties for mitigating climate change effects. The 
development of the “omic” sciences, nanotech-
nology, robotics, and other technologies is an 
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important component of  meeting the challenge. 
In order to achieve these multiple goals, we 
need to improve the response capacity of the 
agriculture knowledge system by promotion of 
cutting-edge research to produce more with less 
input and to encourage more systems- oriented 
research to better understand key issues in 
terms of functioning and criticality. More 
investment in these types of research is needed, 
and a better integration and coordination of 
research efforts have to be highlighted by estab-
lishing more cross-border programs. Economic 
evaluation of adaptation technologies, appraisal 
of farmers’ responses under different resource 
conditions, and change in regional, national, 
and international policies relating to farm-level 
adaptation and assessment of the investment 
requirements for coping with the challenges of 
climate change are some critical areas in which 
research efforts in social sciences need to be 
intensifi ed. Immediate and far- reaching changes 
in current animal agriculture practices and con-
sumption patterns are essential to mitigate 
adverse climatic effect on livestock production. 

Indigenous knowledge is an integral part of the 
culture and history of a local community. We 
need to learn from local communities to enrich 
the development process. Understanding the 
genetic regulation of cutaneous evaporative 
heat loss and determining the role of heat shock 
factors (HSF) in coordinating cellular metabo-
lism, thermotolerance, and genetic regulation 
of nutrient partitioning during thermal stress 
need special attention for further research. 
Considering the understanding of homeorhetic 
regulation of thermoregulation and advance-
ment of technological innovations, it looks very 
promising to mitigate climatic stress to  livestock 
in the changing climate scenario. This will ulti-
mately lead to sustainable security to livestock 
production and food and health security to 
human beings. However, as physiological phe-
nomenons are very precisely and fi nely adjusted 
to maintain interior milieu of the body, any irra-
tional modulation may disturb the physiologi-
cal mechanism of the body. Therefore, it will 
require utmost care and vigilance as well as 
keeping pace with scientifi c developments.       
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  SC    Structural carbohydrates   
  SCP    Single cell protein   
  SF5CF3    Trifl uoromethyl sulphur 

pentafl uoride   
  SF 6     Sulphur hexafl uoride   
  SFA    Saturated fatty acids   
  SIMS    Sustainable and Integrated 

Management Systems   
  SNF    Solid not fat   
  SNPs    Single nucleotide polymorphisms   
  So 2     Sulfur dioxide   
  SOC    Soil organic carbon   
  SOD    Superoxide dismutase   
  SOM    Soil organic matter   
  SOV    Superovulation   
  SPEED    Sustainably Priced Energy 

Enterprise Development   
  SRB    Sulfate reducing bacteria   

  SRES    Special Report on Emissions 
Scenarios   

  SRI    System of Rice Intensifi cation   
  T 3     Tri-ido-thryronine   
  T 4     Thyronine   
  TAN    Total ammoniacal nitrogen   
  TBA    Tannin bioassay   
  TCC    Thermochemical conversion   
  TDN    Total digestible nutrients   
  TDS    Total dissolved solids   
  Tg    Teragram   
  THI    Temperature Humidity Index   
  TKN    Total Kjeldahl nitrogen   
  TN    Thermal neutral   
  TNZ    Thermo-neutral zone   
  TS    Total solids   
  UNCCD    United Nations Convention to 

Combat Desertifi cation   
  UNECE    United Nations Economic 

Commission for Europe   
  UNEP    United Nations Environment 

Programme   
  UNFCCC    United Nations Framework 

Convention on Climate Change   
  USEPA    US Environmental Protection 

Agency   
  VERs    Verifi ed (or Voluntary) Emission 

Reductions   
  VFA    Volatile fatty acid   
  VFI    Voluntary feed intake   
  VOC    Volatile organic compounds   
  VS    Volatile solids   
  WBCSD    World Business Council for 

Sustainable Development   
  WHO    World Health Organization   
  WMO    World Meteorological Organization   
  WRI    World Resources Institute   
  WSC    Water soluble carbohydrates   
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       Glossary 

     Acclimatisation    A long-term adaptive 
 physiological adjustment which results in an 
increased tolerance to continuous or repeated 
exposure to complex climatic stressors (nor-
mally produced under fi eld conditions).   

  Acid Detergent Fibre    The ADF value refers 
to the cell wall portions of the forage that are 
made up of cellulose and lignin. These values 
are important because they relate to the abil-
ity of an animal to digest the forage. ADF is 
related to forage digestibility (energy) and is 
used to calculate forage total digestible nutri-
ents (TDN) or net energy (NE) for hay, hay-
lage and corn silage.   

  Adaptation (Biological)    The morphologi-
cal, anatomical, physiological, biochemical 
and behavioural characteristics of the animal 
which promote welfare and favour survival in 
a specifi c environment.   

  Adaptation (Genetic)    The heritable animal 
characteristic alterations which favour sur-
vival of a population in a particular environ-
ment. This may involve evolutionary changes 
over many generations (selected by nature) or 
acquiring specifi c genetic properties (selec-
tion by man).   

  Adaptation (Physiological)    The capacity and 
process of adjustment of the animal to itself, 
to other living material and to its external 
physical environment.   

  Adaptation    Adaptation is the evolutionary 
process whereby an organism becomes better 
able to live in its habitat or habitats.   

  Adverse Event Reporting System    It refers 
to a computerised information database 
designed to support the US Food and Drug 

Administration’s (FDA) post-marketing safety 
surveillance programme for all approved 
drug and therapeutic biologic products. FDA 
receives some adverse event and medication 
error reports directly from health care pro-
fessionals (such as physicians, pharmacists, 
nurses and others) and consumers (such as 
patients, family members, lawyers and others). 
AERS is a useful tool for FDA, which uses it 
for activities such as looking for new safety 
concerns that might be related to a marketed 
product, evaluating a manufacturer’s compli-
ance to reporting regulations and responding 
to outside requests for information.   

  Agriculture Forestry and Other Land Use    Is 
a term from the 4th assessment report of the 
Intergovernmental Panel on Climate Change 
(IPCC) describing a category of activities 
which contribute to anthropogenic green-
house gas (GHG) emissions. Used in national 
greenhouse gas inventories, the AFOLU cate-
gory combines two previously distinct sectors 
LULUCF (Land Use, Land-Use Change and 
Forestry) and Agriculture. AFOLU accounts 
for more than 30 % of total anthropogenic 
GHG emissions.   

  Ambient Temperature    Ambient temperature 
simply means ‘the temperature of the sur-
roundings’ or temperature of the immediate 
environment.   

  Ammonia    A colourless gas with a characteris-
tic pungent smell, which dissolves in water to 
give a strongly alkaline solution.   

  Ammoniacal Nitrogen    Is a measure for the 
amount of ammonia, a toxic pollutant often 
found in landfi ll leachate and in waste products, 
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such as sewage, liquid manure and other liquid 
organic waste products. It can also be used as a 
measure of the health of water in natural bodies 
such as rivers or lakes or in man-made water 
reservoirs. The term is used widely in waste 
treatment and water purifi cation systems.   

  Anaerobic Digester    Anaerobic digester is an 
airtight, oxygen-free container that is fed an 
organic material, such as animal manure or 
food scraps. A biological process occurs to 
this mixture to produce methane gas, com-
monly known as biogas. Anaerobic digesters 
provide a variety of environmental and pub-
lic health benefi ts including greenhouse gas 
abatement, organic waste reduction, odour 
reduction and pathogen destruction.   

  Animal Genetic Resources of India    An infor-
mation system on Animal Genetic Resources 
of India covering all domestic livestock and 
poultry species information.    The database is 
designed such that it can store information on 
all aspects of animal resources in an integrated 
form. This database has the facility to store 
district- wise information on animal resources 
with respect to population, infrastructure, pro-
duction, farms, semen availability, vaccine 
production, import and export and also on 
breed description.   

  AR5 (IPCC Fifth Assessment Report)    AR5 
provides a clear and up-to-date view of the 
current state of scientifi c knowledge relevant 
to climate change. It consists of three Working 
Group (WG) reports and a Synthesis Report 
(SYR) which integrates and synthesises mate-
rial in the WG reports for policymakers. The 
SYR will be fi nalised on 31 October 2014.   

  Artifi cial Insemination    Is the deliberate 
introduction of sperm into a female’s uterus 
or cervix for the purpose of achieving a preg-
nancy through in vivo fertilisation by means 
other than sexual intercourse. It is a fertility 
treatment.   

  Backward Lagrangian Stochastic    This is one 
of the methods by which methane is estimated. 
This provides an effi cient method for calculat-
ing dispersion of methane from area sources.   

  Best Available Technique    Is a term applied 
with regulations on limiting pollutant dis-
charges with regard to the abatement strategy. 
Similar terms are  best available techniques , 

 best practicable means  or  best practicable 
environmental option . The term constitutes a 
moving target on practices, since developing 
societal values and advancing techniques may 
change what is currently regarded as ‘reason-
ably achievable’, ‘best practicable’ and ‘best 
available’.   

