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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 significant
changes in production technology and farming systems that could affect
productivity. Many viable opportunities exist for reducing CH, 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 accommaodate 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.
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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 scientific 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 flood 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

acttoreduce 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 modifications 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 significant 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 findings 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 influ-
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 Significance
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 influenc-
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. Quantification 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
significant 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 first 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 defined 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 infinite
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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 diversification
practices

3. Livestock early warning
systems

1. Understanding of the impacts
of CC on livestock

2. Developing new breeds and
genetic types

3. Improving animal health

Science and
technology
development

4. Enhancing soil and water
manage
Capacity building
for livestock keepers

1. Understanding and awareness
of CC

2. Training in agroecological
technologies and practices

1. Provision of shade and water
to reduce heat stress from
increased temperature

Livestock
management systems

2. Reduction of livestock
numbers in some cases

3. Changes in livestock/herd
composition

4. Improved management of
water resources

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
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Fig.22.1 Strategies to sustain livestock production under changing climate scenario

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. Identification of specific 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 identification 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
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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 significant
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 find 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
findings 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
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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 infiltration and increase soil moisture, and
promote significant 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 confining this surface
runoff in a pond with small surface area and
water depth of up to 2 m, evaporation and infiltra-
tion losses are both reduced over what would
normally occur if the water was spread out and
infiltrated 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 flow 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 flexible 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
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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 benefits 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
defining complementary roles for each with spe-
cific 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
aresult 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 diversified livelihood options

and safety nets comprising insurance schemes.

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).

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).

(1) In the context of the endoparasites and ecto-
parasites specifically, 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 scientific 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
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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 significant role in dealing with issues such as
energy consumption, deforestation, burning of
vegetation, population growth, economic growth,
developing scientific 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 defining the complexities and
changes associated with livestock ownership.
This will ensure closing of gender asset gap.
Considerable efforts are also needed to define 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-
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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
first 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, floods 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 deficiencies and strengthen CC early
warning system. The expected outcomes from
the early warning systems are (a) enhanced
capacity of hydrometeorological services and
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networks for predicting CC events and risk fac-
tors, (b) effective, efficient 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, flood-
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 confined
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
efficiency and the resulting CH, emission reduc-
tions (Hristov et al. 2013). Within this frame-
work, CH, emission mitigation options for enteric
fermentation can encompass a wide range of
activities across these areas. However, underly-
ing these activities must be specific options for
improving the production efficiency of the live-
stock. Without these options, CH, emissions can-
not be reduced. Best management practices are
defined 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



22 Overview on Adaptation, Mitigation and Amelioration Strategies...

efficiency while also reducing emissions. Within
the context of these fundamental livestock man-
agement principles, specific techniques for
improving production efficiency and reducing
CH, 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
efficiency 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 efficiently 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, 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, emissions could be decreased by
reducing animal numbers while maintaining milk
production.
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22.5.1.2 Animal Breeding with Low
CH, Emissions

Genetic selection of animals that consume less
feed or produce less CH, per unit of feed is a
management strategy that may be used to reduce
enteric CH, emissions. Pinares-Patino et al.
(2007) established that there are differences
between individual animals in the quantity of
CH, they emit per unit of dry matter intake. This
finding 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 flow 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 Efficiency