  Biochemical Oxygen Demand    Is the amount 
of dissolved oxygen needed by aerobic bio-
logical organisms in a body of water to break 
down organic material present in a given water 
sample at certain temperature over a specifi c 
time period. The BOD value is most com-
monly expressed in milligrams of oxygen 
consumed per litre of sample during 5 days 
of incubation at 20 °C and is often used as a 
robust surrogate of the degree of organic pol-
lution of water.   

  Bioclimatology    The branch of climatology 
which deals with the relations of climate with 
animals and plants.   

  Biometeorology    Biometeorology is an inter-
disciplinary science studying the interactions 
between atmospheric processes and living 
organisms—plants, animals and humans. The 
most important question that biometeorology 
answers is:  How does weather and climate 
impact the well-being of all living creatures?  
This would include reproduction, population 
fl uctuations and general health of the organ-
ism community.   

  Body Condition Scoring    An assessment of 
relative proportions of muscle and fat in farm 
animals. The assessment is made by the palpa-
tion of the amount of tissue cover between the 
points of the hip, over the transverse processes 
of the lumbar vertebrae, the cover over the ribs 
and the pin bones below the tail to determine 
the thickness of fat cover in these areas.   

  Bovine Somatotropin    Is a peptide hormone 
produced by the cow’s pituitary gland. Like 
other hormones, it is produced in small quan-
tities and is used in regulating metabolic 
processes.   

  Bromochloromethane    It is a heavy low- 
viscosity liquid with refractive index 1.4808. 
The Environment Protection Agency describes 
it as a substance that depletes the ozone layer.   

  C3 Cycle (Calvin Cycle)    Is a series of bio-
chemical redox reactions that take place in 
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the stroma of chloroplasts in photosynthetic 
organisms. It is also known as the light- 
independent reactions. It uses the energy from 
short-lived electronically excited carriers to 
convert carbon dioxide and water into organic 
compounds that can be used by the organism 
(and by animals that feed on it). This set of 
reactions is also called  carbon fi xation .   

  C4 Cycle (Hatch and Slack Pathway)    Is one 
of the three biochemical mechanisms used in 
carbon fi xation. It is named for the 4- carbon 
molecule present in the fi rst product of carbon 
fi xation in the small subset of plants known as 
C 4  plants, in contrast to the 3-carbon molecule 
products in C 3  plants.   

  Capacity Building Programme    It refers to the 
training of different stakeholders associated 
with climate change adaptation. It is very cru-
cial for the successful implementation of adap-
tation strategies. CBP should address in detail 
the basic understanding of climate change sci-
ence, climate change impacts on biodiversity 
and ecosystems and implication for conserva-
tion and sustaining eco-services and strategies 
for assessing vulnerability and adaptation.   

  Carbon Dioxide    Is a naturally occurring 
chemical compound composed of two oxy-
gen atoms each covalently double bonded to 
a single carbon atom. It is a gas at standard 
temperature and pressure and exists in the 
Earth’s atmosphere in this state, as a trace gas 
at a concentration of 0.04 % (400 ppm) by 
volume, as of 2014. It is the gas which is the 
single largest contributor to global warming.   

  Carbon Monoxide    Is a colourless, odourless 
and tasteless gas that is slightly less dense 
than air. It is toxic to humans and animals 
when encountered in higher concentrations, 
although it is also produced in normal animal 
metabolism in low quantities and is thought 
to have some normal biological functions. In 
the atmosphere, it is spatially variable and 
short lived, having a role in the formation of 
ground-level ozone.   

  Cattle Enteric Fermentation Model    Is a 
spreadsheet-based model used to calculate 
methane emissions from cattle enteric fer-
mentation based on a ‘rolling herd’ popula-
tion characterisation that tracks cattle energy 
demand through different growth stages. 

These energy demands are then correlated 
with methane production based on diet and 
animal characteristics. The CEFM is based 
on the IPCC Good Practice Guidance Tier 2 
approach (IPCC 2000   ).   

  Certifi ed Emission Reduction    These are a 
type of emissions unit (or carbon credits) 
issued by the Clean Development Mechanism 
(CDM) Executive Board for emission reduc-
tions achieved by CDM projects and veri-
fi ed by a DOE under the rules of the Kyoto 
Protocol.   

  Chemical Oxygen Demand    Is used to indi-
rectly measure the amount of organic com-
pounds in water. Most applications of COD 
determine the amount of organic pollutants 
found in surface water (e.g. lakes and rivers) 
or waste water, making COD a useful measure 
of water quality. It is expressed in milligrams 
per litre (mg/L) also referred to as ppm (parts 
per million), which indicates the mass of oxy-
gen consumed per litre of solution.   

  Chicago Climate Exchange    Was North 
America’s only voluntary, legally binding 
greenhouse gas (GHG) reduction and trading 
system for emission sources and offset proj-
ects in North America and Brazil. It employed 
independent  verifi cation, included six GHGs, 
and traded GHG emission allowances from 
2003 to 2010. The companies joining the 
exchange committed to reducing their aggre-
gate emissions by 6 % by 2010. CCX had an 
aggregate baseline of 680 million metric tons 
of CO 2  equivalent.   

  Chinese Academy of Agricultural Science    Is 
a national agricultural research institution 
undertaking China’s agricultural research and 
development in both basic and applied sci-
ences as well as new and advanced applica-
tion technology. CAAS plays an important 
role in solving the fundamental and strategic 
technological issues in agriculture and rural 
economic development, training advanced 
researchers, integrating agriculture with sci-
ence and technology and developing agricul-
tural science and technology exchanges and 
cooperation.   

  Chlorofl uorocarbon    Is an organic compound 
that contains only carbon, chlorine and fl uo-
rine, produced as a volatile derivative of meth-
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ane, ethane and propane. The most common 
representative is dichlorodifl uoromethane 
(R-12 or Freon-12). Many CFCs have been 
widely used as refrigerants, propellants (in 
aerosol applications) and solvents. Because 
CFCs contribute to ozone depletion in the 
upper atmosphere, the manufacture of such 
compounds has been phased out under the 
Montreal Protocol, and they are being replaced 
with other products such as HFCs and CO 2 .   

  Clean Development Mechanism    Is one of 
the fl exibility mechanisms defi ned in the 
Kyoto Protocol (IPCC 2007) that provides 
for emissions reduction projects which gen-
erate Certifi ed Emission Reduction units 
which may be traded in emissions trading 
schemes. The CDM is defi ned in Article 12 
of the Protocol and is intended to meet two 
objectives: (1) to assist parties not included in 
Annex I in achieving sustainable development 
and in contributing to the ultimate objective 
of the United Nations Framework Convention 
on Climate Change (UNFCCC), which is to 
prevent dangerous climate change, and (2) to 
assist parties included in Annex I in achiev-
ing compliance with their quantifi ed emission 
limitation and reduction commitments (green-
house gas (GHG) emission caps).   

  Climate Action Reserve    The Climate Action 
Reserve is a national offsets programme 
focused on ensuring environmental integrity 
of GHG emissions reduction projects to cre-
ate and support fi nancial and environmental 
value in the US carbon market. It does this by 
establishing high-quality standards for quan-
tifying and verifying GHG emissions reduc-
tion projects, overseeing independent third 
party verifi cation bodies, issuing carbon cred-
its generated from such projects and tracking 
the credits over time on a transparent, publicly 
accessible system. These standards not only 
ensure the environmental integrity of using 
offsets but they also bring credibility and effi -
ciencies to the carbon market by creating a 
trusted and valuable commodity.   

  Climate Change    Is a signifi cant and lasting 
change in the statistical distribution of weather 
patterns over periods ranging from decades 
to millions of years. Climate change may 
be limited to a specifi c region or may occur 

across the whole Earth. It refers to changes 
in  measures of climate such as temperature 
and rainfall for a given area persisting for an 
extended period, typically decades or longer. 
Climate change can involve cooling or warm-
ing. Climate change may result from natural 
factors (e.g. changes in the sun’s energy, vol-
canic eruption), natural processes within the 
climate system (e.g. changes in ocean circu-
lation) and human activities (e.g. burning of 
fossil fuels, agriculture).   

  Climate Smart Agriculture    Is an approach to 
develop the technical, policy and investment 
conditions to achieve sustainable agricultural 
development for food security under climate 
change.   

  Climate    The long-term (some 30 years) 
   average condition of the meteorological vari-
able in a given region. The pattern or cycle of 
weather conditions such as temperature, wind, 
rain, snowfall, humidity and clouds, including 
extreme or occasional ones, over a large area, 
averaged over many years.   

  Climatography    A thorough, quantitative 
description of climate, particularly with refer-
ence to the tables and charts which show the 
characteristic values of climatic elements at a 
station or over an area.   

  Climatology       The scientifi c study of climate 
and presentation of climatic data (climatogra-
phy), analysis of the causes of differences of 
climate (physical climatology) and the appli-
cation of climatic data to the solution of spe-
cifi c design or operational problems (applied 
climatology).   

  CO 2  Equivalent    Measures for describing how 
much global warming a given type and amount 
of greenhouse gas may cause, using the func-
tionally equivalent amount or concentration 
of carbon dioxide (CO 2 ) as the reference. It is 
the concentration of CO 2  that would cause the 
same level of radiative forcing as a given type 
and concentration of GHGs. Examples of such 
greenhouse gases are methane, perfl uorocar-
bons and nitrous oxide. CO 2 e is expressed as 
parts per million by volume, ppmv.   

  Cold Stress    Is one of the types of environmen-
tal stresses where livestock are exposed as a 
result of changing climate. It is a response of 
the body to cold temperatures resulting from 
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heat loss from a portion of the body, such as 
the feet, hands, limbs or head.   

  Common Agricultural Policy Regionalized 
Impact    Is a success story of an economic 
model developed by European Commission 
research funds. Operational since almost a 
decade, it supports decision making related 
to the Common Agricultural Policy based on 
sound scientifi c quantitative analysis. CAPRI 
is only viable due to its Pan- European network 
of researchers which based on an open source 
approach tender together for projects, develop 
and maintain the model, apply it for policy 
impact assessment, write scientifi c publica-
tions and consult clients based on its results.   

  Commonwealth Scientifi c and Industrial 
Research Organisation    Australia’s national 
science agency and one of the largest and most 
diverse research agencies in the world.   

  Condensed Tannin    Are polymers formed by 
the condensation of fl avans. They do not con-
tain sugar residues.   

  Consultative Group on International 
Agricultural Research    Is an international 
organisation which funds and coordinates 
research into agricultural crop breeding with 
the goal of ‘reducing rural poverty, increas-
ing food security, improving human health 
and nutrition, and ensuring more sustain-
able management of natural resources’. It 
does this through a network of 15 research 
centres known as the CGIAR Consortium of 
International Agricultural Research Centres.   

  Controlled Intravaginal Drug-Releasing 
Device    This device is used in livestock 
for the synchronisation of estrus. They are 
T-shaped devices with a silicone- coated nylon 
core. The silicone coating is impregnated 
with progesterone. CIDRs are inserted intra-
vaginally using a specialised applicator. The 
fl exible wings collapse for facilitated insertion 
and expand once placed appropriately within 
the vagina. The expansion of the wings retains 
its position; CIDRs have very high retention 
rates that may exceed 97 %. A thin nylon tail 
remains exteriorised and is used for removal. 
Once inserted, CIDRs provide slow-release 
administration of progesterone, which artifi -
cially extends the luteal phase. Plasma proges-
terone levels rapidly increase upon insertion 

and remain relatively consistent while in 
place. Following CIDR removal, progesterone 
levels decrease rapidly. Occasionally, vaginal 
irritation may occur. This is normal and does 
not impact the effectiveness of the device or 
the animal’s performance.   

  Corpus Luteum    Is a temporary endocrine 
structure in female mammals that is involved 
in the production of relatively high levels of 
progesterone and moderate levels of estradiol 
and inhibin A. It is coloured as a result of con-
centrating carotenoids (including lutein) from 
the diet and secretes a moderate amount of 
estrogen to inhibit further release of gonad-
otropin-releasing hormone (GnRH) and thus 
secretion of luteinising hormone (LH) and 
follicle- stimulating hormone (FSH).   

  Crude Fibre    A measurement of fi bre content. 
Also known as Weende cellulose, it is the 
insoluble residue of an acid hydrolysis fol-
lowed by an alkaline one. This residue con-
tains true cellulose and insoluble lignin. It is 
also used to assess hair, hoof or feather resi-
dues in animal by-products.   

  Crude Protein    Is the approximate amount of 
protein in foods that is calculated from the 
determined nitrogen content by multiplying 
by a factor (as 6.25 for many foods and 5.7 for 
wheat) derived from the average percentage 
of nitrogen in the food proteins and that may 
contain an appreciable error if the nitrogen is 
derived from nonprotein material or from a 
protein of unusual composition.   

  Cyclooxigenase-2    Offi cially known as 
prostaglandin- endoperoxide synthase (PTGS), 
is an enzyme that is responsible for the forma-
tion of important biological mediators called 
prostanoids, including prostaglandins, prosta-
cyclin and thromboxane.   

  Digestible Energy    Is the gross energy of feed 
minus the gross energy of faeces. Therefore, 
this energy system takes into account the 
digestibility of feed and gives a useful  measure 
of the energy the animal may be able to use.   

  Direct-Fed Microbials    Are feed additives that 
contain microbial species that are considered 
to be nonpathogenic normal fl ora. A probiotic 
is defi ned as ‘a live microbial feed supplement 
which benefi cially affects the host by improv-
ing its intestinal microbial balance’. Probiotics 
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are also referred to as ‘direct-fed microbials’. 
The US Food and Drug Administration (FDA) 
defi nes direct-fed microbials as ‘products that 
are purported to contain live (viable), natu-
rally occurring microorganisms (bacteria/or 
yeast)’.   

  Domestic Animal Diversity Information 
System    It is a communication and infor-
mation tool for implementing strategies for 
the management of animal genetic resources 
(AnGR). It provides the user with searchable 
databases of breed-related information and 
images, management tools and a library of 
references, links and contacts of Regional and 
National Coordinators for the Management of 
Animal Genetic Resources. It provides coun-
tries with a secure means to control the entry, 
updating and accessing of their national data.   

  Domestic Animal Genetic Information 
System    Is a web-based electronic source 
of information on selected indigenous farm 
animal genetic resources (breeds/ecotypes of 
cattle, sheep, goats, chicken and pigs) with 
options to extend it further to cover geese, 
turkey and ducks. DAGRIS is an information 
system designed to facilitate the compilation, 
organisation and dissemination of informa-
tion on the origin, distribution, diversity, 
present use and status of indigenous farm 
animal genetic resources from past and pres-
ent research results in an effi cient way. The 
underlying concept is that such information 
provides the necessary basis for developing 
breed improvement as well as conservation 
programmes.   

  Dry Matter Intake    Refers to feed intake 
excluding its water content.   

  Dry Matter    This refers to the dry portion of 
animal feed. A substance in the feed, such 
as a nutrient or toxin, can be referred to on a 
dry matter basis to show its level in the feed 
(e.g. ppm). Considering nutrient levels in dif-
ferent feeds on a dry matter basis (rather than 
an as-is basis) makes a comparison easier 
because feeds contain different percentages of 
water.   

  Early Warning Systems    Is a major element of 
disaster risk reduction. It prevents loss of life 
and reduces the economic and material impact 
of disasters. To be effective, early warning sys-

tems need to actively involve the  communities 
at risk, facilitate public education and aware-
ness of risks, effectively disseminate messages 
and warnings and ensure there is constant 
state of preparedness. A complete and effec-
tive early warning system is more than about 
supporting the prediction of catastrophic envi-
ronment events; it supports four main func-
tions, spanning knowledge of the risks faced 
through to preparedness to act on early warn-
ing. These four functions are risk analysis, 
monitoring and warning, dissemination and 
communication and a response capability.   

  El Niño Southern Oscillation    Refers to the 
effects of a band of sea surface temperatures 
which are anomalously warm or cold for long 
periods of time that develops off the western 
coast of South America and causes climatic 
changes across the tropics and subtropics. 
The ‘Southern Oscillation’ refers to variations 
in the temperature of the surface of the tropi-
cal eastern Pacifi c Ocean and in air surface 
pressure in the tropical western Pacifi c. The 
two variations are coupled: the warm oceanic 
phase, El Niño, accompanies high air surface 
pressure in the Western Pacifi c, while the cold 
phase,  La Niña , accompanies low air surface 
pressure in the Western Pacifi c.   

  Embryo Transfer Technology    Is a tech-
nique by which embryos are collected from a 
donor female and are transferred to recipient 
females, which serve as surrogate mothers for 
the remainder of pregnancy. Embryo transfer 
techniques have been applied to nearly every 
species of domestic animal and to many spe-
cies of wildlife and exotic animals, including 
humans and non- human primates.   

  Embryo Transfer    Refers to a step in the 
process of assisted reproduction in which 
embryos are placed into the uterus of a female 
with the intent to establish a pregnancy. The 
objective of embryo transfer is to facilitate 
conception following fertilisation from the 
in vitro fertilisation procedure.   

  Emission Factors    Is a representative value 
that attempts to relate the quantity of a pol-
lutant released to the atmosphere with an 
activity associated with the release of that 
pollutant. These factors are usually expressed 
as the weight of pollutant divided by a unit 
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weight, volume, distance or duration of the 
activity emitting the pollutant (e.g. kilograms 
of particulate emitted per megagram of coal 
burned). Such factors facilitate estimation of 
emissions from various sources of air pollu-
tion. In most cases, these factors are simply 
averages of all available data of acceptable 
quality and are generally assumed to be rep-
resentative of long-term averages for all facili-
ties in the source category.   