of Livestock Production
Improving the efficiency of ruminant animal
performance will generally lead to a reduction of
CH, 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 efficiency
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 fibre 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 efficiency 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
1020 %, 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,
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, per
unit of product. McCaughey et al. (1997)
observed that CH; 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, production (L d-1)
(McCaughey et al. 1997). At low stocking rates
(1.1 steer ha-1), CH, production (L ha-1 d-1)
was 9 % lower on rotational grazing than contin-
uous grazing (McCaughey et al. 1997).
Measurements of CH, production from grazing
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beef cows indicated a 25 % reduction in CH,
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, 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 modifies the C flux 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, 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 fibre content, the faster rate of passage, and
in some cases, the presence of condensed tannins
(CTs) (Beauchemin et al. 2008). Forage quality
has a significant impact on enteric CH, 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, 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,
losses per unit of feed intake by 2040 % when
fed at high intakes (Johnson et al. 1996). The
lowered fibre digestibility, decreased ruminally
available organic matter and faster rate of pas-
sage associated with ground or pelleted forages
can explain the decline in CH, 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, 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, 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, production in
ruminants tends to increase with maturity of for-
age fed, and CH, 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, 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 benefits, 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, 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 (NADI,
NADPI1, FADI1) 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, into CH, according
to the depicted equation. Acetate and butyrate
production results in a net release of hydrogen
and favours CH, production, while the propio-
nate formation is a competitive pathway for
hydrogen use in the rumen. It was established
that CH, 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, 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 beneficial 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, mitigation in ruminants.
An integrated approach that considers the rumen
microbiota, the animal and the diet seems the
best approach to find a long-term solution for
reducing enteric CH, 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
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(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 final 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, into acetate
than that required for methanogens to reduce CO,
into CH,. 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,; production (Chaucheyras-
Durand et al. 2008). The few reports available
used strains selected for effects other than CH,
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,; 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, production to partial or complete
defaunation has been variable. Morgavi et al.
(2010) calculated 10 % decrease in CH, 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
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etal. 2010) and cattle (Van Zijderveld et al. 2011;
Hulshof et al. 2012) has shown promising results
with nitrates decreasing CH, production by up to
50 %. Nitrate persistently decreased CH, 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 NellorexGuzera 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;) themselves are not very toxic, but nitrites
(NO,), which they are converted to, are toxic.
The nitrate and nitrite along with CO, are the
hydrogen acceptors in the rumen. Microorganisms
are able to increase nitrate reductase activity in
the rumen three to five 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 f 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 insufficient 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, production,
and when both nitrate and sulphate were added,
the effect on CH, 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 find
clear reductions of methanogenesis in vitro
(Gomez 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
influenced by the roughage to concentrate ratio
and the type of cereal grain being fed in diet
(Carro and Ranilla 2003; Gémez et al. 2005;
Tejido et al. 2005). Newbold and Rode (2005)
tested 15 potential precursors of propionate,
including pyruvate, lactate, fumarate, acrylate,
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malate and citrate in short-term batch cultures.
Sodium acrylate and sodium fumarate produced
the most consistent effect decreasing CH, pro-
duction by 8-17 %. Free acids rather than salts
were more effective in reducing CH,.

22.5.2.4.4 lonophores

Among ionophore antibiotics, monensin is the
most studied in ruminants, besides lasalocid, sali-
nomycin, nigericin and gramicidin. Monensin
specifically targets bacteria producing H, and for-
mate. It reduces the amount of H, 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, production by up to
76 % in vitro and to an average of 18 % in vivo
(Van Nevel and Demeyer 1996; Hristov et al.
2003). Howeyver, 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, 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
modifications 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, 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, confirming 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 significant 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-
firmed 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, production in dry cows administered
with chloroform; however, CH, 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
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as a CH, 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 quantified, 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, (Santoso et al. 2004).

22.5.2.4.7 Nitro compounds

Growth  of nitro-metabolising  bacterium
Denitrobacterium detoxificans was supported by
the electron acceptors such as 3-nitropropanol,
3-nitropropionate, nitrate, 2-nitropropanol, nitro-
ethane, nitroethanol or 3-nitro-1-propyl-p-D-
glucopyranoside (miserotoxin). These less toxic
nitro compounds may have the potential to be
used as an alternative to decrease CH, 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,
served as electron donors of D. detoxificans.
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.



22 Overview on Adaptation, Mitigation and Amelioration Strategies...

2013; Martinez-Fernandez et al. 2013). The 3NP
compound decreased CH, production per unit of
DMI in sheep in respiration chambers (24 %
reduction; Martinez-Fernandez et al. 2013) and
dairy cows using the SFg technique (a dramatic
60 % decrease; Haisan et al. 2013).