  Emissions Trading Scheme    Is a market- based 
approach used to control pollution by provid-
ing economic incentives for achieving reduc-
tions in the emissions of pollutants. A central 
authority (usually a governmental body) sets 
a limit or  cap  on the amount of a pollutant 
that may be emitted. The limit or cap is allo-
cated or sold to fi rms in the form of emissions 
permits which represent the right to emit or 
discharge a specifi c volume of the specifi ed 
pollutant. Firms are required to hold a number 
of permits (or allowances or  carbon credits ) 
equivalent to their emissions. The total num-
ber of permits cannot exceed the cap, limiting 
total emissions to that level. Firms that need to 
increase their volume of emissions must buy 
permits from those who require fewer permits.   

  Environmental Gene Tags    Are short DNA 
sequences used to characterise and distinguish 
microbial environments. EGT include frag-
ments or complete sequences of genes that 
are important to survive in specifi c environ-
mental condition and hence are present in the 
genomes of many microbes of one environ-
ment and lower or even non- present in another. 
The frequency of all EGT sequences in the 
whole genomic content of a specifi c environ-
ment is used as a fi ngerprint that characterises 
the environmental adaptation of microbes.   

  Environmental Niche Modelling    Refers to 
the process of using computer algorithms 
to predict the distribution of species in geo-
graphic space on the basis of a mathematical 
representation of their known distribution in 
environmental space (= realised ecological 
niche). The environment is in most cases rep-
resented by climate data (such as temperature 
and precipitation), but other variables such 
as soil type, water depth and land cover can 
also be used. These models allow for inter-

polating between a limited number of  species 
 occurrences, and they are used in several 
research areas in  conservation biology, ecol-
ogy and evolution.   

  Environmental Protection Agency    Is an 
agency of the US federal government which 
was created for the purpose of protecting 
human health and the environment by writ-
ing and enforcing regulations based on laws 
passed by Congress. The agency conducts 
environmental assessment, research and edu-
cation. It has the responsibility of maintain-
ing and enforcing national standards under a 
variety of environmental laws, in consultation 
with state, tribal and local governments.   

  Essential Oils    Is a concentrated hydrophobic 
liquid containing volatile aroma compounds 
from plants. Essential oils are also known as 
volatile oils, ethereal oils, aetherolea or sim-
ply as the ‘oil of’ the plant from which they 
were extracted, such as oil of clove. These 
oils are used as one of the primary means of 
nutritional strategies to reduce enteric meth-
ane emission.   

  European Environment Agency    Is an agency 
of the European Union (EU). Its task is to pro-
vide sound, independent information on the 
environment. It is a major information source 
for those involved in developing, adopting, 
implementing and evaluating environmental 
policy and also the general public. The EEA is 
governed by a management board composed 
of representatives of the governments of its 33 
member states, a European Commission rep-
resentative and two scientists appointed by the 
European Parliament, assisted by a committee 
of scientists.   

  European Monitoring and Evaluation 
Programme    It is a programme for interna-
tional cost sharing of a monitoring programme 
which forms the backbone for review and 
assessment of relevant air pollution in Europe 
in the light of agreements on emission reduc-
tion. EMEP has three main components: col-
lection of emission data for SO2, NOx, VOCs 
and other air pollutants; measurement of air 
and precipitation quality; and modelling of 
atmospheric dispersion.   

  European Union Emission Trading 
System    This refers to the fi rst large 
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 greenhouse gas emissions trading scheme 
in the world and remains the biggest. It was 
launched in 2005 to combat climate change 
and is a major pillar of EU climate policy.   

  Extreme Weather Events    This includes 
unusual, severe or unseasonal weather, 
weather at the extremes of the historical dis-
tribution—the range that has been seen in 
the past. Often, extreme events are based on 
a location’s recorded weather history and 
defi ned as lying in the most unusual 10 %. 
In recent years some extreme weather events 
have been attributed to human- induced global 
warming, with studies indicating an increas-
ing threat from extreme weather in the future.   

  Faecal Worm Egg Counts    Is a count of the 
number of worm eggs in a sample of faeces. 
It is used to monitor the worm burden; the 
results are presented as ‘eggs per gram’ (epg) 
of faeces. The number of eggs is an indication 
of the number of adult worms in the gut.   

  Feed Conversion Effi ciency    Also known as 
feed conversion effi ciency (FCE), is a measure 
of an animal’s effi ciency in converting feed 
mass into increased body mass.   

  Flame Ionisation Detector    Is a scientifi c 
instrument that measures the concentration 
of organic species in a gas stream. It is fre-
quently used as a detector in gas chromatog-
raphy. Standalone FIDs can also be used in 
applications such as landfi ll gas monitoring 
and fugitive emissions monitoring in station-
ary or portable instruments.   

  Follicle-Stimulating Hormone    Is a hor-
mone found in animals. It is synthesised and 
secreted by gonadotrophs of the anterior pitu-
itary gland. FSH regulates the development, 
growth, pubertal maturation and reproduc-
tive processes of the body. FSH and lutein-
izing hormone (LH) act synergistically in 
reproduction.   

  Food and Agricultural Organization    It is an 
agency of the United Nations that leads inter-
national efforts to defeat hunger. Serving both 
developed and developing countries, FAO acts 
as a neutral forum where all nations meet as 
equals to negotiate agreements and debate 
policy. FAO is also a source of knowledge 
and information and helps developing coun-
tries and countries in transition modernise 

and improve agriculture, forestry and  fi sheries 
practices, ensuring good nutrition and food 
security for all.   

  Foot-and-Mouth Disease    Is an infectious 
and sometimes fatal viral disease that affects 
cloven-hoofed animals, including domestic 
and wild bovids. The virus causes a high fever 
for 2 or 3 days, followed by blisters inside the 
mouth and on the feet that may rupture and 
cause lameness.   

  Free Fatty Acids    Nonesterifi ed fatty acids, 
released by the hydrolysis of triglycerides 
within adipose tissue. Free fatty acids can 
be used as an immediate source of energy 
by many organs and can be converted by the 
liver into ketone bodies. They are ubiquitous if 
minor components of all living tissues. In ani-
mals, much of the dietary lipid is hydrolysed 
to free acids before it is absorbed and utilised 
for lipid synthesis.   

  Free-Air Carbon Dioxide Enrichment    A 
method used by ecologists and plant biolo-
gists that raises the concentration of CO 2  in a 
specifi ed area and allows the response of plant 
growth to be measured. Measuring the effect 
of elevated CO 2  using FACE is a better way 
of estimating how plant growth will change in 
the future as the CO 2  concentration rises in the 
atmosphere. FACE also allows the effect of 
elevated CO2 on plants that cannot be grown 
in small spaces (e.g. trees) to be measured.   

  Frizzle    Is a curled-feather type of chicken 
plumage common to certain breeds of domes-
tic chicken.   

  Galacto-oligosaccharide    Belongs to the group 
of prebiotics. Prebiotics are defi ned as non-
digestible food ingredients that benefi cially 
affect the host by stimulating the growth and/
or activity of benefi cial bacteria in the colon. 
GOS occurs in commercial available products 
such as food for both infants and adults.   

  Genome-Wide Association Study    Is an exam-
ination of many common genetic variants in 
different individuals to see if any variant is 
associated with a trait. GWAS typically focus 
on associations between single- nucleotide 
polymorphisms (SNPs) and traits like major 
diseases.   

  Genomic Selection    Is a form of marker- 
assisted selection in which genetic markers 
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covering the whole genome are used so that 
all quantitative trait loci (QTL) are in linkage 
disequilibrium with at least one marker. This 
approach has become feasible thanks to the 
large number of single- nucleotide polymor-
phisms (SNP) discovered by genome sequenc-
ing and new methods to effi ciently genotype 
large number of SNP.   

  Genotype-by-Environment Interactions    Is 
the phenotypic effect of interactions between 
genes and the environment. Gene–environ-
ment interaction is exploited by plant and 
animal breeders to benefi t agriculture. For 
example, plants can be bred to have tolerance 
for specifi c environments, such as high or low 
water availability. The way that trait expres-
sion varies across a range of environments for 
a given genotype is called its norm of reaction.   

  Geographic Information System    Is a sys-
tem designed to capture, store, manipulate, 
analyse, manage and present all types of geo-
graphically referenced data. The acronym 
GIS is sometimes used to mean geographi-
cal information science or geospatial infor-
mation studies; these latter terms refer to the 
academic discipline or career of working with 
geographic information systems. In the sim-
plest terms, GIS is the merging of cartography, 
statistical analysis and database technology.   

  Global Livestock Environmental Assessment 
Model    Produces estimates of the GHG 
emissions of the livestock industry by live-
stock type, farming system and location using 
data from the 2006 IPCC Guidelines for 
National GHG Inventories.   

  Global Warming Potential    Is a relative mea-
sure of how much heat a greenhouse gas traps 
in the atmosphere. It compares the amount of 
heat trapped by a certain mass of the gas in 
question to the amount of heat trapped by a 
similar mass of carbon dioxide.   

  Global Warming    Global warming refers to an 
increase in average global temperature which 
in turn causes climate change. Solar radiation 
in the form of light waves passes through the 
atmosphere; most of this radiation is absorbed 
by the Earth and radiated back into space in 
the form of infrared waves. Part of the infra-
red waves is trapped by the atmosphere mak-
ing the Earth just warm enough to be livable. 

But because of too much GHGs that thicken 
the atmosphere, most if not all of the infra-
red waves are now trapped making the Earth 
warmer.   

  Glutathione Peroxidase    Is the general name 
of an enzyme family with peroxidase activity 
whose main biological role is to protect the 
organism from oxidative damage. The bio-
chemical function of glutathione peroxidase 
is to reduce lipid hydroperoxides to their cor-
responding alcohols and to reduce free hydro-
gen peroxide to water.   

  Glutathione    Is an important antioxidant in 
plants, animals, fungi and some bacteria and 
archaea, preventing damage to important cel-
lular components caused by reactive oxygen 
species such as free radicals and peroxides.   

  Gonadotrophin-Releasing Hormone    Is a tro-
phic peptide hormone responsible for the 
release of follicle-stimulating hormone (FSH) 
and luteinizing hormone (LH) from the ante-
rior pituitary. GnRH is synthesised and released 
from neurons within the hypothalamus.   

  Greenhouse Effect    The greenhouse effect is 
the process by which radiative energy leaving 
a planetary surface, like the Earth, is absorbed 
by some atmospheric gases, called greenhouse 
gases (GHGs). The GHGs transfer this energy 
to other components of the atmosphere, and it 
is re-emitted in all directions, including back 
down towards the surface.   

  Greenhouse Gas and Air Pollution Interactions 
and Synergies    This model provides a con-
sistent framework for the analysis of co-ben-
efi ts reduction strategies from air pollution 
and GHG sources. It addresses health and 
ecosystem impacts of particulate pollution, 
acidifi cation, eutrophication and tropospheric 
ozone. Simultaneously, the GAINS model 
considers GHG emission rates and the associ-
ated value per ton of CO 2 e. Historic emissions 
of air pollutants and GHGs are estimated for 
each country based on information collected 
by available international emission inven-
tories and on national information supplied 
by individual countries. The GAINS model 
assesses emissions on a medium-term time 
horizon, and emission projections are speci-
fi ed in 5-year intervals through the year 2030. 
Options and costs for controlling emissions 
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are represented by several emission reduction 
technologies.   

  Greenhouse Gas Emission Footprint    Refers 
to the amount of GHG that is emitted dur-
ing the creation of products or services. It is 
expressed in units of GHG warming poten-
tial (GGWP) and is generated by products or 
services.   

  Greenhouse Gas Inventory    Is a type of emis-
sion inventory that is developed for a variety 
of reasons. Scientists use inventories of natu-
ral and anthropogenic (human-caused) emis-
sions as tools when developing atmospheric 
models. Policymakers use inventories to 
develop strategies and policies for emissions 
reductions and to track the progress of those 
policies. And, regulatory agencies and corpo-
rations rely on inventories to establish com-
pliance records with allowable emission rates. 
Businesses, the public, and other interest 
groups use inventories to better understand the 
sources and trends in emissions. Unlike some 
other air emission inventories, greenhouse gas 
inventories include not only emissions from 
source categories but also removals by carbon 
sinks. These removals are typically referred to 
as carbon sequestration.   

  Greenhouse Gas    Is a gas in an atmosphere 
that absorbs and emits radiation within the 
thermal infrared range. This process is the 
fundamental cause of the greenhouse effect. 
The primary GHGs in the Earth’s atmosphere 
are water vapour, carbon dioxide, methane, 
nitrous oxide and ozone. GHGs greatly affect 
the temperature of the Earth; without them, 
the Earth’s surface would average about 33 °C 
colder, which is about 59 °F below the present 
average of 14 °C (57 °F).   

  Gross Domestic Product    Is defi ned as ‘an 
aggregate measure of production equal to the 
sum of the gross values added of all resident 
institutional units engaged in production (plus 
any taxes, and minus any subsidies, on prod-
ucts not included in the value of their outputs)’. 
Estimates are commonly used to measure the 
economic performance of a whole country or 
region but can also measure the relative con-
tribution of an industry sector.   

  Gross Energy    Is the energy released as heat 
when a compound undergoes complete com-
bustion with oxygen in a bomb calorimeter.   

  Growth Hormone    Also known as somato-
tropin or somatropin, is a peptide hormone 
that stimulates growth, cell reproduction and 
regeneration in humans and other animals. It 
is a type of mitogen which is specifi c only to 
certain kinds of cells. Growth hormone is a 
191-amino acid, single-chain polypeptide that 
is synthesised, stored and secreted by somato-
tropic cells within the lateral wings of the 
anterior pituitary gland.   

  Haemoglobin    Is the iron-containing oxygen- 
transport metalloprotein in the red blood cells 
of all vertebrates as well as the tissues of some 
invertebrates. Haemoglobin in the blood car-
ries oxygen from the respiratory organs (the 
lungs or gills) to the rest of the body (i.e. the 
tissues) where it releases the oxygen to burn 
nutrients to provide energy to power the func-
tions of the organism in the process called 
metabolism.   

  Heat Shock Factors    Is the name given to 
transcription factors that regulate the expres-
sion of the heat shock proteins. These activa-
tors bind specifi cally to Heat Shock sequence 
Elements (HSE) throughout the genome 
whose consensus sequence is a tandem array 
of three oppositely oriented ‘AGAAN’ motifs 
or a degenerate version thereof.   

  Heat Shock Protein    Is a class of functionally 
related proteins involved in the folding and 
unfolding of other proteins. Their expression 
is increased when cells are exposed to elevated 
temperatures or other stress. This increase in 
expression is transcriptionally regulated. The 
dramatic upregulation of the heat shock pro-
teins is a key part of the heat shock response 
and is induced primarily by heat shock factor 
(HSF).   

  Heat Shock    It refers to the effect of subjecting 
a cell to a higher temperature than that of the 
ideal body temperature of the organism from 
which the cell line was derived.   

  Heat Stress    It can be defi ned as a group of 
conditions due to overexposure to or overexer-
tion in excess environmental temperature. The 
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condition includes heat cramp, heat exhaus-
tion and heat stroke.   

  Heme Oxygenase-1    Is an enzyme that cataly-
ses the degradation of heme. This produces 
biliverdin, iron and carbon monoxide.   

  Homeostasis    Homeostasis refers to this ten-
dency to maintain a balanced or constant 
internal state that is optimal for function-
ing. Animals have a specifi c ‘balanced’ or 
‘normal’ body temperature.    When there is a 
problem with the internal functioning of the 
animal body, this temperature may increase, 
signalling an imbalance. As a result, the body 
attempts to solve the problem and restore 
homeostasis for normal body temperature.   

  Human Chorionic Gonadotrophin    Is a 
glycoprotein hormone produced during 
pregnancy that is made by the developing 
embryo after conception and later by the 
syncytiotrophoblast.   

  Hydrofl uorocarbon    It refers to any of several 
organic compounds composed of hydrogen, 
fl uorine and carbon. HFCs are produced syn-
thetically and are used primarily as refrig-
erants. They became widely used for this 
purpose beginning in the late 1980s, with the 
introduction of the Montreal Protocol, which 
phased out the use of chemicals such as halons 
and chlorofl uorocarbons (CFCs) that contrib-
ute to the depletion of the Earth’s ozone layer. 
However, while HFCs have an ozone deple-
tion potential of zero, they are potent GHG, 
and thus their manufacture and use became 
increasingly regulated in the twenty-fi rst 
century.   

  Hydrogen Sulphide    Is a colourless gas with 
the characteristic foul odour of rotten eggs; it 
is heavier than air, very poisonous, corrosive, 
fl ammable and explosive. Hydrogen sulphide 
often results from the bacterial breakdown 
of organic matter in the absence of oxygen, 
such as in swamps and sewers; this process is 
commonly known as anaerobic digestion. H 2 S 
also occurs in volcanic gases, natural gas, and 
some well waters. The human body produces 
small amounts of H 2 S and uses it as a signal-
ling molecule.   

  Hydrogen    Is a chemical element with chemi-
cal symbol H and atomic number 1. With 
an atomic weight of 1.00794 u, hydrogen is 

the lightest element on the periodic table. Its 
monatomic form (H) is the most abundant 
chemical substance in the universe, constitut-
ing roughly 75 % of all baryonic mass.   

  Hypothalamo-Pituitary-Adrenal Axis    Is a 
complex set of direct infl uences and feedback 
interactions among the hypothalamus, the 
pituitary gland and the adrenal glands. It is 
also known as stress axis which controls the 
stress-relieving pathway.   

  In Vitro Embryo Production    It represents 
the third generation of techniques aimed at 
a better control of animal reproduction. This 
technique involves four major steps: oocyte 
collection, oocyte in vitro maturation (IVM), 
in vitro fertilisation (IVF) and in vitro devel-
opment of the resulting embryos (IVD).   