22.5.2.,5 Mitigation Through Forage
Feeding

Lucerne hay decreases CH, 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, 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, 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, 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 finely 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 fibre digestion (mainly in long-chain fatty
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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, sunflower, 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, to refined 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 influence 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, 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 3040 % 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, 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, production than fibrous 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, and CH, indicates that
acetate and butyrate promote CH, production
whereas propionate formation conserves Ho,.
Therefore, when CH, 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.
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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, production
has been discussed (Newbold and Rode 2006),
but with the exception of some exciting and
unconfirmed 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, 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 HCS, the semi-purified bacteriocin pro-
duced by Streptococcus bovis HCS 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!) 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 HCS5 inhibited a variety of Gram-positive
bacteria and the spectrum of activity was similar
to monensin. Recently, highly specific 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 identified as an
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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 modifications observed were reduction in
methanogen numbers, suggesting a specific 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 efficient 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 efficiency. This may suggest that
the favourable relationship between better feed
efficiency 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 (Pfister 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 ¢-mru
having 69 phage-related proteins (Leahy et al.
2010). A gene encoding a putative lytic enzyme
was identified, 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-specific,
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 identified,
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), specifically tannins and
saponins, which have been extensively studied
for their CH, 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.
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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, 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, 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, produc-
tion is more through inhibition of fibre 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



22 Overview on Adaptation, Mitigation and Amelioration Strategies...

cell membrane leading to its disruption, breakdown,
lysis and finally cell death (Francis et al. 2002).
Because of their anti-protozoal activity, saponins
might have the potential to reduce CH, 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, 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, thus resulting in
the inhibition of H, 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,
VE3 (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 five metha-
nogens (Methanobrevibacter spp. strains 1Y,
AK-87, M. millerae ZA-10, Methanomicrobium
mobile BP and M. stadtmanae MCB-3) that was

383

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, 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 specifically 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 Cardenas 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 efficacy of the
vaccine on methanogens is yet to be evaluated.
New approaches have involved identification of
genes encoding specific membrane-located
proteins from M. ruminantium and using purified
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, 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, 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
Scientific 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.
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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 define 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, 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 artificial or natural
shade presently offers the most immediate and
cost-effective approach for enhancing the pro-
ductive and reproductive efficiency 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 beneficial 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-
flow 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.
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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
efficiently if they are protected from extreme heat
and particularly from direct sunshine. Good man-
agement includes the modification 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 benefits
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-
fined area, it should be free from mud and manure
in order to reduce hoof infection to a minimum.
Concrete floors 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 floor under the roof should
be in shade all day. Extending the floor 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 beneficial.

Shade cloth is typically used as the roof cover-
ing to allow air movement. Shade cloth patterns
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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 reflect 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? of floor space per cow. However,
for environments that are particularly hot and
humid, floor space equivalent to 60-65 ft*> 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 flow 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
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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 efficiency 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 fibre, 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
fibre 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 fibre rations during hot weather. Feeding
more concentrate at the expense of fibrous 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 specifically rumen undegradable protein, is
not helpful (Arieli et al. 2000). 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 fibre 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-



22 Overview on Adaptation, Mitigation and Amelioration Strategies...

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-specific
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-
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tive efficiency (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 difficult 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-specific 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 artificial
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 Al in
that embryos can be collected from nonstressed
cows and transferred to heat-stressed recipients
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(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 efficiency 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 beneficial for improving
reproductive efficiency 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 F2a 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 Al (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 Al, 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 difficult
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 defined thermal environ-
ment. This permits the identification 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 identified 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
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changes in the coding for gene expression or pro-
tein function. Identification 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 identified 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 identified are the genes for
fibroblast growth factor, solute carrier proteins,
interleukins and tick-resistance genes. Genes
which have only been identified by microarray
analysis but not by genome-wide association
studies include genes associated with cellular
metabolism (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 IT 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
identification 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 efficiency 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
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CC, one key challenge is dealing with uncertainty.
Significant 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 flexible 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 efficiency of selection for
heat tolerance in livestock. Substantial efforts are
also needed to identify specific 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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