  In Vitro Gas Production Technique    This is a 
commonly used technique to quantify GHG 
emission through different feed stuffs under 
in vitro condition. This technique will provide 
information that is relevant to the interpreta-
tion of nutritional values of feedstuffs and/or 
animal response and/or animal impacts on the 
environment.   

  Information Technology    Is the application 
of computers and telecommunications equip-
ment to store, retrieve, transmit and manipu-
late data, often in the context of a business or 
other enterprise. Several industries are asso-
ciated with information technology, includ-
ing computer hardware, software, electronics, 
semiconductors, internet, telecom equipment, 
e-commerce and computer services.   

  Infrared    Invisible radiant energy, electro-
magnetic radiation with longer wavelengths 
than those of visible light, extending from 
the  nominal red edge of the visible spectrum 
at 700 nm (frequency 430 THz) to 1 mm 
(300 GHz).   

  Insulin-Like Growth Factor-1    IGF-1 is a hor-
mone similar in molecular structure to insu-
lin. It plays an important role in growth and 
continues to have anabolic effects in adult 
animals.   

  Integrated Farm System Model    Is a simu-
lation tool for evaluating and comparing 
economic and environmental effects of alter-
native management scenarios on representa-
tive farms.   
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  Integrated Model to Assess the Global 
Environment    Is an ecological–environ-
mental model framework that simulates the 
environmental consequences of human activi-
ties worldwide. It represents interactions 
between society, the biosphere and the climate 
system to assess sustainability issues such as 
climate change, biodiversity and human well-
being. The objective of the IMAGE model is to 
explore the long-term dynamics and impacts 
of global changes that result from interact-
ing demographic, technological, economic, 
social, cultural and political factors.   

  Integrated Water Resources Management    It 
is a process which promotes the  coordinated 
development and management of water, land 
and related resources, in order to maximise 
the resultant economic and social welfare in 
an equitable manner without compromising 
the sustainability of vital ecosystems.   

  Intergovernmental Panel on Climate 
Change    Is a scientifi c intergovernmen-
tal body fi rst established in 1988 by two 
United Nations organisations, the World 
Meteorological Organization (WMO) and 
the United Nations Environment Programme 
(UNEP), and later endorsed by the United 
Nations General Assembly through Resolution 
43/53. Its mission is to provide comprehensive 
scientifi c assessments of current scientifi c, 
technical and socioeconomic information 
worldwide about the risk of climate change 
caused by human activity, its potential envi-
ronmental and socioeconomic consequences 
and possible options for adapting to these con-
sequences or mitigating the effects.   

  International Fund for Agricultural 
Development    Is a specialised agency of 
the United Nations dedicated to eradicating 
rural poverty in developing countries. It was 
established as an international fi nancial insti-
tution in 1977 as one of the major outcomes 
of the 1974 World Food Conference. Seventy-
fi ve per cent of the world’s poor live in rural 
areas in developing countries, yet only 4 % 
of offi cial development assistance goes to 
agriculture.   

  International Livestock Research Institute    It 
works to improve food security and reduce 
poverty in developing countries through 

research for better and more sustainable use 
of livestock. ILRI is a member of the CGIAR 
Consortium which works for a food-secure 
future.   

  International Model Policy Analysis of 
Agricultural Commodities and Trade    Is a 
representation of a competitive world agricul-
tural market for 30 crop and livestock com-
modities, including cereals, soybeans, cotton, 
roots and tubers, meats, milk, eggs, oils, 
sugar/sweeteners, fruits/vegetables and fi sh. 
It is specifi ed as a set of 115 countries and 
regions within each of which supply, demand 
and prices for agricultural commodities are 
determined. The country and regional agri-
cultural submodels are linked through trade, 
a specifi cation that highlights the interdepen-
dence of countries and commodities in global 
agricultural markets. The model uses a system 
of supply and demand elasticities incorporated 
into a series of linear and nonlinear equations, 
to approximate the underlying production and 
demand functions.   

  Joint Implementation    It refers to a pro-
gramme under the Kyoto Protocol that allows 
industrialised countries to meet part of their 
required cuts in GHG emissions by paying for 
projects that reduce emissions in other indus-
trialised countries.   

  Kyoto Protocol    It is an international treaty 
that sets binding obligations on industrialised 
countries to reduce emissions of GHGs. The 
UNFCCC is an environmental treaty with 
the goal of preventing dangerous anthropo-
genic (i.e. human-induced) interference of the 
 climate system. It recognises that developed 
countries are principally responsible for the 
current high levels of GHG emissions in the 
atmosphere as a result of more than 150 years 
of industrial activity and places a heavier bur-
den on developed nations under the principle 
of ‘common but differentiated responsibili-
ties’. There are 192 parties to the convention: 
191 states (including all the UN members 
except Andorra, Canada, South Sudan and the 
United States) and the European Union.   

  Land Use, Land-Use Change and Forestry    Is 
defi ned by the United Nations Climate Change 
Secretariat as ‘A greenhouse gas inventory 
sector that covers emissions and removals 
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of greenhouse gases resulting from direct 
human-induced land use, land-use change and 
forestry activities   ’. LULUCF has impacts on 
the global carbon cycle, and as such, these 
activities can add or remove carbon dioxide 
(or, more generally, carbon) from the atmo-
sphere, infl uencing climate. LULUCF has 
been the subject of two major reports by the 
Intergovernmental Panel on Climate Change 
(IPCC). Additionally, land use is of critical 
importance for biodiversity.   

  Laser Methane Detector    It is an innovative 
portable detector that allows methane gas 
to be detected from a distance. This enables 
easy access to hard-to-reach locations, such as 
elevated piping or locked premises, and helps 
keep the operator away from potential leak 
sources.   

  Life Cycle Assessment    It is a technique to 
assess environmental impacts associated with 
all the stages of a product’s life from cradle 
to grave (i.e. from raw material extraction 
through materials processing, manufacture, 
distribution, use, repair and maintenance and 
disposal or recycling).   

  Lipopolysaccharides    Are large molecules 
consisting of a lipid and a polysaccharide 
composed of O-antigen, outer core and inner 
core joined by a covalent bond; they are found 
in the outer membrane of gram- negative bac-
teria and elicit strong immune responses in 
animals.   

  Liquefi ed Petroleum Gas    It refers to a fl am-
mable mixture of hydrocarbon gases used as a 
fuel in heating appliances, cooking  equipment 
and vehicles. It is increasingly used as an 
aerosol propellant and a refrigerant, replac-
ing chlorofl uorocarbons in an effort to reduce 
damage to the ozone layer. When specifi cally 
used as a vehicle fuel, it is often referred to as 
autogas.   

  Livestock’s Long Shadow    It is a United 
Nations report, released by the Food and 
Agriculture Organization of the United 
Nations (FAO) on 29 November 2006 that 
aims to assess the full impact of the livestock 
sector on environmental problems, along with 
potential technical and policy approaches to 
mitigation.   

  Luteinizing Hormone    It is a hormone pro-
duced by gonadotroph cells in the anterior 
pituitary gland. In females, an acute rise of LH 
(‘LH surge’) triggers ovulation and develop-
ment of the corpus luteum. In males, where 
LH had also been called interstitial cell-stim-
ulating hormone (ICSH), it stimulates Leydig 
cell production of testosterone. It acts syner-
gistically with FSH.   

  Marker-Assisted Selection    Is a process 
whereby a marker is used for indirect selec-
tion of a genetic determinant or determinants 
of a trait of interest.   

  Metabolisable Energy    The net energy avail-
able to an animal after the utilisation of some 
energy in the processes of digestion and 
absorption and the loss of some of the material 
as being undigested or indigestible.   

  Methane Production Potential    Is the volume 
of methane biogas produced during anaerobic 
degradation in the presence of bacteria of a 
sample initially introduced, expressed under 
normal conditions of temperature and pres-
sure (CNTP: 0 °C, 1,013 hPa).   

  Methane    Is a chemical compound with the 
chemical formula CH4 (one atom of carbon 
and four atoms of hydrogen). It is the simplest 
alkane and the main component of natural gas. 
The relative abundance of methane makes it 
an attractive fuel, though capturing and stor-
ing it may pose challenges due to its gaseous 
state found at normal conditions. In its natural 
state, methane is found both below ground and 
under the seafl oor, where it often fi nds its way 
to the surface and in the Earth’s atmosphere 
where it is known as atmospheric methane.   

     Methanofuran Coenzyme    Is necessary for the 
fi rst step of methanogenesis from CO 2 . The 
well-characterised MF core structure is 4-[ N -(γ-
l-glutamyl- γ-l-glutamyl)- p -(β-aminoethyl) 
phenoxymethyl]-2-(aminomethyl)furan 
(APMF-γ-Glu 2 ).   

  Methanogenic Bacteria    Are microorganisms 
that produce methane as a metabolic by-prod-
uct in anoxic conditions. They are classifi ed as 
archaea, a domain distinct from bacteria.   

  Methyl Coenzyme M Reductase Gene    Is 
an enzyme that catalyses the fi nal step in 
the formation of methane. It does so by 
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combining the hydrogen donor coenzyme B 
and the methyl donor coenzyme M. Via this 
enzyme, most of the natural gas on Earth was 
produced. Ruminants (e.g. cows) produce 
methane because their rumens contain metha-
nogenic prokaryotes (Archaea) that encode 
and express the set of genes of this enzymatic 
complex.   

  Microclimate    The climate condition directly 
surrounding the animal.   

  Micrometeorology    The branch of meteorol-
ogy that deals with weather conditions on a 
small scale, both in terms of space and time. 
For example, weather conditions lasting less 
than a day in the area immediately surround-
ing a smokestack, a building or a mountain are 
studied in micrometeorology.   

  Multivariate ENSO Index    Is a method used 
to characterise the climatic conditions con-
tributing to the onset and physiology of the 
El Niño Southern Oscillation (ENSO) event. 
Given that ENSO arises from a complex inter-
action of a variety of climate systems, MEI is 
regarded as the most comprehensive index for 
monitoring ENSO since it combines analysis 
of multiple meteorological components.   

  National Adaptation Programmes for 
Action    Is one of the types of reporting 
envisaged by the United Nations Framework 
Convention on Climate Change. They are 
prepared by Least Developed Countries, to 
describe the country’s perception of its most 
‘urgent and immediate needs to adapt to cli-
mate change’. NAPAs are not supposed to 
include original research but use existing 
information and include profi les of priority 
projects that are intended to address those 
needs that have been identifi ed.   

  National Dairy Development Board    Is an 
institution of national importance set up by 
an Act of Parliament of India. The main offi ce 
is in Anand, Gujarat, with regional offi ces 
throughout the country.   

  National Oceanic and Atmospheric 
Administration    Is a scientifi c agency 
within the US Department of Commerce 
focused on the conditions of the oceans and 
the atmosphere. NOAA warns of dangerous 
weather, charts seas and skies, guides the use 
and protection of ocean and coastal resources 

and conducts research to improve the under-
standing and stewardship of the environment.   

  National Research Council    The National 
Research Council is an agency of the 
Government of Canada which conducts scien-
tifi c research and development.   

  Nationally Appropriate Mitigation Actions    It 
refers to a set of policies and actions that 
countries undertake as part of a commitment 
to reduce greenhouse gas emissions. The term 
recognises that different countries may take 
different nationally appropriate action on the 
basis of equity and in accordance with com-
mon but differentiated responsibilities and 
respective capabilities. It also emphasises 
fi nancial assistance from developed countries 
to developing countries to reduce emissions.   

  Natural Resistance-Associated Macrophage 
Protein 1    Is a protein that in humans is 
encoded by the  SLC11A1  gene.    This gene is 
a member of the solute carrier family 11 (pro-
ton-coupled divalent metal ion transporters) 
and encodes a multi-pass membrane protein. 
The protein functions as a divalent transi-
tion metal (iron and manganese) transporter 
involved in iron metabolism and host resis-
tance to certain pathogens.   

  Neutral Detergent Fibre    Is the most common 
measure of fi bre used for animal feed analy-
sis, but it does not represent a unique class of 
chemical compounds. NDF measures most of 
the structural components in plant cells (i.e. lig-
nin, hemicellulose and cellulose) but not pectin.   

  Next-Generation Techniques    This describes 
a product that has been developed using the 
latest technology and will probably replace an 
existing product.   

  Nitric Oxide    A colourless, poisonous gas, 
NO, produced as an intermediate during the 
manufacture of nitric acid from ammonia or 
atmospheric nitrogen and as a product of cel-
lular metabolism. In the body, nitric oxide is 
involved in oxygen transport to the tissues, 
the transmission of nerve impulses and other 
physiological activities.   

  Nitrogen Oxides    Is a generic term for the 
mono-nitrogen oxides NO and NO 2  (nitric 
oxide and nitrogen dioxide). They are pro-
duced from the reaction of nitrogen and 
oxygen gases in the air during combustion, 
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especially at high temperatures. In areas of 
high motor vehicle traffi c, such as in large cit-
ies, the amount of nitrogen oxides  emitted into 
the atmosphere as air pollution can be signifi -
cant. NO  x   gases are formed whenever com-
bustion occurs in the presence of nitrogen—as 
in an air-breathing engine; they also are pro-
duced naturally by lightning. In atmospheric 
chemistry, the term means the total concentra-
tion of NO and NO 2 . NO  x   gases react to form 
smog and acid rain as well as being central to 
the formation of tropospheric ozone.   

  Nonesterifi ed Fatty Acid    The fraction of 
plasma fatty acids not in the form of glycerol 
esters.   

  Non-methane Volatile Organic 
Compounds    Organic compounds, other 
than methane, that participate in atmo-
spheric photochemical reactions.   

  Nonprotein Nitrogen    Is a term used in animal 
nutrition to refer collectively to components 
such as urea, biuret and ammonia, which are 
not proteins but can be converted into proteins 
by microbes in the ruminant stomach.   

  Nonstructural Carbohydrates    Nonstructural 
carbohydrates are those that occur either as 
simple sugars in the horse’s feed or that can 
be broken down by enzymes produced by the 
horse. Included in this category are glucose 
and fructose, lactose, sucrose and starch. They 
range from being almost nonexistent in a grass 
hay diet to comprising a high percentage of 
the total diet in a high grain-low fi bre ration.   

  Operational Taxonomic Units    Operational 
taxonomic unit, species distinction in 
 microbiology. Typically using rDNA and a 
percent similarity threshold for classifying 
microbes within the same, or different, OTUs. 
The number of OTUs defi ned may be infl ated 
due to errors in DNA sequencing.   

  Organic Matter    Is matter composed of organic 
compounds that has come from the remains of 
dead organisms such as plants and animals 
and their waste products in the environment. 
Basic structures are created from cellulose, 
tannin, cutin and lignin, along with other vari-
ous proteins, lipids and carbohydrates. It is 
very important in the movement of nutrients 
in the environment and plays a role in water 
retention on the surface of the planet.   

  ‘Over-the-Counter’ Market    A decentralised 
market (as opposed to an exchange market) 
where geographically dispersed dealers are 
linked by telephones and computers. The mar-
ket is for securities not listed on a stock or 
derivatives exchange.   

  Ovum Pick-Up    The term ovum pick-up is 
used to describe a technique where oocytes 
(immature ova) are collected from the fol-
licles in the ovaries by aspiration using ultra-
sonic guidance through the vaginal wall. The 
oocytes are matured in the laboratory for 24 h 
then fertilised and cultured for a further 7 days 
before being transferred to prepared recipients 
or frozen for use at a later date. The number 
of embryos fi t for transfer is still low, and, in 
some cases, in vitro fertilised embryos can 
develop into calves with a higher than average 
birth weight resulting in calving diffi culties.   

  Oxygen    A colourless, odourless reactive gas, 
the chemical element of atomic number 8 and 
the life-supporting component of the air.   

  Ozone    A colourless unstable toxic gas with a 
pungent odour and powerful oxidising prop-
erties, formed from oxygen by electrical dis-
charges or ultraviolet light. It differs from 
normal oxygen (O 2 ) in having three atoms in 
its molecule (O 3 ).   

  Packed Cell Volume    A measure of the propor-
tion of blood volume that is occupied by red 
blood cells.   

  Parts Per Million    ppm is an abbreviation of 
parts per million. ppm is a value that repre-
sents the part of a whole number in units of 
1/1,000,000. ppm is a dimensionless quantity, 
a ratio of 2 quantities of the same unit.   

  Per Fluorocarbons    Any of various hydrocar-
bon derivatives in which all hydrogen atoms 
have been replaced with fl uorine and that 
include blood substitutes used in emulsifi ed 
form.   

  Peripheral Blood Mononuclear Cells    A 
peripheral blood mononucleated cell (PBMC) 
is any blood cell having a round nucleus (as 
opposed to a lobed nucleus).   

  Plant Secondary Metabolites    Refers to 
 products that aid in the growth and develop-
ment of plants but are not required for the plant 
to survive. These metabolites are effectively 
used in ruminant livestock to reduce enteric 
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methane emission. The typical examples are 
tannin, saponins and essential oils.   

  Progesterone-Impregnated Intravaginal 
Device    PRID refers to an artifi cial device 
which is used for synchronising oestrus cycle 
in livestock. These techniques are broadly 
used in the control of reproductive manage-
ment in livestock.   

  Pulse Rate    The pulse rate is a measurement of 
the heart rate or the number of times the heart 
beats per minute. As the heart pushes blood 
through the arteries, the arteries expand and 
contract with the fl ow of the blood.   

  QTL Quantitative Trait Locus    Are stretches 
of DNA containing or linked to the genes that 
underlie a quantitative trait. Mapping regions 
of the genome that contain genes involved in 
specifying a quantitative trait is done using 
molecular tags such as AFLP or, more com-
monly, SNPs.   

  Radio-Frequency Identifi cation    Is a tech-
nology that incorporates the use of electro-
magnetic or electrostatic coupling in the 
radio-frequency (RF) portion of the electro-
magnetic spectrum to uniquely identify an 
object, animal or person.   

  Reactive Oxygen Species    Are chemically reac-
tive molecules containing oxygen. Examples 
include oxygen ions and peroxides. ROS are 
formed as a natural by- product of the normal 
metabolism of oxygen and have important 
roles in cell signalling and homeostasis.   

  Rectal Temperature    Body temperature as 
measured by a clinical thermometer placed 
in the rectum. This is the commonly used 
methodology to measure body temperature in 
livestock.   

  Reduced Emissions from Deforestation and 
Degradation    Is a mechanism that has been 
under negotiation by the United Nations 
Framework Convention on Climate Change 
(UNFCCC) since 2005, with the twin objec-
tives of mitigating climate change through 
reducing emissions of GHGs and removing 
greenhouse gases through enhanced forest 
management in developing countries.   

  Relative Humidity    It refers to the amount of 
water vapour present in air expressed as a per-
centage of the amount needed for saturation at 
the same temperature.   

  Representative Concentration Pathways    Are 
four greenhouse gas concentration (not 
 emissions) trajectories adopted by the IPCC 
for its fi fth Assessment Report (AR5). The 
pathways are used for climate modelling and 
research.   

  Residual Feed Intake    Is defi ned as the dif-
ference between actual feed intake and that 
predicted on the basis of requirements for pro-
duction and maintenance of body weight.   

  Respiration Rate       It is also known as venti-
lation rate, ventilatory rate, ventilation fre-
quency, respiration frequency, pulmonary 
ventilation rate or breathing frequency, is 
the rate of ventilation, that is, the number of 
breaths taken within a set amount of time.   

  Single-Nucleotide Polymorphisms    Is a DNA 
sequence variation occurring commonly 
within a population (e.g. 1 %) in which a sin-
gle nucleotide—A, T, C or G—in the genome 
(or other shared sequence) differs between 
members of a biological species or paired 
chromosomes.   

  Soil Organic Matter    Is the organic matter 
component of soil, consisting of plant and 
animal residues at various stages of decompo-
sition, cells and tissues of soil organisms and 
substances synthesised by soil organisms.   

  Special Report on Emissions Scenarios    Is 
a report by the Intergovernmental Panel on 
Climate Change (IPCC) that was published in 
2000. The greenhouse gas emissions scenarios 
described in the report have been used to make 
projections of possible future climate change.   

  Sulphate-Reducing Bacteria    Are those bacte-
ria that can obtain energy by oxidising organic 
compounds or molecular hydrogen while 
reducing sulphate to hydrogen sulphide. In 
a sense, these organisms ‘breathe’ sulphate 
rather than oxygen, in a form of anaerobic 
respiration.   

  Superoxide Dismutase    Are enzymes that 
catalyse the dismutation of superoxide (O2−) 
into oxygen and hydrogen peroxide. Thus, 
they are an important antioxidant defence in 
nearly all cells exposed to oxygen.   

  Sulphur Hexafl uoride    Is an inorganic, colour-
less, odourless, non-fl ammable, extremely 
potent greenhouse gas which is an excellent 
electrical insulator. SF 6 has an octahedral 
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geometry, consisting of six fl uorine atoms 
attached to a central sulphur atom. SF 6  is com-
monly used in SF 6  tracer technique to mea-
sure enteric methane emission in ruminant 
livestock.   

  System of Rice Intensifi cation    Is a method-
ology aimed at increasing the yield of rice 
produced in farming. It is a low-water, labour-
intensive, organic method that uses younger 
seedlings singly spaced and typically hand 
weeded with special tools.   

  Temperature–Humidity Index    Is an index 
used for expressing the discomfort felt as a 
result of the combined effects of the tempera-
ture and humidity of the air. This is commonly 
used to quantify stress expressed by livestock 
species.   

  Thermal Comfort Zone    Thermal comfort 
zone is a range in ambient temperature in 
which body temperature is possible and an 
animal needs not change the metabolic rate.   

     Thermoneutral Zone (TNZ)    The range of 
environmental temperatures over which the 
heat produced by a ‘warm-blooded’ animal 
remains fairly constant. Hence, it is the range 
in which the animal is ‘comfortable’, having 
neither to generate extra heat to keep warm 
nor expend metabolic energy on  cooling 
 mechanisms, such as panting. Animals adapted 
to cold environments tend to have broader ther-
moneutral zones than ones living in hot envi-
ronments. The TNZ ranges from lower critical 
temperature (LCT) to upper critical tempera-
ture (UCT) and depends on age, species, feed 
intake, diet composition, previous state of tem-
perature acclimation or acclimatisation, pro-
duction, specifi c housing and pen conditions, 
tissue insulation (fat, skin), external insulation 
(coat) and behaviour of an animal.   

  Thyroxine    Is the storage form of thyroid 
hormone.   

  Total Digestible Nutrients    The energy value 
of feedstuffs, comparable to digestible energy 
in accuracy. TDN overestimates the energy 
value of roughages in comparison to grains.   

  Total Dissolved Solids    Is a measure of the 
combined content of all inorganic and organic 
substances contained in a liquid in molecular, 
ionised or micro-granular (colloidal sol) sus-
pended form.   

  Triiodothyronine    Is the active form of thyroid 
hormone. It affects almost every physiologi-
cal process in the body, including growth and 
development, metabolism, body temperature 
and heart rate.   

  United Nations Convention to Combat 
Desertifi cation    Is a convention to com-
bat desertifi cation and mitigate the effects of 
drought through national action programmes 
that incorporate long-term strategies sup-
ported by international cooperation and part-
nership arrangements.   

  United Nations Economic Commission for 
Europe    This was established in 1947 to 
encourage economic cooperation among its 
member states. It is one of fi ve regional com-
missions under the administrative direction of 
United Nations headquarters.   

  United Nations Environment Programme    Is 
an agency of the United Nations that coordi-
nates its environmental activities, assisting 
developing countries in implementing envi-
ronmentally sound policies and practices.   

  United Nations Framework Convention on 
Climate Change    Is an international envi-
ronmental treaty negotiated at the United 
Nations Conference on Environment and 
Development (UNCED), informally known as 
the Earth Summit, held in Rio de Janeiro from 
3 to 14 June 1992. The objective of the treaty 
is to stabilize greenhouse gas concentrations 
in the atmosphere at a level that would prevent 
dangerous anthropogenic interference with 
the climate system.   

  US Environmental Protection Agency    Is an 
agency of the US Federal Government whose 
mission is to protect human and environmen-
tal health.   

  Verifi ed (or Voluntary) Emission 
Reductions    Are a type of carbon offset 
exchanged in the voluntary or over-the- 
counter market for carbon credits.   

  Volatile Fatty Acid    Volatile fatty acids are 
fatty acids with a carbon chain of six carbons 
or fewer. They are now usually referred to as 
short-chain fatty acids. They can be created 
through fermentation in the intestine. The 
type of volatile fatty acids produced in the 
ruminant livestock determines the quantity of 
methane produced.   
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  Volatile Organic Compounds    Are organic 
chemicals that have a high vapour pressure at 
ordinary room temperature. Their high vapour 
pressure results from a low boiling point, 
which causes large numbers of molecules 
to evaporate or sublimate from the liquid or 
solid form of the compound and enter the 
 surrounding air.   

  Voluntary Feed Intake    Is the amount of feed 
eaten by an animal when the feed is given to it 
without restriction.   

  Water-Soluble Carbohydrates    These include 
carbohydrates that are extracted from a sam-
ple by dissolving them in water. Simple  sugars 
and fructans make up this measure, which is 
simply termed ‘sugar’ on some analyses. 
Interpreting and using this value depends 
on the proportions of sugars and fructans in 
the sample; simple sugars are digested and 
absorbed in the small intestine and have a sig-
nifi cant impact on blood (glycemic response), 
while fructans are fermented in the large intes-
tine and induce sugar a much smaller response.    

  Weather    The short-term day-to-day fl uctua-
tions of the metrology variables, as distin-

guished from climate, which is the long-term 
manifestation of the weather.   

  World Business Council for Sustainable 
Development    Is a CEO-led, global asso-
ciation of some 200 international companies 
dealing exclusively with business and sustain-
able development.   

  World Health Organization    Is a specialised 
agency of the United Nations (UN) that is con-
cerned with international public health.   

  World Meteorological Organization    The 
United Nations agency concerned with the 
international collection of meteorological 
data.   

  World Organization for Animal Health    Is the 
intergovernmental organisation responsible 
for improving animal health worldwide. The 
need to fi ght animal diseases at global level 
led to the creation of the Offi ce International 
des Epizooties through the international agree-
ment signed on 25 January 1924.   

  World Resources Institute    Is a nongovern-
mental global research organisation which 
seeks to create equity and prosperity through 
sustainable natural resource management.        
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